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Peach stone-based activated carbon (PS-AC) and acrylonitrile divinyl benzene copolymer-based activated carbon 

(ANDVB-AC) were evaluated in fixed-bed continuous flow Cr(VI) adsorption studies. The results were compared with 

those for the commercial activated carbon (CPG-LF). Continuous flow adsorption studies were carried out in a fixed-bed 

column with various concentrations of a Cr(VI) solution of pH 2. The effect of flow rate on the breakthrough capacity 

was investigated via breakthrough curves. Although total Cr(VI) adsorption capacities were obtained as 122, 58, and 103 

mg/g for PS-AC, ANDVB-AC and CPG-LF, respectively, the breakthrough capacities were determined to be 25.0, 35.2, 

and 30.0 mg/g. When polymer-based AC was used, 61% of the capacity was effectively utilized while with peach stone-

based AC, only 21% of the capacity was effectively utilized at a flow rate of 5 mL/min. This difference was attributed to 

the shorter contact time of the solution in the column and the slower adsorption kinetics of PS-AC. At a lower flow rate 

(0.96 mL/min) peach stone-AC can be utilized with higher (47%) efficiency. Both peach stone- and polymer- based 

activated carbons can be effectively utilized in a fixed column under continuous flow with high Cr(VI) adsorption 

capacities. 

Keywords:  Chromium; activated carbon; continuous flow adsorption; peach stone; acrylonitrile divinyl benzene 

INTRODUCTION 

Water sources contaminated with Cr(VI) 

compounds which are toxic and of carcinogenic 

nature, should be treated. Due to the superior 

properties like high specific surface area, porous 

structure and oxygen-containing surface functional 

groups, activated carbon (AC) can be effectively 

used for removal of contaminants from aqueous 

solutions. Any carbonaceous materials available at 

low cost, both naturally occurring like agricultural 

wastes and synthetic like polymers, can be utilized 

as precursors in the production of activated carbons 

[1, 2]. Commercial activated carbons are mainly 

produced from wood, coal and coconut shells. Due 

to their adsorptive properties, low cost and 

sustainability, activated carbons prepared from 

agricultural by-products could be superior compared 

to conventional activated carbons [3]. 

Various kinds of biomass have been utilized as 

activated carbons for Cr(VI) adsorption in a fixed 

bed column [4-8]. Availability and abundance of 

precursor are crucial. Peach stone is one of the most 

abundant agricultural wastes of juice factories. 

Turkey is the fifth peach manufacturer in the world 

with a production of 485,000 tons [9]. On the other 

hand, polymer-derived carbons can be better 

controlled by the choice of precursor material, 

including its own porosity, chemical composition, 

and pore size distribution, as well as by 

carbonization and activation conditions. Polymer- 

based activated carbons are more stable and 

mechanically resistant compared to other biomass- 

based activated carbons. Moreover, owing to the 

shape of the beads of the polymer precursor, 

activated carbon shows good hydrodynamic 

properties in fixed-bed applications. 

The aim of the current study is to investigate 

Cr(VI) adsorption onto peach stone-based (PS-AC) 

and acrylonitrile-divinylbenzene copolymer-based 

activated carbon (ANDVB-AC) in a fixed bed 

column. Cr(VI) adsorption on different activated 

carbons was compared via breakthrough curves 

obtained.  

EXPERIMENTAL 

Fixed bed column studies 

Continuous flow adsorption studies were carried 

out in a fixed-bed column of 13 mm diameter. 

Different concentrations of a Cr(VI) solution 

prepared at pH 2 were fed into the fixed-bed 

polyethylene column using a peristaltic pump until 

all adsorbent was saturated. In the column 

experiments, activated carbons  dried  overnight  at  

378 K were used. The solution at the column outlet 

was collected into tubes using a timed fractionated 

sample collector, then Cr(VI) concentrations were 

determined at 540 nm wavelength by using Analytic 

Jena Specord 40 spectrometer after complexing with 

diphenylcarbazide in acidic medium [10]. 

Experiments were continued until the concentration 
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of the collected outlet solution was equal to the 

concentration of the inlet solution. 

Breakthrough curves were obtained by plotting 

relative concentration of inlet and outlet values 

against the amount of the outlet solution or bed 

volume. The bed volume was calculated using 

Equation 1: 

𝐵𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 =
𝑉

(𝜋∙𝐷2∙ℎ)/4
 (1) 

V, D and h values given in Equation 1 show the 

outlet solution volume (mL), column diameter (cm) 

and the height of the activated carbon in the column 

(cm), respectively. 

Studies conducted with peach stone-based 

activated carbon (PS-AC): The PS-AC sample with 

a particle size of 0.14-0.56 mm was filled into the 

ion exchange column. The height of activated carbon 

in the column was 14 mm (0.8 g of PS-AC). The 

adsorption experiments were carried with four 

different Cr(VI) concentrations (5 ppm, 15 ppm, 30 

ppm and 60 ppm) and a feeding flow rate of 5 

mL/min until the column reached saturation. In order 

to examine the effect of flow rate on the 

breakthrough point capacity, separate experiments 

were conducted with a concentration of 30 ppm and 

a flow rate of 0.96 mL/min. 

Studies conducted with polymer-based activated 

carbon (ANDVB-AC): The activated carbon with a 

particle size of 0.075-0.29 mm was filled into the ion 

exchange column. The height of activated carbon in 

the column was 27.5 mm. The adsorption 

experiment was carried with a Cr(VI) solution at a 

concentration of 30 ppm at a feeding flow rate of 5 

mL/min until the column reached saturation. 

Studies with commercial activated carbon (CPG-

LF): The CPG-LF sample with a particle size of 

0.14-0.56 mm was filled into the ion exchange 

column. The height of activated carbon in the 

column was 14 mm. The adsorption experiment was 

carried with a 30 ppm Cr(VI) solution at a feeding 

flow rate of 5 mL/min until the column reached 

saturation. 

MATERIALS 

Peach stones (PS) were obtained from a fruit 

juice factory in Bursa, Turkey. They were converted 

into activated carbon (PS-AC) via steam activation 

at 1073 K as described in our previous study [11]. 

Acrylonitrile-divinylbenzene copolymer beads 

(ANDVB) were prepared by a suspension 

polymerization method with hexadecane and toluene 

(1:9 w/w) as diluents. The level of crosslinker was 

set at 40 wt%. Full details of the polymerization are 

given in ref. [12]. The activation of ANDVB beads 

was performed in three successive stages; air 

oxidation at 573K, then carbonization at 673 K for 4 

h and finally at 1123 K for 1 h under nitrogen flow. 

Detailed production conditions of polymer-based 

activated carbon (ANDVB-AC) were previously 

reported [11]. Commercial activated carbon 

(Chemviron Carbon, CPG-LF) was used for the 

comparison of the adsorption results. Some 

characteristics of polymer-based ACs are given in 

Table 1. N2 adsorption measurements were 

performed using Quantachrome Autosorb-1-C 

surface analyser. Nitrogen adsorption-desorption 

isotherms of the AC samples produced within the 

scope of the study are given in Figure 1. Visual 

inspection of adsorption isotherms provides useful 

information about adsorption and pore structure of 

the adsorbent. When the figures are examined, it is 

seen that the nitrogen adsorption of all carbon 

samples obeys a Type I isotherm. Microporous 

adsorbents demonstrate a Type I isotherm [13]. At 

small values of P/P0, the micropores are filled with 

adsorbed gas and then the curve flattens. This 

indicates that adsorption does not continue after the 

micropores are filled. SEM images obtained from 

JEOL JSM-633SF model field emission scanning 

electron microscope, are also shown in Figure 1. The 

porous structure of produced carbons is clearly seen 

from the figure. 

 

Table 1,. Characteristics of activated carbons 

Properties PS-AC ANDVB-AC CPG-LF 

BET surface area (m2/g) 608 579 693 

Pore volume (cm3/g) 0.341 0.300 0.351 

Micropore volume (cm3/g) 0.331 0.234 0.318 

Composition (Kjeldahl %N; %N;  

%C; %H; %O) 

0.15; 0.22; 

93.18; 0.94; 5.67 

4.69; 4.49; 

82.29; 1.38; 11.85 

0.50; 0.86;  

 91.37; 0.73; 7.04 
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Figure 1. Nitrogen adsorption-desorption isotherms and SEM images of the AC samples  

 

Figure 2. Breakthrough curves obtained with PS-AC activated carbon (PS-AC: 0.8 g; bed volume: 3.4 mL; flow rate: 

5 mL/min)
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RESULTS AND DISCUSSION 

Sorption studies with PS-AC 

In order to determine the dynamic behaviour of 

the adsorption column, the time at which the 

breakthrough point appears and the shape of the 

breakthrough curves are very important parameters. 

Breakthrough curves are usually created by plotting 

the relative concentration (C/C0), the ratio of column 

outlet concentration to inlet concentration, as a 

function of time or bed volume [14].  

The breakthrough curves obtained as a result of 

adsorption experiments performed with PS-AC at 

different inlet Cr(VI) concentrations are shown in 

Figure 2. As seen, the relative concentration of outlet 

solution is initially very close to zero, then, it 

increases by further solution passing through the 

column, i.e. the column reaches a saturation point. 

The first break points seen in the figure are called 

breakthrough points. When the inlet Cr(VI) 

concentration was increased, breakthrough points 

began to appear earlier. Breakthrough  point is seen 

after approximately 5.3 L of solution (~2800 bed 

volumes) passes through the column with 5 ppm 

inlet concentration, while the breakthrough  points 

are 2.2 L, 660 mL and 100 mL (~1200, ~360 and ~55 

bed volumes) for the inlet concentrations of 15 ppm, 

30 ppm and 60 ppm, respectively. In addition, as can 

be seen in Figure 2, a much steeper curve was 

obtained at higher inlet concentrations. The PS-AC 

column was completely saturated after 4 L of Cr(VI) 

solution passed through the column when working 

with an initial concentration of 60 ppm. On the other 

hand, approximately 40 L of Cr(VI) solution was 

required to saturate the column for 5 ppm inlet 

concentration.In order to examine the effect of flow 

rate on adsorption, the breakthrough  point curves 

obtained at 30 ppm inlet concentration with different 

flow rates (0.96 mL/min and 5 mL/min) for PS-AC 

are given in Figure 3. The breakthrough point, which 

was seen at 660 mL (~360 bed volumes) when the 

flow rate was 5 mL/min, was observed after 1250 

mL (~670 bed volumes) of solution passed through 

the column at a flow rate of 0.96 mL/min. The 

breakthrough  point curve obtained at a lower flow 

rate was much steeper, and the column quickly 

reached saturation. This situation can be explained 

by the contact time between the solution and 

activated carbon. While the contact time in the 

column is 22 seconds at a  high flow rate (5 mL/min), 

this time is 116 seconds at a low flow rate (0.96 

mL/min). By 5-fold increasing of the contact time 

between the activated carbon and the solution, the 

PS-AC in the column was much more effectively 

utilized. 

 

Figure 3. Breakthrough curves obtained with different 

activated carbons (flow rates: 5 mL/min; Cr(VI) inlet 

conc: 30 ppm; PS-AC bed volume: 1.84 mL; ANDVB-

AC bed volume: 3.94 mL; CPG-LF bed volume: 1.86 mL) 

The breakthrough curves obtained as a result of 

the column sorption study performed with three 

different activated carbons (PS-AC, ANDVB-AC 

and commercial CPG-LF) can be seen in Figure 3. 

When studied under the same conditions, the 

breakthrough point of the commercial activated 

carbon occurred when about 430 bed volumes of 

solution were passed, while the breakthrough points 

of PS-AC and ANDVB-AC were observed at 360 

and 250 bed volumes, respectively. Breakthrough 

capacity of PS-AC is very close to that of the 

commercial one whereas ANDVB-AC shows the 

lowest capacity with a much steeper curve compared 

to the others. This steeper curve resulted in lower 

exhaustion capacity, however, higher utility of the 

capacity.  

The amount of substance per unit adsorbent 

amount at the breakthrough point is called 

breakthrough point capacity, and this value is lower 

than the total capacity value. Breakthrough capacity 

depends on process conditions and is meaningless 

when these conditions are given without being 

specified. Total capacity refers to the total amount of 

substance adsorbed by the column until it reaches 

saturation and depends on the amount of adsorbent 

[15]. The total and breakthrough capacities given in 

Table 2 were calculated from the breakthrough curve 

graphs. The most suitable profile for the specified 

operating conditions (30 ppm inlet concentration and 

5 mL/min flow rate) was provided by ANDVB-AC. 

Compared to PS-AC and CPG-LF, although the total 

capacity of the ANDVB-AC sample is very low, the 

breakthrough point capacity is high. While 60% of 

the capacity could be effectively utilized when 

polymer-based activated carbon (ANDVB-AC) was 

used, only 21% of the total capacity could be 

effectively utilized when peach stone-based 

activated carbon (PS-AC) was used (Table 2).  
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Table 2. Breakthrough and total capacities, capacity utilizations 

AC 

 

Flow rate 

(mL/min) 

Residence 

timea
  

(s) 

Breakthrough 

capacityb
 

(mg/mL) 

Total 

capacityb
 

(mg/mL) 

Breakthrough 

capacityc
 

(mg/g) 

Total 

capacityc
 

(mg/g) 

Effective 

capacity 

utilizationd  
 
(%) 

PS-AC 5 22  10.8 52.5 25.0 122 21 

ANDVB-

AC 
5 47    7.1 11.8 35.2 58 60 

CPG-LF 5 22  12.9 44.3 30.0 103 30 

PS-AC 0.96 116  19.2 41.2 44.6 96 47 
a Residence time = Bed volume/Flow rate; b based on the volume of activated carbon; c based on the mass of 

activated carbon; d Effective capacity utilization = (Breakthrough capacity/Total capacity) ×100 

This is closely related to the residence time of the 

solution in the column. The residence time of the 

solution in ANDVB-AC the column is 47 sec, while 

when PS-AC and CPG-LF are used, this residence 

time is about 22 sec. By increasing the residence 

time in PS-AC from 22 sec to 116 sec sec via 

decreasing the flow rate, the breakthrough point 

capacity could be increased by 80% and the effective 

capacity utilization rate could be increased to 47%. 

In commercial applications of ion exchangers, the 

breakthrough point capacity is generally 50% of the 

total capacity for strongly acidic and strongly basic 

resins and 80% or more for weakly acidic and 

weakly basic resins. Accordingly, ANDVB-AC and 

PS-AC (at low flow rate conditions) can be 

effectively utilized as Cr(VI) adsorbents in fixed-bed 

columns. In ion exchangers, the ion exchange 

capacity is usually given per unit resin volume [16]. 

Adsorption capacity values given in Table 2 are on 

the basis of both volume and mass. Although 

ANDVB-AC is superior to PS-AC considering 

breakthrough point capacities calculated on mass 

basis, if breakthrough point capacities calculated on 

volumetric basis are examined, it is seen that PS-AC 

is more efficient. 

CONCLUSION 

According to our findings it may be concluded 

that:  

 Peach stone-based AC showed higher 

Cr(VI) adsorption capacity compared to the others, 

however, its capacity utilization is low due to the low 

kinetics in nature. On the other hand, peach stone-

based activated carbon can be effectively used with 

low flow rates.  

 Even though polymer-based AC has the 

lowest total capacity, its capacity utilization is 

significantly high.  

Hence, both peach stone- and polymer-based 

activated  carbons  are   promising   adsorbents   for 

Cr(VI) removal from aqueous solutions in a 

continuous flow process. 
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Phenol, a highly toxic organic compound, is commonly found in industrial effluents of pharmaceuticals, paper, 

plastics, and petrochemicals production processes. Effective treatment techniques should be enhanced to reduce the 

negative effects of phenol contamination in water sources, which poses serious environmental risks. An efficient option 

for treating water sources polluted with phenol is the continuous adsorption technique. Due to high mechanical strength, 

large surface area, ease of regeneration, and cost-effectiveness, polymeric structures are promising adsorbents. In this 

study, continuous-flow phenol adsorption onto acrylonitrile-divinylbenzene (AN-DVB) copolymer was investigated. 

Phenol adsorption was modeled in order to characterize the adsorption process, and the predictive accuracy of the models 

under continuous flow conditions was evaluated. A phenol aqueous solution was passed through a fixed column packed 

with AN-DVB copolymer beads at room temperature. Longer breakthrough and exhaustion periods were obtained by 

increasing the amount of adsorbent in the column; however, shorter breakthrough and exhaustion times and lower 

adsorption capacity were obtained by increasing the flow rate without altering the amount of adsorbent. The experimental 

breakthrough curves were modeled with Adams & Bohart, Thomas, Yoon & Nelson, Clark and modified dose-response 

column models via non-linear regression analysis. For every condition under investigation, the modified dose-response 

model provided a good fit with the experimental data. Isopropanol was found to successfully regenerate polymer beads 

through adsorption-desorption cycles. 

Keywords: Adsorption; Modeling; Phenol; Acrylonitrile-divinylbenzene copolymer; Continuous process. 

INTRODUCTION 

Phenol (C6H5OH) is a widely used aromatic 

compound that can be found in the wastewater of 

manufacturing processes, such as pharmaceuticals, 

petroleum refineries. etc. [1, 2]. It is toxic to humans, 

plants and aquatic organisms at small dosage; 

therefore, it was classified as a priority pollutant by 

the United States Environmental Protection Agency. 

Phenol concentration was limited to 1 μg/L by World 

Health Organization [1]. Although in order to 

remove phenol from water resources, different 

methods such as adsorption, distillation, advanced 

oxidation processes, etc. have been studied [3], the 

most favorable is the highly effective low-cost 

adsorption process [4]. The usage of polymers as 

adsorbents is promising due to their low cost, easy 

regeneration, controllable pore structure and high 

mechanical strength [5].  

Since most plants are operated in continuous 

process, studying under continuous flow is very 

important for the industrial applications. Studies on 

phenol removal in a fixed-bed column using 

activated carbon [6] and polymeric structures [7] 

have been conducted. Fixed-bed columns have easy 

industrial application, offering data on the 

concentration of pollutants in the effluent as a 

function of time [8]. 

The aim of this study is to investigate and model 

the adsorption of phenol onto acrylonitrile-

divinylbenzene copolymer (AN-DVB) in a 

continuous process. Breakthrough curve data 

obtained at different column bed heights and flow 

rates were modeled using Adams & Bohart, Thomas, 

Yoon & Nelson, Clark and modified-dose response 

models. Regeneration of AN-DVB polymers using 

isopropanol was also studied.  

EXPERIMENTAL 

Fixed-bed adsorption studies 

A specified amount of AN-DVB was placed in a 

glass column with glass filter to prevent particle loss. 

Peristaltic pump was used to constantly feed a 25 

mg/L phenol solution to the column at room 

temperature. Samples were gathered at different time 

intervals and the phenol concentration was measured 

using UV spectrophotometry at 270 nm. Conditions 

for the experiments are given in Table 1. 
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Table 1. Experimental conditions of fixed-bed column studies 

Exp. no C0 

(mg/L) 

Weight of 

adsorbent (g) 

Q 

(mL/min) 

Bed height 

(mm) 

D 

(mm) 

1 25.0 0.1722 1 13.73 10.4 

2 25.0 0.6888 1 42.51 10.4 

3 25.0 0.6888 5 42.51 10.4 

 Analysis of column data 

Column data was analyzed using the equations 

given below [9]. Effluent volume was calculated 

using Equation (1):  

Veff (mL) = Q ∙ ttotal                                            (1) 

where Q is the volumetric flow rate (mL/min) and 

ttotal  is total flow time (min). The amount of phenol 

adsorbed throughout the column is notated as qtotal 

and it was calculated using Equation (2) where A is 

the area under the curve of adsorbed phenol 

concentration (Cad = C0–Ct) against time, and Q is 

the volumetric flow rate (mL/min).  

qtotal(mg)  =
Q∙A

1000
                                            (2) 

Amount of phenol that passed through column 

was found using Equation (3): 

mtotal(mg)  =
C0∙Q∙𝑡𝑡𝑜𝑡𝑎𝑙

1000
                                 (3) 

Unadsorbed phenol concentration at equilibrium 

Ceq (mg/L) was found using Equation (4): 

Ceq(mg/L)  =
mtotal−qtotal

Veff 1000
                             (4) 

where Veff is the effluent solution volume in mL. 

Total phenol removal was calculated by Equation 

(5): 

Total removal of phenol (%) =  
qtotal

mtotal
∙              (5) 

The maximum adsorption capacity of the column 

(qeq) was calculated using Equation (6):  

qeq(mg/g)  =
qtotal

X
                                        (6) 

where X is amount (g) of adsorbent in the 

column. 

Breakthrough capacity was calculated by 

following the same steps at the breakthrough point.   

Effective capacity utilization (%) was calculated 

using Equation (7): 

Effective capacity utilization (%) =

 
𝐵𝑟𝑒𝑎𝑘𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

Total capacity 
∙ 100                                       (7) 

 Modeling of fixed-bed adsorption data 

Five different models (Adams & Bohart, 

Thomas, Yoon & Nelson, Clark and modified dose-

response) were employed for modeling experimental 

data. The parameters of the given models were 

obtained using a curve fitting toolbox in MATLAB 

2022b software. 

Adams & Bohart model. This model is based on 

the theory of surface reaction, indicating that the 

reaction is not immediate. This model assumes that 

adsorption is related to flow rate, flow concentration 

and amount of adsorbent. However, this model is 

more accurate in the initial part of the breakthrough  

curve (Ct<0.5 C0) [10, 11]. It is expressed in 

Equation (8): 
𝐶𝑡

𝐶0
=

1

𝑒
(𝑘𝐴𝐵∙𝑁0∙

𝑍
𝑈

−𝑘𝐴𝐵∙𝐶0∙𝑡)
+1

                               (8) 

where kAB (L/mg min) is the Adam & Bohart 

model’s kinetic constant, N0(mg/L) is the capacity 

per volume in fixed bed, Z (mm) is the bed depth of 

column, U (mm/min) is the linear velocity and C0 

and Ct (mg/L) are the inlet concentration and outlet 

concentration, respectively.   

Thomas model. Thomas model assumes that 

adsorption is based on a second-order reversible 

reaction rather than mass transfer, which can be a 

drawback since interphase mass transfer can have 

significant control on column adsorption [12]. The 

Thomas model is expressed in Equation (9): 

𝐶𝑡

𝐶0
=

1

𝑒
(𝑘𝑡ℎ∙𝑞0∙

𝑋
𝑄

−𝑘𝑇ℎ∙𝐶0∙𝑡)
+1

                                (9) 

where kTh (mL/min·mg) is Thomas kinetic 

coefficient, q0 (mg/g) maximum adsorption capacity, 

Q (mL/min) volumetric flow rate and X (g) is mass 

of adsorbent in the column.  

Modified dose-response model. Modified dose-

response model is a regulation of the Thomas model. 

It reduces the errors of the Thomas model especially 

in the lower and higher breakthrough curve times 

[13]. The modified dose-response model is 

expressed in Equation (10): 

𝐶𝑡

𝐶0
= 1 −

1

(
𝐶0∙𝑄∙𝑡

𝑞0∙𝑋
)

𝑎
+1

                                                 (10) 

where a is a modified dose-response model’s 

parameter.  

Yoon & Nelson model. It is based on the 

assumption that the probability of adsorption for 

each sorbate molecule is inversely proportional to 

the probability of sorbate sorption and sorbate 

breakthrough on the sorbent [12]. Yoon & Nelson 

model is shown in Equation (11): 
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𝐶𝑡

𝐶0
=

1

𝑒𝑘𝑌𝑁∙(𝜏−𝑡)+1
                                                       (11) 

where kYN (min-1) is the Yoon–Nelson rate 

constant and t (min) is the required time for 

Ct/C0=0.5. 

Clark model. It was developed on the assumption 

that mass transfer is present in the entire column and 

that adsorption occurs according to the Freundlich 

isotherm [14]. It is expressed in Equation (12).    

𝐶𝑡

𝐶0
=

1

(1+𝐴∙𝑒∙(−𝑟∙𝑡))
1

𝑛−1

                                                (12) 

where A and r are the Clark model constants and 

n is the Freundlich constant.  

Regeneration 

The AN-DVB polymers' reusability was 

evaluated using adsorption-desorption cycles. The 

used beads were regenerated using isopropanol in a 

continuous flow column system once each cycle was 

finished. The polymers were then reintroduced for 

the following cycle after being thoroughly cleaned 

with distilled water. 

MATERIALS 

Suspension polymerization method was used in 

the preparation of acrylonitrile-divinylbenzene 

copolymer (AN-DVB), with hexadecane and toluene 

(1:9 w/w) as diluents. One-third of the mixture was 

made up of monomers, and the other two-thirds were 

made up of inert diluents; the crosslinker level was 

set as 40%. Full details of the polymerization are 

given in Duranoğlu et al. [15]. Characteristics of 

AN-DVB are given in Table 2. The porous structure 

of the polymer was examined by nitrogen adsorption 

method using the Quantachrome Autosorb-1-C 

surface characterization device. The surface area 

was calculated using the BET (Brunauer, Emet and 

Teller) method, and the pore volumes were 

calculated using the DFT (Density Functional 

Theory) method and nitrogen adsorption isotherms. 

These calculations were performed automatically 

using the Autosorb1 software program. Carbon, 

nitrogen and hydrogen contents were determined by 

VarioEL III CHNS elemental analyzer.  

Nitrogen adsorption-desorption isotherm of AN-

DVB is given in Figure 1A. Nitrogen adsorption of 

AN-DVB copolymer fits type II isotherm according 

to IUPAC classification, indicating non-porous or 

macroporous adsorbent. As seen in Table 2, the 

micropore volume is very low compared to the total 

pore volume. In addition, AN-DVB contains mostly 

acidic functional groups. The relatively low porous 

structure of AN-DVB copolymer beads can be seen 

on the SEM images given in Figures 1B and 1C. 

Table 2. Characteristics of AN-DVB  

 

Figure 1. A: Nitrogen adsorption-desorption isotherm (♦: adsorption;  : desorption); B, C: SEM images  

Properties AN-DVB Ref. 

Product yield (%) 82 

BET surface area 

(m2/g) 

70 [15] 

Pore volume 

(cm3/g) 

0.1430 [15] 

Micropore volume 

(cm3/g) 

0.0260 [15] 

Acidic groups 

(meq/g)1 

0.5499  

Basic groups 

(meq/g)1 

-  

1Measured by Boehm method [16]  

A 

B 

C 

C

B 
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RESULTS AND DISCUSSION 

Results of fixed-bed column studies 

Breakthrough curves for each experiment are 

given in Figure 2. Ct/C0 increased rapidly and 

linearly and reached the exhaustion point at around 

0.82. After exhaustion point, where the adsorbent 

capacity reached the maximum, Ct/C0 showed a 

slower increase. Ct/C0 data were also plotted against 

the bed volume (Figure 3), which was calculated 

using Equation 13: 

Bed volume =
V

π∙
D2

4
∙h

                                                  (13) 

where V is effluent solution volume (mL), D is 

diameter of column (cm), and h is the height of 

polymer bed (cm). 

The column data analysis results are given in 

Table 3. The effect of bed height was observed by 

increasing the amount of AN-DVB from Exp. 1 to 

Exp. 2. Comparing the breakthrough curves (Figure 

3) it can be seen that increasing adsorbent amount 

increased breakthrough and exhaustion times. The 

amount of adsorbed phenol (qtotal), as well as total 

removal % increased with increase in bed height 

(Table 3). The effect of flow rate was observed 

without changing the bed height from Exp. 2 to Exp. 

3. Increasing flow rate resulted in decreased 

breakthrough and exhaustion time and lower 

adsorption capacity and total removal (Table 3). The 

breakthrough capacities were calculated for the 

threshold breakthrough point of 0.20. Effective 

capacity utilization was calculated (Table 4). Despite 

having a shorter residence time and lower total 

capacity, Exp. 1 showed a higher breakthrough 

capacity and effective capacity utilization.   

 

Figure 2. Breakthrough curves for Exps. 1, 2 and 3 

 

Figure 3. Breakthrough curves with respect to bed 

volume 

Table 3. Results of column data analysis 

Exp. no 

Bed  

height  

(mm) 

Adsorbent 

mass  

(g) 

Q  

(mL/min) 

Veff  

(mL) 

qtotal  

(mg) 

qeq  

(mg/g) 

Total 

removal 

(%) 

1 13.73 0.1722 1 186 2.30 13.37 48.74 

2 42.51 0.6888 1 442 6.09   8.84 56.69 

3 42.51 0.6888 5 238 2.48   3.60 42.97 

Table 4. Breakthrough and total capacities 

Exp. no Flow rate Q 

(mL/min) 

Residence 

timea  

(min) 

Breakthrough 

capacity 

(mg/g) 

Total capacity 

(mg/g) 

Effective capacity 

utilization  

(%) 

1 1 1.17 2.85 13.37 21.33 

2 1 3.61 0.87   8.84    9.84 

3 5 0.72 0.39   3.60 10.91 
a Residence time = Bed volume/Flow rate 
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Fixed-bed adsorption modeling 

The obtained Adams & Bohart model constants 

are given in Table 5. Adams & Bohart rate constant 

(kAB) decreased with the increase in bed height (Exp. 

1 to Exp. 2) and increased with increase of flow rate 

(Exp. 2 to Exp. 3.) while the saturation concentration 

(N0) decreased with increase of both bed height and 

flow rate. Correlation coefficient (R2) values show a 

relatively good fit between the model and the 

experimental data. 

The maximum adsorption capacity, q0, and the 

rate constant, kth, were calculated for Thomas model. 

The q0 values decreased with the increase of flowrate 

and increase of bed height. The theoretical q0 values 

are very close to the experimental values. Relatively 

high R2 values indicate good fitness between the 

model and the experimental data, however, they are 

lower compared to the R2 values of modified dose-

response and Clark models. Modified dose-response 

model parameters were also estimated and given in 

Table 5. The found q0 values were not as close as the 

Thomas model calculated values. However, 

modified dose-response model was successful in 

explaining the breakthrough curve as it can be 

observed in Figure 4, resulting in higher R2 values.  

Compared to other models, obtained R2 values for 

each experiment were higher, making it the best 

fitting model. It can be concluded that the modified 

dose-response model is the most appropriate model 

to represent phenol continuous adsorption onto AN-

DVB. 

Table 5. Fixed-bed adsorption models’ parameters 
  

Exp. 1 Exp. 2 Exp. 3 

Adams & Bohart model     

kAB (L/mg·min) 7.60E-04 2.73E-04 0.0021 

N0 (mg/L) 1958.60 1430.70 687.395 

R2   0.944 0.938 0.889 

Thomas model       

kth (mL/min·mg) 0.76 0.2725 2.1479 

q0,theo (mg/g) 13.26 7.50 3.43 

q0, exp (mg/g) 13.37 8.84 3.60 

R2   0.944 0.938 0.889 

Modified dose-response model   

a   1.286 1.0294 1.036 

q0, theo (mg/g) 10.442 5.629 2.550 

q0, exp (mg/g 13.372 8.839 3.600 

R2   0.976 0.973 0.979 

Yoon & Nelson model     

kYN (min-1) 0.019 0.007 0.052 

t %50, theo (min) 89.87 212.65 19.47 

t %50, exp (min) 76.91 86.49 16.00 

R2   0.944 0.938 0.889 

Clark model       

A   0.062 0.051 0.042 

r (min-1)   0.014 0.005 0.041 

R2   0.969 0.961 0.922 
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Figure 4. Breakthrough curves of the modified dose-response model  

 
 

A B 
Figure 5. A: Regeneration of AN-DVB beads; B: Adsorption capacity retention rate  

Yoon-Nelson model’s constants are given in 

Table 5, where kYN decreased with increase in the 

bed height and increased with the increase in the 

flowrate. Although relatively high R2 values were 

obtained like in Thomas and Adams & Bohart 

models, we cannot describe the adsorption process 

with Yoon-Nelson model due to the fact that the t50% 

values are not close to the experimental values. Clark 

model constants were obtained using the Freundlich 

constant obtained in batch studies. The Clark model 

constant A and r decreased as the bed height 

increased. The R2 values obtained were higher than 

for the other models except for the modified dose-

response model. As indicated, with Clark model 

mass transfer plays an important role in the 

continuous adsorption process. It can be concluded 

that Clark model can describe the phenol adsorption 

kinetics on polymer beads in a fixed-bed column.  
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Regeneration of the polymer beads 

Isopropanol (IPA) was found to be effective in 

desorption of phenol (Figure 5A) in a very short 

time. Although there is a drop on the adsorption 

capacity after regeneration, the regenerated 

polymers maintained the adsorption capacities after 

the first cycle (Figure 5B). This suggests that IPA is 

effective in desorbing phenol from the polymer 

beads while also maintaining the adsorbent's 

performance. 

CONCLUSION 

Phenol adsorption onto AN-DVB in a fixed-bed 

column was studied.  Increasing bed height resulted 

in an increase of the breakthrough and exhaustion 

times, while increasing the flow rate resulted in a 

decrease of breakthrough and exhaustion times 

along with a reduced adsorption capacity. The 

experimental breakthrough curves fitted very well 

the modified dose-response model. As the modified 

dose-response model indicates heterogeneous 

surfaces and variable adsorption energies, it can be 

concluded that different interactions with different 

energy levels like hydrogen bonding, dipole-dipole 

interactions, and π-π stacking interactions could be 

responsible for phenol adsorption onto AN-DVB. 

On the other hand, Clark model was good in 

describing the kinetics of the adsorption while 

Thomas model - in estimation of the maximum 

adsorption capacity. Due to the Thomas model's 

simplicity and ease of use, it can be used for 

preliminary designing and scale-up purposes for 

industrial applications. Clark model kinetic 

parameters can also be used to determine the size of 

the adsorption column and the operating conditions. 

Isopropanol was found to successfully regenerate 

polymer beads through adsorption-desorption 

cycles.  
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Agar-agar-impregnated activated carbon (AA-AC) which I as biopolymer-based adsorbent was prepared, 

characterized via FTIR-ATR and used for the adsorption of methyl violet (MV) dye from synthetic waste water. The 

effects of different reaction parameters such as initial MV concentration, contact time and solution temperature on the 

adsorption of MV onto AA-AC at constant adsorbent dose were investigated. To determine the best adsorption 

equilibrium the Freundlich, Langmuir and Temkin models were applied and to determine the adsorption kinetics the 

pseudo first-order, pseudo second-order and Webber-Morris intraparticle diffusion models were applied.  

Keywords: Methyl violet dye; Agar-agar impregnated activated carbon; Dye removal; Adsorption isotherms; Kinetic 

parameters 

INTRODUCTION 

Adsorption technique is widely used to cleaning 

waste water from dyes on industrial and lab scale as 

it is simple, cost-effective and easily applicable [1]. 

Activated carbons in granular or powdered form 

obtained from waste materials or commercially 

available are the most widely used sorbents in 

adsorption technique because of their excellent 

sorption capability for inorganic pollutants in 

industry [2, 3]. Especially dyes are a problem of the 

waste water in the textile industry [4]. Methyl violet 

(MV) dye, a harmful basic dye, is used in textile 

industry. Saba senegalensis shell residue-based 

activated carbon [5] and hydrolyzed polyacrylamide 

nanocomposite grafted onto xanthan gum, or 

incorporated in nanosilica [6] were successfully used 

to remove MV from waste water. Agar-agar is a 

porous galactose polymer. Agar-agar-impregnated 

activated carbon (AA-AC) is a biopolymer-based 

adsorbent which has been successfully used to 

remove Pb+2 from water [7].  

In the present study, the preparation of agar-agar-

embedded activated carbon adsorbent obtained by 

physical mixing of activated carbon with an agar-

agar solution is reported. FTIR-ATR spectral 

analysis was used to confirm the presence of agar-

agar on the activated carbon. The AA-AC adsorbent 

was used to remove MV from synthetic waste water 

solutions. Three kinetic and isotherm models were 

applied. 

EXPERIMENTAL  

Activated carbon, methyl violet (C24H27N3ClH) 

and agar-agar were purchased from Fluka, Merck 

and Sigma-Aldrich, respectively (Fig. 1). Activated 

carbon powder (5 g) was impregnated by mixing 

with 3.75 g of agar-agar in 50 ml of hot water at 85 
oC for 24 h. After impregnation, AA-AC was washed 

three times with cold water to remove non-adsorbed 

agar-agar from the medium and was dried in a 

vacuum oven at 100 oC. Thermo Fischer brand 

Scientific Nicolet 10 model FTIR-ATR 

spectrophotometer, Sigma brand 3-18K model 

ultracentrifuge device, Shimadzu brand Uvmini-

1240 UV-Visible spectrophotometer and Daihan 

Scientific multi-heat mixer were used.  

 

Figure 1. Chemical structures of agar-agar (a), methyl violet dye (b) and image of granulated activated carbon (c) 
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The concentrations of methyl violet in synthetic 

waste water solution and in an aqueous solution were 

determined using a double-beam visible 

spectrophotometer at a wavelength of 578 nm 

(Figure 2).  

Figure 2. Absorbance changes of different 

concentrations of MV in pure water 

A calibration curve (A=0.1215C+0.0379, R2 = 

0.993) (Figure 3) was constructed from the 

absorbance values of 2-4-6-8-10 mg/l of MV dye 

solutions prepared by dilution from 1000 mg/l stock 

solution in water.  

Figure 3. Calibration curve for MV in pure water 

Methyl violet removal was carried out from 

synthetic wastewater solutions by adsorption on AC 

and AA-AC. In all measurements, the amount of 

adsorbent was kept constant at 80 mg and the mixing 

speed was kept constant at 300 rpm. In the 

adsorption experiments, the effects of time (30-60-

90-120-150-180-210-240 min at room temperature 

in 50 mg/L MV solution), temperature (20-25-30-

35-40-45-50 oC in 50 mg/L MV solution for 150 

min) and initial concentration (50-100-150-200-250-

300-350-400-450-500 mg/L for 150 min at room 

temperature) were examined.  

The dye removal yield percentage (RY, %) of 

MV was calculated by using Eq.1 [8]: 

%𝑅𝑌 =  
(𝐶𝑜−𝐶𝑒)

𝐶𝑜
 .100   (1) 

The adsorption capacity of AC and AA-AC, the 

amount of MV adsorbed at equilibrium, was 

calculated by using Eq. 2: 

𝑞𝑒 =  
(𝐶𝑜−𝐶𝑒).𝑉

𝑊
     (2)  

where 𝑞𝑒(𝑚𝑔/𝑔) is the adsorbed amount of MV per 

gram adsorbent, 𝐶𝑜(𝑚𝑔/𝐿) and 𝐶𝑒(𝑚𝑔/𝐿) are MV 

dye solution concentration at the initial and 

equilibrium stages, respectively. V (L) is the volume 

of the MV solution, and w (g) is the amount of the 

AC and AA-AC adsorbents.  

RESULTS AND DISCUSSION 

To determine the chemical composition of the 

agar-agar-impregnated activated carbon adsorbent, 

FTIR-ATR analysis was conducted and the FTIR-

ATR spectra of AC and AA-AC are given in Figure 

4. 

 

Figure 4. FTIR-ATR spectra of AC and AA-AC 

A

C (mg/L)
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The new peaks observed are: the absorption peak 

of agar-agar at 2925 cm−1 (O–H stretching vibration 

of hydroxyl group), and at 968 cm−1 (C–O stretching 

vibration of pyranose ring). In order to investigate 

the effect of contact time on dye adsorption and to 

determine the optimum retention time for the 

adsorption capacity, the adsorption removal 

efficiencies of AC and AA-AC were examined for 

30-60-90-120-150-180-210-240 min from a solution 

containing 50 mg/L of dye. After the corresponding 

time passed, the batches were centrifuged for 10 

min, the adsorption values of the solutions were 

taken on a UV-VIS spectrophotometer, 𝐶𝑒 values 

were found from the calibration curve according to 

their absorbance at 578 nm, and dye removal yield 

percentage (RY, %) and adsorption capacity, 𝑞𝑒 of 

AC and AA-AC adsorbents were calculated 

according to Eqs. 1 and 2, respectively. The results 

are given in Table 1. 

Table 1. Contact time effect: MV dye solution concentration at the equilibrium stage, dye removal yield percentage 

and adsorption capacity of AC and AA-AC adsorbents  

AC AA-AC 

t 

(min) 

 

A 

Ce 

(mg/L) 

 RY 

(%) 
𝑞𝑒 

( mg/g) 

 

A 

Ce 

(mg/L) 

RY 

(%) 
𝑞𝑒 

(mg/g) 

30 3.84 31.3 37.4      29.2 
 

2.84 23.1 53.9 42.1 

60 4.87 39.8 20.5 15.9 3.24 26.4 47.2 36.9 

90 4.77 38.9 22.0 17.2 2.95 23.9 52.1 40.7 

120 4.27 34.9 30.2 23.6 2.97 24.1 51.7 40.4 

150 3.25 26.5 47.0 36.8 3.01 24.5 50.9 39.8 

180 4.34 35.4 29.2 22.8 2.76 22.4 55.1 43.1 

210 5.06 41.4 17.2 13.4 2.90 23.5 52.9 41.3 

240 5.09 41.6 16.8 13.1 3.08 25.0 49.9 38.9 

Table 2. Effect of temperature on adsorption of  MV by AC and AA-AC  

AC AA-AC 

T 

(
o

C) 

A Ce 

(mg/L) 

RY 

(%) 
𝑞𝑒 

( mg/g)  

A Ce 

(mg/L) 

RY 

 (%) 
𝑞𝑒 

( mg/g) 

20 3.85 31.4 37.2 29.1 3.78 30.8 38.5 30.0 

25 3.82 31.2 37.6 29.4 3.70 30.6 38.7 30.0 

30 3.83 31.3 37.4 29.2 3.77 30.8 38.5 30.1 

35 3.81 31.1 37.7 29.5 3.79 30.9 38.1 29.8 

40 3.78 30.9 38.3 29.9 3.78 30.8 38.5 30.0 

45 3.80 30.9 38.0 29.7 3.70 30.6 38.7 30.3 

50 3.80 31.0 38.0 29.7 3.70 30.6 38.7 30.4 

The optimum removal efficiency was determined 

at 150 min for AC and at 180 min for AA-AC.  

The rate of MV adsorption on AA and AA-AC 

adsorbents was investigated at temperatures of 20-

25-30-35-40-45-50 °C in a 50 mg/L MV solution for 

150 min. As seen in Table 2, dye removal yield 

percentage and adsorption capacity of adsorbents at 

equilibrium did not significantly change with 

increased temperature.  

Adsorption isotherms 

The adsorption isotherm expresses the 

relationship between the amount of substance 

adsorbed at constant temperature and the 

equilibrium pressure or equilibrium concentration. 

In this study, the Freundlich and Temkin adsorption 

isotherms were applied. The non-linear Freundlich 

equation is given according to Eq. 3[9]: 

𝑞𝑒 =  𝐾𝐹𝐶𝑒
1/𝑛                                     (3) 

where KF(L/mg) is the Freundlich constant. The 

linear Freundlich equation is given in Eq. 4 and 

applied for MV dye adsorption (initial MV 

concentrations:50-100-150-200-250-300-350-400-

450-500 mg/L for 150 min at room temperature) on 

AC and AA-AC adsorbents.  

𝑙𝑜𝑔𝑞𝑒 =  𝑙𝑜𝑔𝐾𝐹 + (
1

𝑛
) 𝑙𝑜𝑔𝐶𝑒                           (4) 

For the Freundlich adsorption isotherm, the linear 

log qe versus log Ce plot was drawn and the kinetic 

parameters, n and KF, were obtained from the slope 

and the intersection point of the linear plot, 

respectively, and are given in Table 3.  

The Freundlich isotherms for AC and AA-AC are 

given in Figs. 5 and 6. 
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Figure 5. Freundlich isotherm for MV dye adsorption on AC  

 

Figure 6. Freundlich isotherm for MV dye adsorption on AA-AC  

The linear Temkin equation is given in Eq. 5 [10]: 

𝑞𝑒 =  
𝑅𝑇

𝑏
𝑙𝑛𝐴 +

𝑅𝑇

𝑏
𝑙𝑛𝐶𝑒   (5) 

where R is the universal gas constant (J mol-1K-1), T 

is temperature (K), A is Temkin isotherm 

equilibrium binding constant (L.g-1), b is Temkin 

isotherm constant. 

For the Temkin adsorption isotherm, the linear 𝑞𝑒 

versus 𝑙𝑛𝐶𝑒 plot was drawn and the Temkin 

adsorption isotherm parameters, A and b were 

obtained from the slope and the intersection point of 

this linear plot, respectively, and the results were 

given in Table 3.  

The Temkin isotherms for AC and AA-AC are 

shown in Figs. 7 and 8. 
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Figure 7. Temkin isotherm for MV dye adsorption on AC  

 

Figure 8. Temkin isotherm for MV dye adsorption on AA-AC  

Table 3. Graphically determined parameters for Freundlich and Temkin isotherm models based on experimental 

studies 
Isotherm                                   AC  AA-AC 

Freundlich  logKF  

(L.mg–1) 

-52.4  1.7        

n 
 

0.028  7.74        

R2 
 

0.879  0.835         

Temkin lnA 
 

-3.46  -3.43        

b 
 

0.28     0.26         

R2 
 

0.928  0.911         
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Table 4. Adsorption kinetics parameters for MV adsorption on AC and AA-AC  

      Kinetic Model                  Parameters     AC                         AA-AC 

Pseudo 1st  𝑘1 0.0012  0.0002        

R2 
 

0.068  0.008        

Pseudo 2nd 𝑘2 
 

0.0023  0.0448        

R2 
 

0.798  0.993         

WM ID 𝑘3  0.746  0.0539    

 C  29.852  39.812    

 R2  0.0958  0.0093    

According to the regression coefficients of these 

two isotherms, it was concluded that the 

experimental adsorption data fit well the Temkin 

isotherm model (Table 3). 

Adsorption kinetics studies 

Adsorption kinetics is used to show what kind of 

mechanism plays a role during the adsorption of the 

adsorbed substance onto the adsorbent surface. To 

determine the kinetics of MV removal from 

synthetic waste water solutions via AC and AA-AC, 

the pseudo-first [11], pseudo second order [12] and 

Webber-Morris intraparticle diffusion models (WM 

ID) [13] were tested by fitting the experimental data 

as shown in Eqs. 5, 6 and 7, respectively. 

ln (𝑞𝑒 − 𝑞𝑡) =  𝑙𝑛𝑞𝑒 − 𝑘1𝑡    (5) 

𝑡

𝑞𝑡
=  

1

𝑘2𝑞𝑒2
+

1

𝑞𝑒
𝑡    (6) 

𝑞𝑡 =  𝑘3𝑡
1

2 + 𝐶      (7) 

In the equations, 𝑞𝑡 and 𝑞𝑒 (mg. g-1) are the 

amounts of MV adsorbed at various t times and 

equilibrium, 𝑘1 (min−1), 𝑘2 (g.mg−1. min−1) and 𝑘3 

(mg.g−1. min−1/2 ) are the pseudo-first-order, pseudo-

second-order and intraparticle diffusion model rate 

constants, respectively. C in Eq. 7 is the intercept 

related to the thickness of the boundary layer. The 

kinetic parameters for the adsorption of MV on AC 

and AA-AC adsorbents are given in Table 4.  

Comparing the correlation coefficients of the 

three kinetic models, it is seen that the kinetics of 

MV adsorption onto AC and AA-AC followed the 

pseudo-second-order model.  

CONCLUSION 

The aim of this study was to develop a 

biopolymer-impregnated activated carbon adsorbent 

for the treatment of synthetic waste water containing 

methyl violet dye by the adsorption technique. The 

plot of the adsorption isotherms showed that the 

Temkin model better represents the adsorption of 

methyl violet on AA-AC adsorbent. The kinetic 

studies proved that the adsorption of MV on AA-AC 

adsorbent fits the pseudo-second-order kinetic 

model with good correlation. The maximum MV 

removal yield with AA-AC adsorbent was obtained 

at 180 min as 55%.  
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This study investigates the drying kinetics and mathematical modeling of Solen marginatus, commonly known as the 

grooved razor shell. Solen marginatus is dried using three different methods: oven drying (OD), infrared drying (IRD), 

and microwave drying (MWD), each at various temperatures and power levels. The effects of drying equipment, 

temperatures, and power levels on drying time, drying rate, effective moisture diffusivity, and activation energy are 

analyzed, with color analysis performed for each method. Fourteen well-known mathematical models are applied, and the 

three models with the highest coefficient of determination (R2 > 0.999) are selected. Results indicate that drying time 

decreases with increasing temperature or power of the equipment. The effective moisture diffusivities range from 2.00 × 

10-10 – 3.53×10-10 m2/s in OD, 2.53 × 10-10 – 6.02 × 10-10 m2/s in IRD, and 4.08 × 10-9 – 9.34×10-9 m2/s in MWD. The 

activation energies for OD, IRD, and MWD are calculated as 27.83 kJ/mol, 42.35 kJ/mol, and 40.98 kJ/kg, respectively. 

In terms of color retention, IRD was found to be the most effective drying method followed by oven and then MWD. 

Keywords: clam, drying kinetics, grooved razor shell, mathematical modeling, seafood 

INTRODUCTION 

Solen marginatus is a bivalve characterized by 

two long narrow shell valves open at both ends but 

connected by hinges. They can be found buried in 

sandy-muddy seashore areas since they can adapt 

greatly to tides and soft sediments [1, 2]. This 

species is distributed from Norway to the 

Mediterranean Sea and North Africa; it is the only 

species that belongs to Solenidae genus in Europe 

[3]. Solen marginatus has high importance in the 

crustacean industry. It is seen to be sold at high 

prices at the international market. Since it can be 

used for various foods, Solen marginatus has 

become one of the competitors among crustaceans 

[2]. 

Seafood is highly perishable due to its high water 

content and the presence of spoilage-causing 

microorganisms. The spoilage mechanisms in 

seafood can lead to changes in color, texture, odor, 

and taste, making it unsafe for consumption [4]. 

Drying processes are crucial for seafood 

preservation as they remove moisture, inhibiting the 

growth of spoilage microorganisms and preventing 

enzymatic reactions that lead to deterioration [5]. 

In recent years, there has been a surge in interest 

in utilizing advanced drying techniques for seafood 

processing. Various methods such as microwave, 

infrared, and oven drying have been investigated to 

improve the quality and efficiency of seafood drying 

processes [6]. Infrared drying, for example, has 

garnered attention for its ability to offer superior 

heating uniformity, leading to enhanced quality 

characteristics compared to traditional methods [7]. 

Additionally, combined infrared and convective 

drying methods have been recognized for their rapid 

and effective heat transfer, resulting in seafood 

products with improved organoleptic properties [8]. 

Similar to the increasing consumption rates, there 

are many seafood drying studies in the literature. In 

the recent past, studies on seafood such as sea 

cucumber [9, 10], calamari [11], squid [12], clam 

[13], crab [14], yellow croaker [15], grass carp [16], 

and sea bass [17] have been carried out using 

different drying equipment such as oven, hot-air, 

infra-red, microwave, and lyophilizator. Despite the 

studies conducted with many seafood products, there 

is a lack of literature on drying studies with Solen 

marginatus, which has found its place in many 

exclusive cuisines. 

In this study, the drying performance of Solen 

marginatus at different temperatures was 

investigated to understand the oven, vacuum oven, 

and microwave drying kinetics. In order to better 

comprehend the drying mechanism of Solen 

marginatus, the compatibility with fourteen 

mathematical models was tested. In addition, the 

effective moisture diffusion coefficient was 

calculated and the effects of different methods and 

temperatures on color change were determined by 

color analysis.  
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MATERIAL AND METHODS 

Samples and equipment 

Solen marginatus samples were obtained frozen 

from a local fish market in Enez, Edirne, Turkey, and 

were kept in a refrigerator (1050T model; Arcelik, 

Eskisehir, Turkey) at -18 °C until the experiments. 

Before drying, the samples were thawed at +4 °C and 

rinsed with deionized water to remove sand and 

other admixtures. The internal organs of the samples 

were cleaned, and the remaining excess water was 

gently drained. The samples prepared with a length 

of 9 ± 0.8 cm and a thickness of 0.3 ± 0.02 cm were 

transferred to the drying process (Figure 1). 

Initial moisture percentages of the samples were 

removed by drying at 105 °C in a Nüve EV-18 

(Nüve, Ankara, Turkey) oven for 3 h. Oven drying 

(OD) was carried out in the same model oven, 

infrared drying (IRD) was carried out in a MA 50.R 

model infrared moisture analyzer (Radwag Balances 

and Scales, Radom, Poland) and microwave drying 

(MWD) was completed in a home-type Delonghi 

MW205S model microwave (Delonghi, Treviso, 

Italy). 

Drying experiments 

OD and IRD temperatures were selected as 60, 

70, and 80°C and the samples’ weight was noted at 

intervals of 15 min for each temperature level. In the 

third method, MWD was used at 140, 210, and 350 

W. The samples’ weight was recorded for 140 W at 

intervals of 30 sec and for 210 and 350 W at intervals 

of 1 min. Drying proceeded until the moisture in the 

product decreased to 5%. The samples were cooled 

at room temperature when the drying was finished. 

Afterwards, dried samples, which are shown in 

Figure 1, were packed into polyethylene bags and 

were placed in a desiccator to keep safe from 

moisture. 

Mathematical modeling of drying curves 

In drying processes, a diffusion equation is 

commonly used to explain mass transfer phenomena. 

The diffusion coefficient in this equation, which is 

influenced by moisture content, is crucial for 

understanding the drying process and is typically 

determined through experiments. This coefficient 

can be obtained either by analyzing drying curves or 

by deriving it from experimental moisture 

concentration data collected during the drying 

process [18]. The moisture content and the moisture 

rate of Solen marginatus are calculated using Eqns. 

(1) and (2) [17]. 

𝑀 =  
𝑚𝑤

𝑚𝑑
⁄      (1) 

𝑀𝑅 =  
𝑀𝑡−𝑀𝑒

𝑀𝑖−𝑀𝑒
    (2)  

As 𝑀𝑒 value is rather small compared to 𝑀𝑡 and 

𝑀𝑖, it is usually neglected in the calculations. Drying 

rate, which indicates the rate of moisture release 

from a material's surface, is a crucial parameter in 

drying processes. It can be mathematically expressed 

using Eqn (3) to quantify the rate of moisture 

removal over time [17, 19].  

𝐷𝑅 =
 𝑀𝑡+∆𝑡− 𝑀𝑡

∆𝑡
                 (3) 

Fick’s second law of diffusion is commonly used 

to explain the moisture diffusion process during 

drying. Effective moisture diffusivity encompasses 

various mass transfer mechanisms within foods, 

including liquid diffusion, vapor diffusion, surface 

diffusion, capillary flow, and hydrodynamic flow. 

Understanding moisture diffusivity and its variations 

under different drying conditions is essential for 

optimizing drying processes and ensuring product 

quality [20]. Additionally, determining effective 

moisture diffusivity and activation energy aids in 

comprehending the drying behavior of specific 

products [21]. 

While different geometries require different 

calculations in the use of Fick's second law, Solen 

marginatus was used as a thin layer in the drying 

processes and the moisture amount was calculated 

with Eqn. (4) [17]. 

𝑀𝑅 =  
8

𝜋2
∑

1

(2𝑛+1)2
∞
𝑛=1 exp(−

(2𝑛+1)2𝜋2𝐷𝑒𝑓𝑓 × 𝑡

4𝐿2  )    (4) 

  

 

Fig. 1. Preparation of Solen marginatus sample for drying (a. shell view, b. meat view, c. meat view without the shell) 
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In the equation, t is the drying time in sec and L 

is the sample half-thickness in m. Since the initial 

terms have no bearing on the outcome, Eqn. (4) can 

be simplified to Eqn. (5). The slope of the graph 

ln(MR) vs t, which is created using the data collected 

during experiments, can be used to determine Deff 

[17]. 

ln(𝑀𝑅) =  ln(
8

𝜋2) − (𝜋2 𝐷𝑒𝑓𝑓 × 𝑡

4𝐿2 )   (5) 

While oven and IR dryers are operated with a 

temperature parameter the MW is operated with a 

power parameter. Therefore, temperature-based 

(Eqn. 6) and power-based (Eqn. 7) Arrhenius 

equations were used when calculating Ea [17]. 

𝐷𝑒𝑓𝑓 =  𝐷0 exp (−
𝐸𝑎

𝑅(𝑇+273.15)
)     (6) 

𝐷𝑒𝑓𝑓 =  𝐷0 exp (−
𝐸𝑎 × 𝑚

𝑃
)     (7)  

Activation energy is determined via the slope (Ea 

/R) of the Deff versus 1/T plot constructed from 

experimentally obtained data. 

To find the most fitted model, coefficient of 

determination (R2), root-mean-square error (RMSE) 

and reduced chi-square statistic (χ2) values were 

calculated using Eqns. (8) - (10). Drying data were 

tested for Aghbashlo et al., Alibas, Henderson et al., 

Jena and Das, Lewis, Logarithmic, Midilli & Kucuk, 

Page, Parabolic, Peleg, Two-term exponential, 

Verma et al., Wang et al. and Weibull models using 

nonlinear regression method in Statistica (Statistica, 

2016) [22]. 

𝑅2 = 1 −  
∑ (𝑀𝑅𝑒𝑥𝑝,𝑖− 𝑀𝑅𝑝𝑟𝑒,𝑖)

2𝑛
𝑖=1

∑ (𝑀𝑅𝑒𝑥𝑝,𝑖− (
1

𝑛
)𝑀𝑅𝑒𝑥𝑝,𝑖)

2
𝑛
𝑖=1

   (8) 

𝑅𝑀𝑆𝐸 =  (
1

𝑛
∑ (𝑀𝑅𝑒𝑥𝑝,𝑖 − 𝑀𝑅𝑝𝑟𝑒,𝑖)

2𝑛
𝑖=1 )

1
2⁄

        (9) 

𝜒2 =  
∑ (𝑀𝑅𝑒𝑥𝑝,𝑖− 𝑀𝑅𝑝𝑟𝑒,𝑖 )

2𝑛
𝑖=1

𝑛−𝑧
                 (10) 

The equations denote the following: n is the total 

number of experiments; z is the number of constants 

in the proposed model; MRexp stands for the 

experimental moisture content values; and MRpre 

stands for the predicted moisture content values.  

R2 values are intended to be near 1 when 

choosing the best model for the approaches. 

Conversely, it is anticipated that RMSE and χ2 

values will be near zero. 

Color analysis 

The color of food products is one of the first 

aspects noticed by consumers, influencing their 

initial perception and acceptance of the product [23]. 

The Hunter Lab color system is extensively used in 

the food industry for color analysis due to its 

effectiveness and prevalence. This system measures 

parameters such as L* (lightness/darkness), a* 

(redness/greenness), and b* (yellowness/blueness), 

providing a comprehensive assessment of color 

changes in food products [24]. Color analysis was 

performed by PCE-CSM1 colorimeter (PCE 

Instruments UK Ltd., Southampton Hampshire, 

United Kingdom). Color parameters of the samples 

were measured before and after the experiments for 

each method and equipment and total color change 

was calculated from Eqn. (11) [22]. 

∆𝐸 =  √(𝐿0 − 𝐿)2 + (𝑎0 − 𝑎)2 + (𝑏0 − 𝑏)2  (11) 

RESULTS AND DISCUSSION 

After conducting a moisture analysis to ascertain 

the overall moisture content, it was discovered that 

Solen marginatus had an initial moisture content of 

77.42% on a wet basis. The samples were dried until 

their moisture level dropped to under 5%. Figure 2 

depicts the appearance of Solen marginatus during 

sample preparation and drying. 

The moisture content vs. time and drying rate vs. 

moisture content graphs shown in Figure 2 were 

created using the weighing data collected during 

drying. Looking at the plots in Figure 2, the drying 

rate increases with increasing temperature and 

power, as expected, and the drying times varied with 

the type of dryer. Drying took place for 255, 195 and 

150 min at 60°C, 70°C and 80 °C for OD, 210, 135 

and 90 min at 60°C, 70°C and 80 °C for IRD and 11, 

7 and 5.5 min at 140, 210 and 350 W for MWD.   

 

Fig. 2. Solen marginatus sample before and after drying (a. meat without the shell, b. cleaned meat, c. oven 

dried meat) 
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OD 

  
IRD 

  
MWD 

  

Fig. 3. Graphs of moisture content vs. time (left) and drying rate vs. moisture content (right) 

It has been emphasized in the literature that 

practical drying of biological products mainly takes 

place in the falling rate period, as the conditions 

required for constant rate drying are rare [25]. In line 

with this, it can be seen that drying was carried out 

in the decreasing rate period for all temperatures and 

dryers. It can be seen that drying times are longer and 

final moisture contents are higher for OD compared 

to IRD and MWD. When evaluated on the basis of 

drying time, it can be interpreted that the OD process 

is comparatively inefficient. MWD is highlighted in 

the literature as the method with the shortest drying 

time among the drying methods in various food 

drying studies [26]. However, microwave drying can 

have limitations, such as non-uniform temperature 

distribution during heating, which can lead to 

uneven drying and potential hot and cold spots in the 

food being dried. This uneven energy distribution, 

which has also been reported in the literature, can 

lead to inconsistent drying results [27]. Moisture 

levels in the MWD samples decreased very rapidly 

to below 5%. Visual irregularities and regional burns 

were observed, particularly in the thicker regions of 

the samples. 

The Deff value was calculated based on the 

moisture ratios as 2.00 × 10-10, 2.63 × 10-10, and 3.53 

× 10-10 m2/s for OD at 60, 70 and 80°C, respectively; 

for IRD, 2.53 × 10-10, 3.78 × 10-10, and 6.02 × 10-10 

m2/s at 60, 70 and 80°C, respectively; and for MWD, 

4.08 × 10-9, 6.92 × 10-9, and 9.34 × 10-9 m2/s at 140, 

210 and 350 W, respectively. All values obtained 

were found to be within the Deff values given in the 

studies for food drying processes (10-12 – 10-8 m2/s) 

[28]. A dried product with a high Deff indicates that 

the product has a greater capacity for moisture to 

move within its structure during the drying process 

[29]. It was observed that the MWD Deff values were 

much higher compared to OD and ID due to the rapid 

drying. 

Activation energy is a critical parameter that 

represents the minimum energy required to initiate 

the mass transfer process from the interior to the 

surface of the food product during drying [30].  
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Table 1. Modeling coefficients and statistical data of OD, IRD and MWD (avg. R2>0.999) 

Activation energy values for drying food can be 

given in different ranges in the literature. Ea values 

calculated based on the Arrhenius equation were 

found to be 27.83 kJ/mol, 42.35 kJ/mol, and 40.98 

kJ/kg for OD, IR and MWD, respectively, and OD 

and IRD Ea values were found in the range of 14.42 

to 43.26 kJ/mol reported in the literature [31]. 

Statistical constants and coefficients calculated 

for the 3 models that show the highest compatibility 

with all drying systems among the 14 tested models 

are given in Table 1. According to the evaluations, 

the best fit was obtained in the Alibas model for OD, 

IRD and MWD with R2 values between 0.999977 – 

0.999991, 0.999991 – 0.999998, and 0.999832 – 

0.999981, respectively;  values between 0.000001 

– 0.000003, 0.000001 – 0.000002, and 0.000003 – 

0.000012, respectively; RMSE values between 

0.000871 – 0.001387, 0.000412 – 0.000877, and 

0.001215 – 0.003086, respectively. Following 

Alibas, Aghbashlo et al. model was the second most 

suitable for OD,  IRD  and  MWD  with  R2  values  

between 0.999573 – 0.999972, 0.999635 – 

0.999982, and 0.999358 – 0.999510, respectively;  

values between 0.000003 – 0.000047, 0.000002 – 

0.000054, and 0.000040 – 0.000046, respectively; 

RMSE values between 0.001554 – 0.006199, 

0.001267 – 0.006191, and 0.005924 – 0.006197, 

respectively. The Midilli & Kucuk model was the 

third most compatible model for OD, IRD and MWD 

with R2 values between 0.999782 – 0.999968, 

0.999972 – 0.999988, and 0.997977 – 0.999765, 

respectively;  values between 0.000004 – 

0.000024, 0.000001 – 0.000007, and 0.000028 – 

0.000139, respectively; RMSE values between 

0.001669 – 0.004296, 0.000947 – 0.001716, and 

0.004290 – 0.010715, respectively. 

Color analysis results 

It was noted that one of the main evaluation 

criteria for the customer regarding drying is the color 

change. For this reason, it is expected that the ΔE 

values will be as minimal as possible. Looking at the 

Model Parameter 
OD IRD MWD 

60°C 70°C 80°C 60°C 70°C 80°C 140W 210W 350W 

A
li

b
as

 

a 1.675636 1.106938 1.328243 0.974354 0.970026 1.207561 0.818547 0.889379 0.931961 

k 0.007328 0.010642 0.020878 0.025420 0.033665 0.047415 0.775551 1.141618 1.238055 

n 0.989727 1.045495 0.914718 0.970261 0.972430 0.868411 0.950897 0.998244 0.981440 

b 0.001680 0.000317 0.001228 -0.000018 -0.000098 0.001336 0.013627 -0.011472 -0.006927 

g -0.676093 -0.107560 -0.328118 0.025619 0.030005 -0.207549 0.182643 0.110846 0.067924 

R2 0.999977 0.999981 0.999991 0.999997 0.999991 0.999998 0.999832 0.999966 0.999981 

 0.000003 0.000003 0.000001 0.000001 0.000002 0.000001 0.000012 0.000003 0.000003 

RMSE 0.001387 0.001287 0.000871 0.000412 0.000877 0.000432 0.003086 0.001506 0.001215 

A
g

h
b

as
h

lo
 e

t 
al

. 

k1 0.010182 0.013172 0.019898 0.023477 0.030986 0.039475 0.686019 1.136747 1.281111 

k2 -0.000970 -0.001239 -0.000688 0.001652 0.001682 0.000577 0.138150 0.181083 0.158655 

R2 0.999923 0.999972 0.999573 0.999889 0.999982 0.999635 0.999358 0.999486 0.999510 

 0.000007 0.000003 0.000047 0.000010 0.000002 0.000054 0.000040 0.000040 0.000046 

RMSE 0.002553 0.001554 0.006199 0.002925 0.001267 0.006191 0.006036 0.005924 0.006197 

M
id

il
li

 &
 K

u
cu

k
 

a 0.994935 0.998520 0.999206 1.000402 1.000193 0.999859 1.007722 1.002614 1.000736 

k 0.007669 0.010541 0.022528 0.025986 0.034121 0.048995 0.624669 0.958846 1.110145 

n 1.080425 1.070695 0.967975 0.955883 0.958094 0.922522 0.773483 0.862966 0.909740 

b -0.000063 -0.000097 -0.000212 0.000096 0.000094 -0.000222 0.002975 0.005524 0.005939 

R2 0.999782 0.999968 0.999929 0.999988 0.999986 0.999972 0.997977 0.999023 0.999765 

 0.000024 0.000004 0.000010 0.000001 0.000002 0.000007 0.000139 0.000091 0.000028 

RMSE 0.004296 0.001669 0.002517 0.000947 0.001108 0.001716 0.010715 0.008172 0.004290 
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L* values in Figure 4, it can be seen that the darkness 

of the dried material is highest at the lowest 

temperature/power for each equipment. This is 

because the drying time increases at the lowest 

drying temperature or power. Similarly, it is 

observed that a* values decrease with increasing 

drying time in OD and IRD. However, it is seen that 

the a* values are higher than expected due to 

regional burning caused by sudden drying in MWD 

samples. b* values exhibited an inversely 

proportional distribution with a* values and 

increased with the increase in drying time. When ΔE 

values are analyzed it is seen that the highest values 

are obtained with MWD. It was interpreted that this 

situation was directly related to regional burns 

caused by sudden drying. After MWD, it was 

interpreted that the reason for the high ΔE values in 

the OD samples was the long drying time. When all 

the data were compared, it was found that IRD 

samples gave the most efficient results in terms of 

ΔE. 

CONCLUSION 

This study investigated the drying behavior of 

Solen marginatus by oven, infrared and microwave 

irradiation at different temperatures and power 

levels. Drying data were tested using fourteen 

common models and total color changes were 

determined by color analysis. At the end of drying, 

it was found that oven drying caused color changes 

in the samples due to the long drying time and the 

high final moisture content. On the other hand, 

microwave drying was very fast, the final moisture 

content decreased rapidly and burnt areas appeared 

in the samples. Due to the local burning, the final 

product quality decreased and the color change was 

reached at the highest value. The drying time of the 

infrared samples was shorter than that of the oven 

samples. When color change values were examined, 

this dryer gave the best color retention. Of the 

mathematical models studied, the Alibas model gave 

the best fit for all dryers. 

 

 

Fig. 4. Color values of Solen marginatus 
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Drying is an essential, energy-intensive process in food preservation that involves combined heat and mass transfer 

mechanisms to remove moisture from food products and extend their shelf life. This study focuses on the efficacy of 

infrared (IR) drying of Ahlat pear (Pyrus elaegrifolia L.) which has rich vitamin content and high nutritional value. It can 

be consumed both fresh and dried under various infrared powers (38, 50, 62, 74, and 88 W). The effects of different power 

levels on drying kinetics was investigated and a comprehensive analysis was performed to evaluate the drying 

characteristics and kinetics. Results clearly showed the effect of IR dryer on drying time. The drying curves depicted a 

falling-rate period during the drying process, while no constant-rate period was observed. By using Fick's second law, the 

effective moisture diffusivity was determined, revealing a range from 1.07×10-8 to 2.03×10-8 m²/s across the conditions 

of experiments. Activation energy was calculated by a modified Arrhenius type equation as 1.6382 kW/kg. The variation 

of moisture content during drying of Ahlat pears was investigated by selecting six mathematical models. Regression 

analysis results showed that the Alibas model is the most suitable model to describe drying behavior. 

Keywords: Infrared drying, Ahlat pear, effective diffusivity, modeling 

INTRODUCTION 

Ahlat pear, a member of the Rosaceae family, is 

a wild pear species that can grow in dry and harsh 

conditions across a wide area from Anatolia to 

Europe. Economically significant since ancient 

times, this fruit has a pleasant taste and aroma and 

can be consumed fresh or dried. In addition, various 

parts of the fruit have anti-inflammatory, 

antioxidant, analgesic, antimicrobial, antispasmodic, 

wound-healing and antibacterial properties, 

allowing it to be used in folk medicine to treat fever, 

pain, diarrhea, snake bites and other diseases [3, 5]. 

For the sustenance of human life, it's crucial that 

foods, including fruits and vegetables, can be 

preserved without spoiling, making the methods of 

food preservation extremely important.  

Among these methods, drying, which is a 

traditional and industrial food preservation 

technique used in the food industry for many years, 

stands out due to its ease of application and cost 

advantage. 

Decreasing of moisture content through drying 

plays an important role in extending the shelf life of 

food products, thus leading to a reduction in 

transportation, packaging and storage expenses.The 

food industry has recognized the significance of 

different drying methods, including spray-drying, 

freeze-drying, and non-thermal techniques [6-8]. 

Infrared drying technology is efficient and maintains 

product quality in various food processing 

applications. Infrared radiation reduces drying time 

and enhances color, rehydration, and antioxidant 

content [8].  

Using mathematical models plays a vital role in 

comprehending and optimizing the drying process of 

food products. Theoretical, semi-theoretical, and 

empirical models are the three categories of 

mathematical models. Each category considers 

different aspects of the drying phenomenon [9]. 

Thin-layer drying models have been extensively 

utilized to depict the drying process of agricultural 

products. Effective moisture diffusivity and the 

kinetics of the drying process can be determined by 

applying these models [10]. A limited amount of 

information can be found in the literature regarding 

mathematical modeling of Ahlat pear drying. The 

primary objectives of this study were to assess the 

influence of infrared power on drying duration, to 

model the experimental data using six drying 

models, and to determine the effective moisture 

diffusivity and activation energy. 

EXPERIMENTAL 

Materials and methods 

• Preparation of samples and drying 

procedures. High-quality Ahlat pears were obtained 

from a local market in Istanbul, Turkey. The initial 

moisture content of the Ahlat pears was determined  
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by oven-drying at 105°C for 6 h. Triplicate samples 

were used to measure the moisture content, and the 

average value was found to be 68.75% on wet basis. 

Drying experiments were conducted in an infrared 

dryer (Snijders, Tilburg, Netherlands). 32±0.9 g of 

Ahlat pear samples were used in the experiments and 

samples were dried at 38, 50, 62, 74 and 88 W 

infrared power. Moisture losses were recorded at 15-

min intervals throughout the drying process using a 

digital balance. Once the moisture content reached 

20%, the drying process was halted, and the samples 

were allowed to cool before being packed into 

polyethylene bags and stored at room temperature. 

The data from the experiments were gathered and 

utilized to create the drying curves. 

• Mathematical modeling and data analysis. 
The drying kinetics of the Ahlat pear samples was 

described by evaluating six models (Table 1). The 

moisture content and moisture ratio of Ahlat pears 

were denoted as M and MR, respectively and 

calculated using equations commonly used in the 

literature [1, 17, 18]. 

The data collected from the experiments were 

analyzed utilizing the Statistica 10 software package 

(StatSoft Inc., USA). Model parameters were 

determined via a nonlinear regression process 

employing the Levenberg-Marquardt algorithm. The 

assessment of the alignment between experimental 

data and all models was conducted using metrics 

including the coefficient of determination (R2), 

reduced chi-square (χ2), and root mean square error 

(RMSE). R2, χ2, and RMSE were calculated using 

the formulas presented in Table 2 where MRexp,i 

stands for the experimental dimensionless moisture 

ratio, MRpre,i denotes the predicted dimensionless 

moisture ratio, N represents the number of 

observations, and z signifies the number of constants 

[17]. 
Table 1. Mathematical models designed for fitting to 

the drying of Ahlat pear. 

Ref. Model name Model 

[12] Alibas MR = a exp (-ktn + bt) +g 

[13] Aghbashlo et al. MR = a exp (-at/(1 + bt)) 

[14] Henderson&Pabis MR = a exp (-kt) 

[11] Logarithmic MR = a exp (-kt) + c 

[15] Page MR = a exp (-ktn) 

[16] Logistic MR =a/(1 + b exp(kt)) 

  

Table 2. The R2, χ2 and RMSE formulas 

𝑅2 = 1 −
∑ (𝑀𝑅𝑝𝑟𝑒,𝑖 − 𝑀𝑅𝑒𝑥𝑝,𝑖)

2𝑁
𝑖=1

∑ (𝑀𝑅̅̅ ̅̅̅
𝑝𝑟𝑒

𝑁
𝑖=1 − 𝑀𝑅𝑒𝑥𝑝,𝑖)

2
 

2 =
∑ (𝑀𝑅𝑒𝑥𝑝,𝑖 − 𝑀𝑅𝑝𝑟𝑒,𝑖)

2𝑁
𝑖=1

𝑁 − 2
 

𝑅𝑀𝑆𝐸 =
1

𝑁
∑ (𝑀𝑅𝑝𝑟𝑒,𝑖

𝑁
𝑖=1 -M𝑅𝑒𝑥𝑝,𝑖) 

 

Determination of effective moisture diffusivity 

and computation of activation energy 

The effective moisture diffusivity (Deff) values 

for dried Ahlat pear were determined by applying 

Fick’s second law of diffusion equation. The 

analytical solution for Fick's second law, 

considering unsteady-state diffusion in Cartesian 

coordinates, assumes moisture migration through 

diffusion with constant effective diffusivity, 

constant temperature, and negligible shrinkage 

during the drying process. This solution is then 

reformulated in logarithmic form (Eq. 1). All 

equations for determining effective moisture 

diffusivity and activation energy are given in Table 

3. To ascertain the effective moisture diffusivity, the 

experimental drying data are graphed with ln(MR) 

plotted versus time. This representation reveals a 

linear correlation, where the slope of the line 

corresponds to the parameter K, as defined in Eq. 2. 

The correlation between effective diffusivity and 

temperature is frequently represented by the 

Arrhenius equation (Eq. 3). In this context, D0 stands 

for the pre-exponential factor in the Arrhenius 

equation, measured in m²/s. Ea denotes the activation 

energy in kW/kg, while m represents the mass of 

dried samples in kilograms, and p signifies the 

infrared power in W. 

Table 3. Equations for effective moisture diffusivity 

and activation energy 

ln(𝑀𝑅) = ln (
8

2) − (
2𝐷𝑒𝑓𝑓

4𝐿2 ) 𝑡                 (1) 

K = (
2𝐷𝑒𝑓𝑓

4𝐿2 )                               (2) 

Deff = D0 exp (
−𝐸𝑎𝑚

𝑝
)                          (3) 

 

RESULTS AND DISCUSSION 

Analysis of drying curves and evaluation of models 

The changes in the moisture content over drying 

time at 38, 50, 62, 74 and 88 W are illustrated in 

Figure 1(A). Drying time decreased with the 

increase in the infrared power, as expected. The 

drying times were recorded as 285, 255, 195, 150 

and 135 min at infrared powers of 38, 50, 62, 74 and 

88 W, respectively. The moisture content 
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consistently decreased as the drying time progressed. 

At 50 W infrared power, the drying time was 1.889 

times longer than the drying time at 88 W infrared 

power. This finding is consistent with the results of 

Doymaz and Ismail [18], where the drying time at 50 

W was 1.807 times longer than the drying time at 88 

W. 

 

Fig. 1. Moisture content versus drying time (A), Drying rate versus drying time (B) at 38, 50, 62, 74 and 88 W. 

Table 4. Statistical parameters of models for different infrared powers. 

IR Power (W) Model R2 2 RMSE 

38 

Alibas 0.9996 0.000036 0.017902 

Aghbashlo et al. 0.9996 0.000033 0.017787 

Henderson and Pabis 0.9984 0.000134 0.040341 

Logarithmic 0.9996 0.000037 0.019987 

Page 0.9994 0.000046 0.024614 

Logistic 0.9995 0.000042 0.022012 

50 

Alibas 0.9994 0.000053 0.020612 

Aghbashlo et al. 0.9993 0.000056 0.021064 

Henderson and Pabis 0.9982 0.000142 0.041833 

Logarithmic 0.9992 0.000069 0.024560 

Page 0.9990 0.000073 0.023640 

Logistic 0.9978 0.000185 0.045852 

62 

Alibas 0.9998 0.000020 0.011198 

Aghbashlo et al. 0.9992 0.000073 0.021254 

Henderson and Pabis 0.9990 0.000095 0.028115 

Logarithmic 0.9992 0.000079 0.024049 

Page 0.9996 0.000034 0.014259 

Logistic 0.9995 0.000047 0.016829 

74 

Alibas 0.9998 0.000030 0.009844 

Aghbashlo et al. 0.9989 0.000110 0.019765 

Henderson and Pabis 0.9989 0.000106 0.019111 

Logarithmic 0.9990 0.000109 0.020418 

Page 0.9991 0.000084 0.019836 

Logistic 0.9991 0.000101 0.021278 

88 

Alibas 0.9997 0.000056 0.015138 

Aghbashlo et al. 0.9979 0.000228 0.027170 

Henderson and Pabis 0.9970 0.000328 0.041763 

Logarithmic 0.9978 0.000276 0.034924 

Page 0.9990 0.000103 0.019982 

Logistic 0.9987 0.000158 0.024377 

Figure 1(B) illustrates the drying rate curves of 

Ahlat pear. The drying rate shows a continual 

decrease over time. At the beginning, there are 

higher drying rates, which then decrease as the 

sample's moisture content is reduced. This decrease 

is due to the samples shrinking, causing a decrease 

in porosity and an increase in resistance to water 

movement, ultimately leading to a further reduction 

in drying rates. The predominance of the falling-rate 

period indicates that moisture movement in Ahlat 

pear slices is mainly controlled by diffusion as the 

primary physical mechanism [19]. 

The most suitable model was selected by the 

highest R2 and the lowest 2 and RMSE values. 

Statistical computing results are shown in Table 4. 

The R2 values for all models are above 0.99. Alibas 

model provided the highest R2 values as 0.9996 and 

the lowest 2 values as 0.000036 and RMSE values 

as 0.017902 which makes it the best model for 38 W. 

For 50, 62, 74 and 88 W, Alibas model is also the 
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best model and the R2 values are 0.9994, 0.9998, 

0.9998 and 0.9997, 2 values are 0.000053, 

0.000020, 0.000030 and 0.000056 and RMSE values 

are 0.020612, 0.011198, 0.009844 and 0.015138 for 

50, 62, 74 and 88 W, respectively. 

 

 

Fig. 2. Variation of effective moisture diffusivity with IR powers (A), Arrhenius-type relationship between effective 

diffusivity and IR powers (B) 

Effective moisture diffusivity and activation energy 

The effective moisture diffusivity was 

determined by plotting ln (MR) versus drying time. 

The values of effective moisture diffusivity (Deff) 

were calculated according to Eq. (3) and are 

displayed in Figure 2(A). For the Ahlat pear, the Deff 

values ranged from 1.07×10-8 to 2.03×10-8 m²/s 

within the IR power range of 38-88 W. The highest 

Deff value was recorded at 88 W, while the lowest 

was at 38 W. The Deff values obtained for Ahlat pear 

slices are like those reported by Doymaz and Ismail 

[18]. 

Drawing ln(Deff) versus m/p results in a linear 

relationship with a slope equivalent to (-Ea), 

facilitating the straightforward estimation of Ea 

(Figure 2. (B)). Equation (4) shows the impact of 

infrared power on Deff for the samples, with the 

associated coefficients: 

𝐷𝑒𝑓𝑓 =  3.9145 × 10−8 𝑒𝑥𝑝 (
− 1638.2 × 𝑚

𝑝
)           (𝑅2 =

0.9315)   (4) 

The calculated activation energy value is 1.6382 

kW/kg, exhibiting a close resemblance to the 

activation energy values reported in the literature for 

the drying process of pears [18]. 

CONCLUSION 

The drying behavior of Ahlat pears was 

investigated using an infrared dryer at different 

power levels ranging from 38 to 88 W. According to 

the results, infrared power has a significant role in 

the drying process of Ahlat pears and a higher power 

reduces the drying time. Six drying models were 

utilized to analyze the drying kinetics of Ahlat pears, 

and statistical analysis established that the Alibas 

model was the most suitable model in predicting the 

experimental data at all power levels. The effective 

diffusivity values for Ahlat pear samples ranged 

from 1.07×10-8 to 2.03×10-8 m²/s, while the 

activation energy was calculated to be 1.6382 

kW/kg. These findings offer valuable insights into 

the drying characteristics of Ahlat pears under 

different drying conditions. 
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B. Gök, E. Kıpçak*

Yıldız Technical University, Davutpaşa Campus, Department of Chemical Engineering, Faculty of Chemical and 

Metallurgical Engineering, No: 127, 34220, Esenler, Istanbul, Turkey 

Received June 28, 2024; Accepted: August 17, 2024 

Blueberries (Vaccinium corymbosum) are small, blue, perishable fruits, which are packed with nutrients, minerals, 

organic acids and polyphenols. Additionally, blueberries are notable for their antioxidant properties, which can help to 

reduce the negative effects of diseases such as cancer and diabetes. However, they are seasonally produced and have short 

shelf life, so drying is an effective preservation method. Drying processes often include physical or chemical 

pretreatments to improve the quality of the dried fruit and shorten the drying time. While there are many studies on the 

antioxidant capacity and nutritional content of blueberries, research on their detailed drying behavior and the effects of 

different pretreatments is still limited. This study explores the impact of chemical pretreatment with K2CO3 solutions on 

the infrared and vacuum oven drying of blueberries. Blueberry samples were treated with these solutions at 30°C and 

60°C before drying. Each pretreatment involved immersing the blueberries in the K2CO3 solutions for 1 and 3 min. After 

the pretreatments, drying was conducted at temperatures of 70°C and 80°C using infrared and vacuum oven methods. The 

drying behavior of the pretreated blueberries was compared to that of untreated samples. Effective moisture diffusivities 

(Deff) were calculated, and the drying curves were modeled using 14 established mathematical equations. The results 

showed that the use of vacuum oven provided faster drying and K2CO3 pretreatments reduced drying time. 1 min dipping 

of the blueberries in a 30C K2CO3 solution caused the most prominent decrease in the drying time and increase in the 

Deff values. However, further contact of the blueberries at the foresaid solution temperature, and increasing the solution 

temperature at this dipping time did not cause a major change in the drying performance. 

Keywords: Blueberry; infrared drying; vacuum oven drying; K2CO3; chemical pretreatment 

INTRODUCTION 

Blueberries (Vaccinium corymbosum) are small, 

round, dark purple fruits with a sweet-sour taste [1]. 

They are mainly grown in America, with the United 

States being the leading producer, as well as in 

Europe [2]. Blueberries are rich sources of vitamins, 

minerals, anthocyanins, phenolic acids, 

proanthocyanidins, flavonoids and dietary fibers. 

They are among the fruits highest in vitamin C and 

antioxidants, giving them protective properties 

against numerous diseases such as cardiovascular 

and urinary diseases, Alzheimer's disease, aging, 

muscular degeneration, vision problems, diabetes 

and cancer [1-5]. Blueberries are described as the 

“natural health package” by Li et al. [6], due to all of 

the aforementioned physiological functions and 

enhancing human immunity. However, blueberries 

are only available seasonally, are delicate and prone 

to mechanical damage, and perish quickly [1, 3, 5]. 

Therefore, various food processing technologies are 

used to extend their shelf lives and to improve their 

preservation. 

Drying is a commonly used method to preserve 

food products, by reducing their water content to 

prevent harmful microbial and physicochemical 

reactions  and  inhibit   enzymatic   activities.   This 

method is crucial in food science due to its numerous 

benefits, such as allowing safe storage over an 

extended period and reducing packaging and 

transportation costs due to decreased weight and 

volume [5, 7-10]. Additionally, dried fruits maintain 

or even enhance their nutritional values, making 

them excellent alternatives and useful additives in 

various food products [11]. However, drying is a 

time and energy intensive process, prompting the 

exploration of additional measures to optimize its 

use. Pretreatment processes are one of such 

measures, as they can decrease the time of drying, 

lower the consumption of energy, and maintain the 

quality of food products [8, 12, 13]. Moreover some 

food products, especially berries, are known to have 

a waxy outer layer that protects them from withering 

in ambient conditions. This condition obstructs the 

application of the drying processes [4, 14, 15]. 

Physical and chemical pretreatments are commonly 

used to remove the foresaid waxy outer layer to 

enhance the drying efficiency. However, chemical 

pretreatments have a major advantage over the 

physical ones, as they require a very short contact 

time to increase the rate of dehydration. Literature 

studies demonstrate that potassium carbonate 

(K2CO3), potassium  hydroxide  (KOH),  potassium 
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metabisulfite (K2S2O5), sodium hydroxide (NaOH), 

sodium carbonate (Na2CO3), ethyl oleate 

(C20H38O2), ascorbic acid (C6H8O6) and citric acid 

(C6H8O7) are the most common chemicals that are 

used in the pretreatment solutions [10, 13-17]. 

Among the aforementioned chemicals, K2CO3 has 

been reported to successfully enhance the removal of 

the waxy outer layer and thereby lower the internal 

resistance for the diffusion of water [18]. Moreover, 

as a food additive, the use of K2CO3 has been 

approved by the Turkish Food Codex Regulation. 

Hence, it is accepted as not to pose a risk regarding 

human health [13].  

In the literature there are many articles that 

examine how drying affects the nutritional contents 

and the antioxidant capacities of blueberries. 

However, there is a lack of studies exploring how 

different pretreatment conditions impact the drying 

process and its kinetics. To address this gap, this 

study investigates the effects of K2CO3 chemical 

pretreatment on the infrared drying and vacuum 

oven drying of blueberries. During the experiments, 

blueberry samples were subjected to K2CO3 

solutions at 30C and 60C prior to drying. 

Furthermore, at each pretreatment temperature, the 

blueberries were contacted with the K2CO3 solutions 

for 1 min and 3 min, respectively. Following the 

chemical pretreatments, the infrared drying and 

vacuum oven drying of the samples were carried out 

at 70°C and 80°C. The effects of the aforementioned 

pretreatments on the drying behavior of blueberries 

were compared to those of untreated dried samples, 

and the effective moisture diffusivities (Deff) were 

determined. Additionally, the experimental drying 

data was modeled using the 14 most well-known 

mathematical modeling equations from the 

literature. 

EXPERIMENTAL 

Preparation of the samples 

The blueberries used in the experiments were 

imported from Peru and were obtained from a 

market in Istanbul. Blueberries of similar size, each 

with a radius of about 1 cm, were chosen and cut 

horizontally into two halves to study thin layer 

diffusion. In every experiment, 5 g of blueberries 

were dried. Before drying, the initial moisture 

content (M0) of the blueberries was measured using 

the AOAC method [19], which involved drying them 

for 3 hours in a hot air-drying oven at 105°C (KH-

45, Kenton, Guangzhou, China). The initial moisture 

content of the untreated blueberries was found as 

4.2632 kg water/kg dry matter, or 81% on a wet 

basis. 

 Experimental methods. The vacuum oven

drying experiments were carried out at a Nüve EV-

018 model oven (Nüve, Ankara, Turkey). Here, the 

vacuum assistance was supplied through a vacuum 

pump of KNF N022AN.18 model (KNF, Freiburg, 

Germany). During the experiments, the oven 

pressure was measured as 0.3 atm. For the infrared 

drying experiments, on the other hand, Radwag MA 

50.R model infrared dryer that worked with 230 V at

50 MHz was used (Radwag Balances and Scales,

Radom, Poland).

For the chemical pretreatments, K2CO3 solutions 

were prepared by adding 25 g of K2CO3, 2.5 g of 

olive oil and distilled water to reach the desired 

solution volume of 500 ml. During the experiments, 

blueberry samples were treated with K2CO3 

solutions at temperatures of 30°C and 60°C before 

drying. Additionally, at each temperature, the 

blueberries were exposed to the K2CO3 solutions for 

1 min and 3 min, respectively. 

To designate the drying kinetic parameters, 

experiments were conducted at temperatures of 70 

and 80°C. Blueberry samples were weighed every 15 

min to measure their moisture contents. A digital 

balance with a precision of 0.001 g was used for 

weighing (AS 220.R2, Radwag, Radom, Poland). 

Two identical experiments were performed for each 

drying condition, and the drying process was 

concluded when the weight of the blueberries 

decreased to approximately 5% of their initial 

moisture contents. 

 Determination of the drying parameters. To

generate the drying curves, the moisture content (M), 

drying rate (DR) and moisture ratio (MR) for each 

experimental condition need to be calculated. These 

parameters were determined through Eqns. 1, 2 and 

3 provided below [16, 20, 21]: 

M =  
mw

md
(1) 

In the aforementioned equation M is the moisture 

content (kg water/kg dry matter). The water content 

and the dry matter content of the blueberries are 

represented with mw and md, respectively (kg). 

DR =
Mt+dt−Mt

dt
(2) 

Eqn. 2 defines DR as the drying rate (kg water/kg 

dry mattermin), where t is the drying time (min), Mt 

and Mt+dt are the moisture contents at times t and 

t+dt, respectively (kg water/kg dry matter). 

MR =  
Mt−Me

M0−Me
(3) 

In Eqn. 3, MR represents the dimensionless 

moisture ratio. Here, Mt, Me and M0 are the 
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instantaneous moisture content at time t, the 

equilibrium moisture content and the initial moisture 

content, respectively (kg water/kg dry matter). Due 

to the low moisture content at equilibrium (Me) 

compared to the initial and instantaneous values, it is 

omitted in the calculations [20, 21].  

In order to describe moisture diffusion during the 

drying process of food products, Fick’s 2nd law of 

diffusion is applied. In this study, some assumptions 

were made to solve the equation. Firstly, the 

shrinkage of the blueberries was ignored. 

Additionally, it was assumed that symmetrical mass 

transfer occurred from the center solely through 

diffusion, with constant diffusivity. Based on these 

assumptions, Fick's 2nd law for a thin layer of 

thickness 2L is modified to Eqn. 4 [16, 21, 22]: 

MR =
8

π2
∑

1

(2n+1)2
∞
n=1 exp (−

(2n+1)2π2Deff×t

4L2 )        (4) 

In Eqn. 4, Deff represents the effective moisture 

diffusivity (m2/s), t denotes time (s), L is half the 

thickness of the blueberry sample (m) and n is a 

positive integer. For extended drying durations, n is 

typically assumed to be 1 [21, 22]. Thus, Eqn. 4 can 

be simplified to Eqn. 5. Using Eqn. 5, Deff can be 

computed from ln(MR) versus t plot’s slope, as 

described below: 

ln(MR) = ln (
8

π2) − (π2 Deff×t

4L2 )   (5) 

 Mathematical modeling.  During the drying

of the blueberries, 14 drying models from the 

literature were tested for mathematical modeling. 

The drying models applied to the experimental data, 

along with their equations, are presented in Table 1.  

Table 1. Drying models applied to the experimental 

data [21] 

Model Name Model Equation 

Page MR = exp (−𝑘𝑡n)  

Peleg MR = a + t/(𝑘1 + 𝑘2𝑡) 

Lewis MR = exp (−k𝑡)  

Alibas MR = 𝑎×exp ((−𝑘𝑡𝑛) + 𝑏𝑡) + 𝑔  

Weibull MR = exp (−(t/b)a)  

Parabolic MR = 𝑎 + 𝑏𝑡 + 𝑐𝑡2 

Jena et al. MR = 𝑎×exp (−𝑘𝑡 + 𝑏√𝑡) + 𝑐  

Verma et al. 
MR = 𝑎×exp (−𝑘𝑡) + (1 − 𝑎) × exp 

(−𝑔𝑡)  

Logarithmic  MR = 𝑎 × exp (−𝑘𝑡) + 𝑐  

Aghbaslo et al. MR = exp (−𝑘1𝑡 / (1 + 𝑘2𝑡))  

Wang & Singh  MR = 1 + a𝑡 + b𝑡2 

Midilli & Kucuk MR = 𝑎×exp (−𝑘𝑡n) + 𝑏𝑡 

Henderson & 

Pabis 
MR = 𝑎×exp (−𝑘𝑡)  

Two-Term 

Exponential 
MR = 𝑎×exp(-𝑘𝑡)+ (1-a)×exp(-𝑘a𝑡) 

For the models presented in Table 1, t represents 

time (min) and a, b, c and g are coefficients. The 

drying exponent specific to each equation is 

represented by n; and the drying coefficients are 

represented by k, k1 and k2. Statistica 7.0 software 

was employed for the nonlinear Levenberg-

Marquardt procedure regressions in the modeling 

process (Statsoft Inc., Tulsa, OK). The fitting of the 

models to the drying data was evaluated based on the 

coefficient of determination (R2, Eqn. 6), reduced 

chi-square (χ2, Eqn. 7) and root mean square error 

(RMSE, Eqn. 8) values [10, 16, 21, 23].  

R2 =  1 −
∑ (MRexp,i−MRpre,i)

2N
i=1

∑ (MRexp,i−(
1

n
)MRexp,i)

2
N
i=1

  (6) 

χ2 =
∑ (MRexp,i−MRpre,i)

2N
i=1

N−z
 (7) 

RMSE = (
1

N
∑ (MRexp,i − MRpre,i)

2N
i=1 )

1

2
   (8) 

In these equations, N represents the number of 

experiments, z denotes the number of constants in 

the model equations, and MRexp and MRpre indicate 

the experimental moisture ratios and the predicted 

moisture ratios, respectively. The model chosen as 

the most suitable was the one with the highest R², the 

lowest χ², and the lowest RMSE values. 

RESULTS AND DISCUSSION 

Moisture content and effective moisture diffusivity 

The drying curves that demonstrate the moisture 

content change (M) with respect to time for the 70C 

and 80C infrared drying of blueberries at are 

presented in Fig. 1. Here, Fig. 1a presents the results 

without any pretreatment; Figs. 1b and 1c present the 

results for the blueberry samples dipped in 30C 

K2CO3 solution for 1 min and 3 min, respectively; 

and Fig. 1d and 1e present the results for the 

blueberry samples dipped in 60C K2CO3 solution 

for 1 min and 3 min, respectively, during infrared 

drying. Considering Fig. 1a, for the drying of 

blueberries without any pretreatment, the initial 

moisture content of 4.2632 kg water/kg dry matter 

was seen to decrease to 0.1871 and 0.0933 at 70C 

and 80C, respectively. For the weight of the 

blueberry samples to reach approximately 5% of 

their initial moisture contents, it took 255 min at 

70C and 135 min at 80C drying conditions. When 

the samples were dipped in a 30C K2CO3 solution 

for 1 min (Fig. 1b), the drying durations were found 

to decrease to 210 and 105 min at 70C and 80C, 

respectively. However, further contact of the 

blueberry samples with the 30C K2CO3 solution for 

3 min did not cause any change in the drying times 

(Fig. 1c). Accordingly, the drying time remained as 
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210 min at 70C and there was a minor increase to 

120 min at 80C. At these conditions, the initial 

moisture content of 4.2632 kg water/kg dry matter 

decreased to 0.2022 kg water/kg dry matter at 70C 

and to 0.1290 kg water/kg dry matter at 80C. 

Increasing the K2CO3 pretreatment solution’s 

temperature to 60C did not show a distinct change 

in the drying durations for a 1 min contact time (Fig. 

1d), which were 225 min for 70C and 105 min for 

80C infrared drying temperatures. The initial 

moisture content of 4.2632 kg water/kg dry matter 

was seen to reduce to 0.2367 and 0.1734 kg water/kg 

dry matter at 70C and 80C, respectively. However, 

when the contact time with the K2CO3 pretreatment 

solution was increased to 3 min, as it can be observed 

from Fig. 1e, the drying durations reached the 

shortest values of the infrared experiments (165 min 

for 70C and 90 min for 80C).  

Fig. 1. The change in moisture contents of blueberries for infrared drying (a) without any pretreatment, (b) 30C, 1 

min K2CO3 pretreatment, (c) 30C, 3 min K2CO3 pretreatment, (d) 60C, 1 min K2CO3 pretreatment (e): 60C, 3 min 

K2CO3 pretreatment 
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Fig. 2. The change in moisture content of blueberries for vacuum oven drying: (a) without any pretreatment, (b) 30C, 

1 min K2CO3 pretreatment, (c) 30C, 3 min K2CO3 pretreatment, (d) 60C, 1 min K2CO3 pretreatment, (e) 60C, 3 min 

K2CO3 pretreatment 

Fig. 2 presents the change of moisture content 

(M) with time for the 70C and 80C vacuum oven

drying of blueberries without any pretreatment (Fig.

2a), pretreatment with 30C K2CO3 solution (Fig. 2b

and 2c) and pretreatment with 60C K2CO3 solution

(Fig. 2d and 2e). The results demonstrate that

vacuum oven drying yielded much shorter drying

times both for the untreated and K2CO3 pretreated

blueberry samples. For instance, the drying times of

the untreated blueberries were 180 min and 120 min 

for 70C and 80C drying temperatures respectively, 

when vacuum oven was employed. Moreover, the 

initial moisture content of 4.2632 kg water/kg dry 

matter was seen to decrease to 0.1184 and 0.0637 for 

the foresaid temperatures. The application of the 

chemical pretreatment showed a likewise tendency 

with the infrared drying experiments. When the 

blueberries were dipped in a 30C K2CO3 solution 
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for 1 min (Fig. 2b), the drying times were observed 

to similarly decrease to 135 and 105 min at 70C and 

80C, respectively. Just like infrared drying, further 

contact time with K2CO3 solution did not cause a 

positive change in the drying times (Fig. 2c). For 

30C and 3 min K2CO3 pretreatment, the initial 

moisture content of 4.2632 kg water/kg dry matter 

decreased to 0.2266 at 70C and to 0.1844 at 80C. 

When K2CO3 solution’s temperature was increased 

from 30 to 60C, again a significant change was not 

observed. For vacuum oven drying at 70C, the 

drying durations increased from 165 min to 180 min, 

when the dipping time was raised from 1 min to 3 

min. For vacuum oven drying at 80C, on the other 

hand, the drying durations were 135 min for both 

pretreatment times (Figs. 2d and 2e).  

As outlined in the Experimental, the effective 

moisture diffusivity (Deff) values were determined 

according to Eqn. 5, derived from the slopes of 

ln(MR) versus drying time plots. The resulting Deff 

values, alongside the drying times for all 

experimental conditions, are compiled in Table 2. 

Table 2. Drying times and Deff values for the drying of blueberries 

As demonstrated in Table 2, Deff values increased 

with increasing drying temperature and the use of 

vacuum oven drying. For infrared drying, K2CO3 

pretreatment resulted in a minor increase in the Deff 

values for both drying temperatures. For the 

chemical pretreatments at 30C, increasing the 

contact time with K2CO3 solution decreased the 

effective moisture diffusivities. On the contrary, 

60C chemical pretreatment experiments showed an 

opposite trend, in which increasing the dipping 

duration resulted in an increase in the effective 

moisture diffusivities. The highest Deff value, 

1.5410-9 m2/s, was obtained for the experiment 

conducted at 60C K2CO3 pretreatment for 3 min, at 

80C infrared drying. For vacuum oven drying, 

which proved to yield shorter drying times and 

higher Deff values at low drying temperatures, Deff 

was seen to increase only for the experiments that 

included K2CO3 pretreatment at 30C and 1 min 

dipping time. The highest Deff value was 

encountered at 80C vacuum oven drying, which 

was 1.3310-9 m2/s; and it was obtained for the 

experiment conducted at 30C K2CO3 pretreatment 

for 1 min. As mentioned in the Introduction, the 

literature studies investigating the effect of K2CO3 

chemical pretreatment on the drying performance of 

food  products  is  still  scarce.  Bingol  et  al.  [24] 

studied the convective air drying of Thompson 

seedless grapes at 60C, where the grapes were 

pretreated in a mixture of potassium carbonate and 

ethyl oleate solution for 1, 2 and 3 min. The authors 

also investigated the effect of various dipping 

solution temperatures varying between 30 and 60C 

on the drying performance. Accordingly, the drying 

rate of grapes improved with the use of chemical 

pretreatment. In accordance with the results obtained 

in the present study, dipping the grapes at low 

solution temperatures yielded a faster drying rate 

than 50C solution temperature for the same 

pretreatment time. Moreover, similar to the findings 

for vacuum oven drying here, at dipping 

temperatures of 50C and 60C, it was observed that 

various dipping durations had no significant effect 

on the drying times. This conclusion was obtained in 

another study, in which the drying of cape 

gooseberries was investigated by using K2CO3 – 

olive oil and NaOH – olive oil mixtures with various 

concentrations as a pretreatment [18]. The samples 

were dipped in the pretreatment solutions at 28C for 

20 and 60 min. It was seen that chemical 

pretreatments resulted in higher moisture losses. 

However, increasing the pretreatment time did not 

have a major influence neither on the final moisture 

contents nor on the effective moisture diffusivities of 

the cape gooseberry samples.   

Infrared Drying Vacuum Oven Drying 

Pretreatment Type Drying Parameter 70C 80C 70C 80C 

Without Pretreatment 
Drying Time (min) 255 135 180 120 

Deff (m2/s) 5.1410-10 1.1310-9 7.9810-10 1.2810-9 

1 min K2CO3 

Pretreatment, 30C 

Drying Time (min) 210 105 135 105 

Deff (m2/s) 6.5110-10 1.5410-9 9.4710-10 1.3310-9 

3 min K2CO3 

Pretreatment, 30C 

Drying Time (min) 210 120 165 105 

Deff (m2/s) 5.9010-10 1.1910-9 7.6810-10 1.1010-9 

1 min K2CO3 

Pretreatment, 60C 

Drying Time (min) 225 105 165 135 

Deff (m2/s) 5.2710-10 1.2410-9 7.3310-10 1.0210-9 

3 min K2CO3 

Pretreatment, 60C 

Drying Time (min) 165 90 180 135 

Deff (m2/s) 7.4010-10 1.5410-9 7.3010-10 1.1510-9 
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Yılmaz and Uyak [13] studied the effect of 13 

different pretreatment solutions involving K2CO3 

and NaHCO3 solutions with various oils on the sun 

drying performance of raisins. The authors stated 

that dipping the raisins in pretreatment solutions 

accelerated the drying process. Doymaz [25] used a 

cabinet dryer for the drying of black grapes at 60C, 

by using 5% K2CO3 and 0.5% olive oil solution as a 

chemical pretreatment. The author has stated that the 

use of K2CO3 pretreatment decreased the drying time 

from 65 h to 28 h; and increased the Deff value from 

3.8210-10 m2/s to 1.0510-9 m2/s when compared to 

the untreated samples. A similar finding was also 

reported in another study, in which the cabinet 

drying of seedless grapes was investigated at 55, 65 

and 75C [26]. The grapes were pretreated with a 

solution involving 4% K2CO3 and 1% olive oil at 

20C for 1 min. The authors reported that the 

chemically pretreated grape samples dried faster 

than the untreated ones and had greater effective 

moisture diffusivities.  

 Mathematical modeling. The mathematical

modeling results that were obtained for the infrared 

drying of blueberries, both with and without 

pretreatments, are shown in Table 3; whereas those 

for vacuum oven drying are demonstrated in Table 

4. The tables show the results for the best 3 models

having the highest R2, the lowest χ2 and lowest

RMSE values among the 14 models that have been

tested.

Table 3. Statistical data of the best 3 drying models obtained for infrared drying 

Infrared Drying, No Pretreatment 

70C Drying Temperature 80C Drying Temperature 

Verma et al. Alibas Weibull Aghbaslo et al. Page Weibull 

a = 0.093338 

k = 0.041708 

g = 0.011790 

R2 = 0.999957 

 = 0.000008 

RMSE = 0.002632 

a = 0.938908 

k = 0.017065 

n = 0.952105 

b = -0.000215 

g = 0.062626 

R2 = 0.999949 

 = 0.000012 

RMSE = 0.002868 

a = 0.944711 

b = 77.347850 

R2 = 0.999932 

 = 0.000011 

RMSE = 0.003088 

k1 = 0.014800 

k2 = -0.003359 

R2 = 0.999640 

 = 0.000082 

RMSE = 0.008179 

k = 0.006868 

n = 1.251731 

R2 = 0.999578 

 = 0.000096 

RMSE = 0.008861 

a = 1.251728 

b = 53.476658 

R2 = 0.999578 

 = 0.000096 

RMSE = 0.008861 

Infrared Drying, 30C and 1 min K2CO3 Pretreatment 

70C Drying Temperature 80C Drying Temperature 

Logarithmic Aghbaslo et al. Page Logarithmic Aghbaslo et al. Page 

a = 1.024398 

k = 0.013269 

c = -0.027156 

R2 = 0.999968 

 = 0.000006 

RMSE = 0.002174 

k1 = 0.013438 

k2 = -0.000530 

R2 = 0.999908 

 = 0.000015 

RMSE = 0.003677 

k = 0.012101 

n = 1.035576 

R2 = 0.999788 

 = 0.000035 

RMSE = 0.005586 

a = 1.108394 

k = 0.020326 

c = -0.114802 

R2 = 0.999796 

 = 0.000042 

RMSE = 0.005506 

k1 = 0.021623 

k2 = -0.003058 

R2 = 0.999136 

 = 0.000157 

RMSE = 0.011336 

k = 0.015880 

n = 1.126723 

R2 = 0.998096 

 = 0.000346 

RMSE = 0.016823 

Infrared Drying, 30C and 3 min K2CO3 Pretreatment 

70C Drying Temperature 80C Drying Temperature 

Midilli & Kucuk Verma et al. Two Term Exp. Midilli & Kucuk Logarithmic Page 

a = 1.000284 

k = 0.023122 

n = 0.861844 

b = -0.000261 

R2 = 0.999956 

 = 0.000008 

RMSE = 0.002452 

a = 0.049963 

k = 0.176415 

g = 0.012933 

R2 = 0.999573 

 = 0.000070 

RMSE = 0.007599 

a = 0.047820 

k = 0.270956 

R2 = 0.999571 

 = 0.000076 

RMSE = 0.007620 

a = 0.998779 

k = 0.021765 

n = 0.978232 

b = -0.000596 

R2 = 0.999890 

 = 0.000028 

RMSE = 0.004183 

a = 1.081951 

k = 0.018775 

c = -0.086514 

R2 = 0.999872 

 = 0.000028 

RMSE = 0.004507 

k = 0.015013 

n = 1.103146 

R2 = 0.998895 

 = 0.000214 

RMSE = 0.013226 

Infrared Drying, 60C and 1 min K2CO3 Pretreatment 

70C Drying Temperature 80C Drying Temperature 

Verma et al. Two Term Exp. Alibas Aghbaslo et al. Two Term Exp. Henderson&Pabis 

a = 0.142754 

k = 0.083827 

g = 0.012060 

R2 = 0.999988 

 = 0.000002 

RMSE = 0.001277 

a = 0.142377 

k = 0.084725 

R2 = 0.999988 

 = 0.000002 

RMSE = 0.001281 

a = 1.184367 

k = 0.027807 

n = 0.794394 

b = 0.000385 

g = -0.183970 

R2 = 0.999983 

 = 0.000003 

RMSE = 0.001501 

k1 = 0.024843 

k2 = -0.000796 

R2 = 0.998870 

 = 0.000190 

RMSE = 0.012481 

a = 0.015305 

k = 1.669035 

R2 = 0.998747 

 = 0.000271 

RMSE = 0.013142 

a = 0.996844 

k = 0.025856 

R2 = 0.998715 

 = 0.000216 

RMSE = 0.013309 
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Table 3. Continued 

Infrared Drying, 60C and 3 min K2CO3 Pretreatment 

70C Drying Temperature 80C Drying Temperature 

Aghbaslo et al. Logarithmic Parabolic Alibas Parabolic Wang & Singh 

k1 = 0.020717 

k2 = 0.001650 

R2 = 0.998654 

 = 0.000168 

RMSE = 0.012181 

a = 0.951661 

k = 0.019081 

c = 0.024022 

R2 = 0.998339 

 = 0.000222 

RMSE = 0.013533 

a = 0.914913  

b = -0.011803 

c = 0.000041 

R2 = 0.989896 

 = 0.001347 

RMSE = 0.033306 

a = 0.588739 

k = 0.774614 

n = 0.000002 

b = -0.007907 

g = 0.411261 

R2 = 0.989248 

 = 0.002572 

RMSE = 0.037455 

a = 0.969178 

b = -0.021311 

c = 0.000124 

R2 = 0.997028 

 = 0.000535 

RMSE = 0.019729 

a = -0.022563 

b = 0.000134 

R2 = 0.996161 

 = 0.000614 

RMSE = 0.022419 

Table 4. Statistical data of the best 3 drying models obtained for vacuum oven drying 

Vacuum Oven Drying, No Pretreatment 

70C Drying Temperature 80C Drying Temperature 

Aghbaslo et al. Parabolic Wang & Singh Midilli & Kucuk Aghbaslo et al. Parabolic 

k1 = 0.008337 

k2 = -0.003221 

R2 = 0.999921 

 = 0.000013 

RMSE = 0.003438 

a = 1.005056 

b = -0.009082 

c = 0.000020 

R2 = 0.999832 

 = 0.000031 

RMSE = 0.005022 

a = -0.008974 

b = 0.000019 

R2 = 0.999812 

 = 0.000032 

RMSE = 0.005304 

a = 1.003165 

k = 0.003276 

n = 1.327302 

b = -0.001140 

R2 = 0.999912 

 = 0.000025 

RMSE = 0.003982 

k1 = 0.009662 

k2 = -0.005698 

R2 = 0.999365 

 = 0.000140 

RMSE = 0.010688 

a = 1.025114 

b = -0.011921 

c = 0.000029 

R2 = 0.999053 

 = 0.000234 

RMSE = 0.013049 

Vacuum Oven Drying, 30C and 1 min K2CO3 Pretreatment 

70C Drying Temperature 80C Drying Temperature 

Verma et al. Logarithmic Parabolic Midilli & Kucuk Verma et al. Logarithmic 

a = 1.048215 

k = 0.012915 

g = -0.008318 

R2 = 0.999984 

 = 0.000002 

RMSE = 0.001305 

a = 1.255558 

k = 0.010626 

c = -0.260330 

R2 = 0.999938 

 = 0.000008 

RMSE = 0.002594 

a = 0.982561 

b = -0.011741 

c = 0.000036 

R2 = 0.999400 

 = 0.000079 

RMSE = 0.008082 

a = 0.999890 

k = 0.012547 

n = 1.052367 

b = -0.001376 

R2 = 0.999997 

 = 0.000001 

RMSE = 0.000667 

a = -0.935529 

k = 0.003666 

g = 0.009988 

R2 = 0.999990 

 = 0.000002 

RMSE = 0.001208 

a = 1.338851 

k = 0.012065 

c = -0.336694 

R2 = 0.999983 

 = 0.000003 

RMSE = 0.001579 

Vacuum Oven Drying, 30C and 3 min K2CO3 Pretreatment 

70C Drying Temperature 80C Drying Temperature 

Aghbaslo et al. Parabolic Wang & Singh Parabolic Wang & Singh Midilli & Kucuk 

k1 = 0.010245 

k2 = -0.002686 

R2 = 0.999943 

 = 0.000009 

RMSE = 0.002741 

a = 0.999894 

b = -0.010258 

c = 0.000027 

R2 = 0.999906 

 = 0.000015 

RMSE = 0.003517 

a = -0.010261 

b = 0.000027 

R2 = 0.999906 

 = 0.000014 

RMSE = 0.003518 

a = 1.001804 

b = -0.012653 

c = 0.000034 

R2 = 0.999978 

 = 0.000004 

RMSE = 0.001764 

a = -0.012589 

b = 0.000034 

R2 = 0.999975 

 = 0.000004 

RMSE = 0.001879 

a = 0.998960 

k = 0.007904 

n = 1.101464 

b = -0.002040 

R2 = 0.999958 

 = 0.000009 

RMSE = 0.002445 

Vacuum Oven Drying, 60C and 1 min K2CO3 Pretreatment 

70C Drying Temperature 80C Drying Temperature 

Logarithmic Aghbaslo et al. Parabolic Midilli & Kucuk Logarithmic Aghbaslo et al. 

a = 1.140042 

k = 0.011179 

c = -0.146612 

R2 = 0.999859 

 = 0.000021 

RMSE = 0.004207 

k1 = 0.012230 

k2 = -0.001967 

R2 = 0.999434 

 = 0.000081 

RMSE = 0.008436 

a = 0.972749 

b = -0.010591 

c = 0.000030 

R2 = 0.999066 

 = 0.000143 

RMSE = 0.010837 

a = 0.999198 

k = 0.017115 

n = 0.958669 

b = -0.000950 

R2 = 0.999931 

 = 0.000019 

RMSE = 0.003443 

a = 1.164516 

k = 0.013054 

c = -0.171182 

R2 = 0.999859 

 = 0.000033 

RMSE = 0.004901 

k1 = 0.014517 

k2 = -0.002630 

R2 = 0.999227 

 = 0.000161 

RMSE = 0.011484 

Vacuum Oven Drying, 60C and 3 min K2CO3 Pretreatment 

70C Drying Temperature 80C Drying Temperature 

Midilli & Kucuk Verma et al. Two-Term Exp. Logarithmic Two-Term Exp. Midilli & Kucuk 

a = 1.000000 

k = 0.262958 

n = 0.000001 

b = -0.004603 

R2 = 0.977569 

 = 0.003958 

RMSE = 0.055016 

a = 0.476031 

k = 0.014265 

g = 0.014265 

R2 = 0.996863 

 = 0.000519 

RMSE = 0.020676 

a = 0.003136 

k = 4.521424 

R2 = 0.996728 

 = 0.000583 

RMSE = 0.021112 

a = 1.235259 

k = 0.012256 

c = -0.229720 

R2 = 0.999790 

 = 0.000053 

RMSE = 0.006203 

a = 0.002874 

k = 6.267741 

R2 = 0.990913 

 = 0.002606 

RMSE = 0.040722 

a = 1.000000 

k = 0.215135 

n = 0.000001 

b = -0.006473 

R2 = 0.986249 

 = 0.003934 

RMSE = 0.050036 
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CONCLUSION 

This study explored the impact of chemical 

pretreatment using a K2CO3 solution on the infrared 

and vacuum oven drying of blueberries. The 

research investigated how various drying methods, 

temperatures, pretreatment solution temperatures 

and pretreatment durations influenced the drying 

efficiency. Additionally, 14 drying models from 

existing literature were applied to mathematically 

model the drying process of blueberries. Vacuum 

oven drying was observed to reduce drying times, 

and drying rates were found to increase as the drying 

temperature was raised from 70 to 80°C. K2CO3 

pretreatment solution’s temperature was selected as 

30C and 60C, and at both temperatures, the 

blueberry samples were dipped in the pretreatment 

solution for 1 min and 3 min. Accordingly, for the 

infrared drying experiments, it was seen that 1 min 

dipping of the blueberries in a 30C K2CO3 

pretreatment solution caused a decrease in the drying 

time and an increase in the Deff values. However, 

further contact of the blueberries at the foresaid 

solution temperature, and increasing the solution 

temperature at this dipping time did not cause any 

significant change in the drying performance. 3 min 

pretreatment with 60C K2CO3 solution yielded the 

highest Deff value and the shortest drying time. The 

drying duration was between 135 - 255 min for the 

untreated blueberries, 105 – 210 min for blueberries 

treated with K2CO3 at 30C, and 90 – 225 min for 

blueberries treated with K2CO3 at 60C. Deff values 

were found between 1.1310-9 – 5.1410-10 m2/s for 

the untreated blueberries, 1.5410-9 – 6.5110-10 m2/s 

for blueberries treated with K2CO3 at 30C, and 

1.5410-9 – 7.4010-10 m2/s for blueberries treated 

with K2CO3 at 60C. 

 When using vacuum oven drying, a comparable 

reduction in drying time and an increase in Deff were 

observed after immersing the blueberries for 1 min 

in a K2CO3 solution at 30°C. However, raising the 

temperature of the pretreatment solution or 

extending the contact time with K2CO3 did not 

notably improve the drying efficiency. The drying 

duration was between 120 – 180 min for the 

untreated blueberries, 105 – 165 min for blueberries 

treated with K2CO3 at 30C, and 135 – 180 min for 

blueberries treated with K2CO3 at 60C. Deff values, 

on the other hand, varied between 1.2810-9 – 

7.9810-10 m2/s for the untreated blueberries, 1.3310-

9 – 9.4710-10 m2/s for blueberries treated with K2CO3 

at 30C, and 1.1510-9 – 7.3310-10 m2/s for 

blueberries treated with K2CO3 at 60C.  
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In this study, Apranax (AP) with active ingredient naproxen sodium (NS) was examined. Geometric optimizations of 

the fragments were made on the DFT/B3LYP/6-31G(d) basic set of the Quantum Mechanical Density Functional Theory 

to theoretically determine all possible reaction pathways of AP with the OH radical. Since the reaction of the molecule 

with the OH radical is important for both water purification and atmospheric chemistry, calculations were performed both 

in the gas phase and in the water phase, modeled with CPCM in the COSMO (conductor-like screening solvation model) 

solvent model. The degradation mechanism was clarified by examining the energy values for all fragments, the bond 

lengths of the atoms in the fragments, the bond angles, and the Mulliken charges. 

Keywords:  Apranax, naproxen sodium, DFT, OH radical, Gaussian 09 

INTRODUCTION 

In this study, the degradation mechanism and fate 

of the Apranax (AP) molecule in nature of one of the 

five molecules we investigated in our current 

scientific research project entitled. “Examining the 

theoretical degradation mechanisms of selected 

pharmaceutical product active ingredients” were 

examined. It is estimated that, the molecules selected 

within the scope of the project are either excreted 

from the body through faeces after being used for 

treatment purposes or it will be mixed into 

wastewater through the natural cycle as domestic 

waste without being used at all. When 

pharmaceutical products, popularly called 

medicines, are excreted from the body, or are not 

used and thrown away as waste, their fate in nature 

has not been investigated yet. The main purpose of 

this study is to theoretically elucidate the fate of the 

AP molecule and its hydroxylated parts during 

degradation in nature. 

Naproxen or naproxen sodium (NS) is available 

and is safely and effectively used worldwide. 

Almost one in every five prescriptions for non-

steroidal anti-inflammatory drugs contains this 

active ingredient, such as Apranax fort and Apranax 

(AP), which are mainly orally administered. 

Apranax is one of the drugs widely used for the relief 

of mild to moderate pain, such as headache, 

toothache, muscle pain, backache, or cold, as well as 

for medicinal purpose as a treatment of pain for those 

who suffer from rheumatic diseases such as strains, 

sprains, menstrual pain, osteoarthritis, rheumatoid 

arthritis, or other conditions. AP may cause  nausea,

diarrhoea, and vomiting. It has side effects such as 

abdominal pain and skin rash, and its half-life is 

short. NA is a white crystalline substance used as an 

analgesic. It is soluble in water; pH of the aqueous 

solution is 6 or above [1-6]. 

AP is a hydroxyl scavenger biomolecule. It is also 

a detector of hydroxyl radicals due to its 

hydroxylation ability. Attack of any hydroxyl radical 

on an aromatic compound results in the formation of 

a new hydroxylated product which can be much 

more harmful than the original molecule at the 

beginning of the process. Knowing the degradation 

mechanism is very important for monitoring the 

products [7]. Organic compounds undergo 

photolysis. They react with the OH radical and this 

reaction causes decomposition reactions in the 

atmosphere. The OH radical acts as an electrophile 

in its reaction with any organic molecule and 

therefore, it easily binds to unsaturated bonds, 

whereas the O radical is a nucleophile and therefore 

cannot interact with bonds. If an aliphatic side chain 

is attached to an aromatic molecule, the OH radical 

prefers binding to the aromatic ring [8-14]. This 

study examines the probability of obtaining more 

dangerous substances through hydroxylation of the 

AP molecule on its mixing with nature. Of course, 

all necessary research experiments are carried out 

before pharmaceutical products are placed on the 

market, all possible side effects are determined, after 

which the product is used for the treatment of people. 

The issue that is ignored or not given much 

importance is “What would happen if many 

pharmaceutical products used for therapeutic 

purposes mix with nature?”. 
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MATERIALS 

Theoretically, to determine all possible reaction 

paths of AP, geometric optimizations were made on 

the DFT/B3LYP/6-31G(d) basis set of the Quantum 

Mechanical Density Functional Theory (DFT), one 

of the methods for studying electronic structure. For 

all fragments, energy values were calculated, and 

geometric optimizations were made using the Gauss 

View 5.0.8 molecular representation program and 

the Gaussian 09 program in orbital calculations. 

With Gaussian 09 program the energies of atoms and 

molecules can be calculated, geometric 

optimizations can be made and vibration 

frequencies, force constants and dipole moments 

depending on energy can be calculated. Gauss View 

5.0.8 Preparing input files for Gaussian package 

programs is a graphical interface designed to 

visualize the outputs. Gaussian views molecules, 

visualizes them, allowing us to rotate and move them 

as we wish, and it allows us to make changes. 

Moreover, even for complex calculations, it can be 

easily entered to prepare the files. It allows us to 

examine a graphical display of the results calculated 

by the Gaussian program [15]. The fragmentation 

reaction energy is affected by the water molecules in 

the aqueous environment. In addition, geometry 

stretching in solutions is induced by H2O. In other 

words, the presence of a dielectric medium such as 

H2O causes relaxation in the geometry of the solute 

and has a stabilizing effect, reducing the energy for 

this mechanism [7]. Therefore, in this study, CPCM 

in the COSMO (conductor-like screening solvation 

model) solvent model in the Gaussian 09 package 

program was used to explain the solvent effect of 

H2O on the AP + ·OH reaction energy [15]. 

RESULTS AND DISCUSSION 

For any molecule, the subseqquent steps should 

be considered in order to determine the 

fragmentation path. Even though it is known that that 

the longest bond and the widest bond angles of atoms 

will be fragmented first, monitoring the energy 

values and environments of the electronegative 

atoms is the determining factor for the 

fragmentation. It is essential that double-bonded or 

closed-ring structures are more stable than others, 

and if fragmentation occurs, breaking away of these 

stable structures will be at the last stage [16]. 

As given in Table 1, the energy values of all possible 

reaction pathways for each fragment were calculated 

in both the gaseous and aqueous phases. Every 

fragment that could be formed after the interaction 

of the main molecule AP with the OH radical was 

included in the study. Since the digits after the 

comma are close to each other when converting the 

results to SI units, which also leads to a difficulty in 

observing the energy difference between the 

fragments, the energy values are given in atomic 

mass units (AU). 

When the Mulliken charges of the AP molecule 

(see Table 2) are examined, the electronegative atom 

s are O30, O17, O29, C24, C22, C18, respectively. In Fig. 

1, O29 is stable because it makes a double bond with 

C28, and although O29 is the third electronegative 

atom according to Table 2, this bond is not expected 

to be broken. 

 
AP 

Fig. 1. In the geometric structure of the Apranax (AP) 

molecule optimized by the DFT method, the C atom is 

represented in grey, the O atom in red, and the H atom in 

white. 

According to Table 1, the A1 fragment of the 

molecule is the fragment with the lowest energy (in 

atomic mass units-Au) of -728.065048 Au, it is the 

most stable. This fragment is formed by breaking the 

O17-C18 bond with a length of 1.41818 Å according 

to Fig. 2 (a) and removing the methyl group from the 

molecule. This bond length is not the longest bond 

length in the molecule, but the bond angle of C14-

O17-C18 is the widest bond angle at 118.766500 

according to Fig. 2 (b). 

The O17 atom is the second electronegative atom 

with a value of -0.510088 (Table 2). The OH radical 

is a selective organic molecule scavenger. As a result 

of examining the molecule in terms of its reaction 

with OH radicals in air or water, this part of the 

molecule is the first to react. 
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Table 1. ΔE (energy), ΔH (enthalpy) and ΔG (Gibbs free energy) values of the AP molecule and its fragments in gas 

and water phases. 

(AU) AP A1 A2 A3 

                  ΔE 

Gas phase ΔH  

                 ΔG 

-767.340690 

-767.339746 

-767.399548 

-728.065048 

-728.064104 

-728.120317 

-728.058301 

-728.057357 

-728.114497 

-692.097954 

-692.097009 

-692.154919 

Water phase -767.351790 

-767.350846 

-767.410901 

-728.078283 

-728.077339 

-728.133929 

-728.069433 

-728.068489 

-728.125993 

-692.107155 

-692.106210 

-692.164391 

 A4 A5 A6 A7 

 

Gas phase 

-652.854532 

-652.853588 

-652.907137 

-688.782675 

-688.781731 

-688.835296 

-652.814627           

-652.813683         

-652.868863 

613.572178 

-613.571234 

-613.622106 

 

Water phase 

-652.863690 

-652.862746 

-652.916915 

-688.795917 

-688.794973 

-688.849045 

-652.823952 

-652.823008 

-652.878269 

-613.581316 

-613.580372 

-613.631589 

 A8 A9 A10 A11 

 

Gas phase 

-500.224176           

-500.223232 

-500.268414 

-539.513017           

-539.512073         -

539.561234 

-538.328373 

-538.327429 

-538.376379 

-425.027148 

-425.026204 

-425.069205 

 

Water phase 

-500.229842 

-500.228898 

-500.274103 

-539.518748 

-539.517804 

-539.566972 

-538.335816 

-538.334872 

-538.384073 

-425.030971 

-425.030027 

-425.073003 

 A12 A13   

 

Gas phase 

-460.949586 

-460.948642 

-460.990157 

-385.738101 

-385.737157 

-385.776091 

  

 

Water phase 

-460.957008 

-460.956063 

-460.997569 

-385.741854 

-385.740910 

-385.779854 

  

Table 2. Mulliken atomic charges of the AP molecule 

 AP A1 A2 A3 

   

Mulliken 

atomic charges 

O17   -0.510088 

C18   -0.214741 

C22   -0.227955 

C24   -0.463800 

O29   -0.468068 

O30   -0.565811 

O17   -0.644225 

C18   -0.227769 

C20   -0.464094 

C24    0.587793 

O25   -0.467892 

O26   -0.565833 

C18  -0.214859 

C22   -0.411621 

C24   0.575113 

O25  -0.457604 

O26  -0.560323 

 

C18   -0.215461 

C22   -0.219371 

C24   -0.473059 

C28    0.266246 

O29   -0.388433 

 

 A4 A5 A6 A7 

 C17   -0.228769 

C19   -0.464121 

C23   0.587811 

O24  -0.467005 

O25  -0.565016 

O17   -0.643993 

C18   -0.411896 

C20   0.575225 

O21   -0.457244 

O22   -0.560294 

O17    -0.509248 

C18   -0.215717 

C22   -0.416238 

C24   0.263829 

O25  -0.382001 

C17   -0.412000 

C19   0.575202 

O20   -0.456608 

O21   -0.559514 

 A8 A9 A10 A11 

 O17   -0.510468 

C18   -0.214254 

O17  -0.511301 

C18  -0.213556 

C22 -0.531819 

C17   -0.417131 

C19   0.263685 

O20 - 0.380335 

C17   -0.532257 

 

 A12 A13   

 C13   -0.156415 

C14    0.354987 

O17   -0.644507 

C1  -0.134946 

C2  -0.190872 

C5  -0.190768 

C6   -0.135011 

C10   -0.190765 

C11   -0.190866 

C13   -0.134947 

C14   -0.135010 
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(a) 

(b) 

Fig. 2. Bond lengths (a) and bond angles (b) between 

the atoms connected to the closed ring in the AP molecule 

(C atom is represented in grey, O atom in red and H atom 

in white). 

O30 is the most electronegative atom according to 

Table 2. When the methyl groups of C18 and C24 at 

the ends of the AP molecule and the OH group of O30 

are removed from the molecule, the A1, A2 and A3 

fragments formed are low-energy fragments with 

values of -728.065048 A0, -728.058301 A0, and -

692.097954 A0, respectively. By comparing with the 

energy values of all other fragments, three different 

separation methods were assumed from these three 

fragments. 

After determining the three main fragmentation 

pathways of the AP molecule, all possible fragments 

of each pathway were created by removing atoms 

from the ends of the A1, A2, and A3 fragments. We 

already know that the OH radical acts as an 

electrophile and the O radical acts as a nucleophile 

[8-14]. Thus, we identified all hydroxylation 

products of the AP molecule.  In order to prevent any 

incompleteness, all fragments, which were 

fragmented from around different atoms of MA 

molecule, were investigated in terms of their 

optimized figure, electrochemical values, bond 

lengths and angles, and the most stable fragments 

were chosen accordingly.  

 

Fig. 3. Degradation pathway (degradation mechanism) of the Apranax (AP) molecule (the C atom in the geometric 

structures of the AP molecule and in all fragments optimized by the DFT method is represented in grey, the O atom in 

red and the H atom in white). 

AP  

                                                   ↙                     ↓                         ↘  

  A1 A2 A3 

                               ↓                                                                               ↙                             ↘                                                 ↓ 

        A4 A5 A6 

                                                   ↘                                      ↙                                                                                                                     ↓ 

     A7     A8   ←  A9 

                                 ↓                                                                                                                     ↘                                                                                            

 A10→ A11 →   A13    ←  A12                              
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CONCLUSION 

The Mulliken charges of the atoms in the 

molecule were examined as described, and the 

electronegative atoms in the molecule and the 

arrangement of the atoms around them, stable double 

bonds, weak bonds at the end of the molecule, 

calculated energies, bond lengths and bond angles 

between the atoms helped us to select all the 

fragments that would determine the degradation 

mechanism. The degradation pathway of the AP 

molecule is shown on Fig. 3. The OH radical is a 

selective organic molecule scavenger. As a result of 

examining the molecule in terms of its reaction with 

OH radicals in air or water, the fragmentation 

reaction of each molecule was written, starting from 

the low-energy fragments, and its fate in nature 

could be determined in this way. In our study, the 

path that the active ingredient of the researched 

product follows in nature, in water or in the 

atmosphere, that is, the degradation reactions with 

OH radicals, was theoretically investigated without 

using any chemicals. The results obtained can be 

compared with the fragments we specified in our 

fragmentation reaction, if desired, when the 

necessary samples are taken from the wastewater 

and analyzed by HPLC. 
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This work deals with the detailed computational investigation of carvacrol and 4-IP-2-MeO-1-MB (4-isopropyl-2-

methoxy-1-methylbenzene) derivatives which include an -OCH3 functionality instead of an -OH group. Molecular orbital 

studies were performed at B3LYP/6-311G** level of the theory, in the gas phase. FMO analyses disclosed that CM 

compound would gain higher charge transfer capability in the presence of halogen. Also, the lipophilicity, water-

solubility, drug-likeness, and ADMT properties were predicted to enlighten the possible bioavailability, physicochemical, 

and pharmacokinetic characteristics, as well as the adverse effects on both health and environment.  

Keywords: Carvacrol, DFT, FMO & MEP, drug likeness 

INTRODUCTION 

Carvacrol molecule, as a member of the 

monoterpenoid phenols, has a characteristic pungent 

odor and is a component of different volatile oils 

such as oregano, thyme, Lippia, Nigella Sativa, etc. 

[1-3]. It has been known in traditional medicine for 

a long time [4] because of its many bioactivity 

characteristics such as antimicrobial, antioxidant, 

anticancer, anti-HIV, etc. [5, 6]. Mouwakeh and co-

workers have explored the microbial activity and 

capability of resistance modifiers of the compounds 

that are the main components of Nigella sativa 

volatile oil; carvacrol and p-cymene can be used as 

resistance modifiers in MRSA strains [3]. Recently, 

Anjos and co-workers [7] have prepared 

biodegradable films including carvacrol and thymol 

to evaluate their potency on tick control; the 

inclusion of thymol and carvacrol in the biofilm has 

increased the mortality rates of larvae and engorged 

females of the tick R. microplus [7]. Kazemi and 

colleagues have explored the potencies of carvacrol 

(CAR) and p-cymene in preventing synaptic 

plasticity impairment; the results imply that 

combined treatment with carvacrol and p-cymene to 

prohibit the destructive effects of Aβ on 

hippocampal LTP couldn't be successful, in spite of 

their useful effects against Alzheimer's disease (AD) 

[8]. In previous works, monoterpenes such as 

carvone, terpineol, limonene [9], and structurally 

related pyrimidine and cumene [10] derivatives have 

been reported: the possible bioavailability, 

physicochemical, and chemical reactivity properties 

have been investigated by using computational tools.

The main motivation of this work is to enlighten the 

key electronic, physicochemical, and biomedical 

properties of carvacrol and structurally related 

compounds. First, all compounds were optimized at 

DFT/B3LYP/6-311G ** level and then confirmed 

by having no negative frequency. Then, 

physicochemical properties were elucidated in light 

of the computed lipophilicity and water-solubility 

scores, which are important in terms of 

designing/modifying future drug agents. 

Furthermore, the pharmacokinetic and possible 

toxicity tendencies of the data set were predicted and 

evaluated. The obtained results of these simple 

molecular systems are hoped to provide information 

on exploring the proper precursors which can be 

used in further drug-design works. 

COMPUTATIONAL DETAILS 

All DFT/B3LYP/6-311G** level [11, 12] 

computations were employed by G09W [13] in the 

gas phase, and the optimized geometries, FMO plots 

were visualized by GaussView 6.0.16 [14]. The 

statistical thermodynamic principles [15, 16] were 

used for elucidation of the thermochemical 

quantities of the data set.  

The I “ionization energy” and A “electron 

affinity” were predicted by HOMO and LUMO 

energies according to Koopmans' theorem [17]. The 

I and A values were used to calculate the other 

reactivity parameters, which are χ “electronic 

chemical potential”, η “global hardness”, ω 

“electrophilicity”, ΔNmax “maximum charge transfer 

capability index” [18, 19], ω- “electrodonating 

power”, ω+ “electroaccepting power” [20], and 

ΔEback-donat. “back-donation energy” [21]. 
* To whom all correspondence should be sent:
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I= -EHOMO and A= -ELUMO

𝜒 = −(
𝐼+𝐴

2
) 

η =
𝐼−𝐴

2

𝜔 =
𝜇2

2η

∆𝑁𝑚𝑎𝑥 = (𝐼 + 𝐴)/2(𝐼 − 𝐴)
𝜔+ ≈ (𝐼 + 3𝐴)2/(16(𝐼 − 𝐴))
𝜔− ≈ (3𝐼 + 𝐴)2/(16(𝐼 − 𝐴))
𝛥𝜀𝑏𝑎𝑐𝑘−𝑑𝑜𝑛𝑎𝑡𝑖𝑜𝑛 = −(𝜂/4)

The lipophilicity [22-26] and water-solubility [27, 

28] features of the data set were determined by using

SwissADME [29] tools. Also, drug-likeness [25, 30-

33], bioavailability [34], and ADMT [35] parameters

of the data set were determined.

RESULTS AND DISCUSSION 

Physicochemistry 

The optimized structures and the data set's 

thermodynamic quantities/physical values are given 

in Fig. 1 and Table 1, respectively. As expected, the 

μ and α values were calculated for the carvacrol 

molecule at 1.254 D and 115.190 au, respectively. 

The ΔE, ΔH, and ΔG (au) values of carvacrol were 

calculated at -464.639712, -464.627152, and -

464.676987 au, respectively. Instead of the -OH 

group, the -OCH3 substitution on the substituted 

methylbenzene (CM) made these quantities increase, 

that is, they were calculated for CM at -503.921202 

(ΔE), -503.907295 (ΔH), and -503.960320 au (ΔG), 

respectively. Table 1 shows that the thermodynamic 

values slightly change according to the position of 

the halogen atom on the core CM structure. For 

instance, the ΔE, ΔH, and ΔG (au) values of the CM1 

were slightly greater predicted -603.194716, -

603.179844, and -603.235346, au, respectively, than 

those of the CM2. Among the carvacrol derivatives, 

the highest α values were determined for the 

bromine-substituted derivatives CM5 and CM6 at 

146.746 and 146.254 au, respectively. 

Furthermore, Table 2 shows the other two key 

physicochemical parameters lipophilicity and water-

solubility in drug-design research. As is well known, 

these parameters have shown some different orders 

depending on the used approach, wherein 5 

approaches have been used. Looking at the results of 

lipophilicity, CM4 (4.94) would show the most 

lipophilic features according to the XLOGP3, the 

other methods implied that the bromine-substituted 

derivatives CM5 and CM6 would be more lipophilic 

among the compounds. On the other hand, the Avg. 

LogPo/w order, which was CV (2.82) < CM (3.21) 

< CM1= CM2 (3.44) < CM3 (3.67) < CM4 (3.85) < 

CM6 (3.75) < CM5 (3.76) implied that carvacrol 

would be less lipophilic and CM5 could be more 

lipophilic than the other derivatives. As expected 

from the lipophilic features of the derivatives, the 

halogenated compounds would have lower water-

solubility than the CV and CM compounds. 

According to the SILICOS-IT approach, the CV and 

CM molecules would be more water-soluble, while 

all halogenated derivatives would have moderate 

solubility in water. On the other hand, CM4-CM6 

derivatives could exhibit a medium-level water-

solubility, whereas the remaining compounds would 

be soluble in water. All methods implied that CM4 

would present lower solubility than the others.

Fig. 1. Optimized chemical structures of the data set 

Table 1. Thermochemical and physical values of the data set 

Compound ΔE (au) ΔH (au) ΔG (au) Etherm. Cv S μ α 

CV -464.639712 -464.627152 -464.676987 142.606 44.249 104.886 1.254 115.190 

CM -503.921202 -503.907295 -503.960320 161.181 48.726 111.600 1.319 128.045 

CM1 -603.194716 -603.179844 -603.235346 156.700 51.744 116.814 2.864 127.588 

CM2 -603.193057 -603.178217 -603.233994 156.693 51.715 117.393 2.370 127.536 

CM3 -963.551686 -963.536369 -963.593622 156.026 52.660 120.499 3.423 140.193 

CM4 -963.550795 -963.535546 -963.593304 156.079 52.633 121.562 3.008 139.798 

CM5 -3077.472454 -3077.456881 -3077.515348 155.796 53.086 123.055 3.345 146.746 

CM6 -3077.471787 -3077.456280 -3077.514697 155.841 53.077 122.950 2.937 146.254 
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Table 2. Lipophilicity and water-solubility 

CV CM CM1 CM2 CM3 CM4 CM5 CM6 

Lipophilicity 

iLOGP 2.24 2.76 2.87 2.87 3.03 3.00 3.12 3.08 

XLOGP3 3.49 3.82 3.48 3.48 4.01 4.94 4.08 4.08 

WLOGP 2.82 3.13 3.69 3.69 3.78 3.78 3.89 3.89 

MLOGP 2.76 3.05 3.46 3.46 3.60 3.60 3.74 3.74 

SILICOS-IT 2.79 3.29 3.72 3.72 3.94 3.94 3.97 3.97 

Avg. LogPo/w 2.82 3.21 3.44 3.44 3.67 3.85 3.76 3.75 

Water-solubility 

Log S (ESOL) -3.31 -3.50 -3.37 -3.37 -3.81 -4.39 -4.13 -4.13

Solubility (mg/mL)×10-2 7.40 5.16 7.74 7.74 3.09 0.803 1.81 1.81 

Class S S S S S MS MS MS 

Log S (Ali) -3.60 -3.71 -3.36 -3.36 -3.91 -4.87 -3.98 -3.98

Solubility (mg/mL)×10-2 3.79 3.21 8.02 8.02 2.47 0.267 2.55 2.55 

Class S S S S S MS S S 

Log S (SILICOS-IT) -3.01 -3.73 -4.01 -4.01 -4.36 -4.36 -4.59 -4.59

Solubility (mg/mL)×10-2 14.6 3.09 1.76 1.76 0.875 0.875 0.619 0.619 

Class S S MS MS MS MS MS MS 

Drug-likeness and ADMT study 

According to the Lipinski, Veber and Egan rules, 

all compounds could be prospective structures in 

terms of drug-likeness (see Table S1). On the other 

hand, the Muegge method implied that none of the 

compounds would have been a proper structure in 

view of the drug-likeness; heteroatom numbers for 

all compounds are smaller than 2. In addition to 

heteroatom numbers, except for CM5 and CM6 

compounds, the other violation is the molecular 

weight < 200. Except for CV, all compounds seem 

to obey to Ghose rules (Table S1).   

From Table S2 (suppl. data), Caco-2 permeability 

scores of all compounds were calculated in the range 

of -4.400 and -4.775, which were higher than that of 

the optimal value (-5.15 Log unit). All compounds 

could fail by looking at the MDCK permeability and 

Pgp-inhibitor. Fortunately, the PAMPA, Pgp-

substrate, and HIA scores of the data set seem to 

satisfy expectations. Except for CM3, the VD 

(volume distribution) of all compounds was 

predicted in the optimal range of 0.04-20L/kg. CV, 

CM, CM2, and CM4 would have the capability of 

BBB (Blood-Brain Barrier) penetration, whereas the 

others would also be capable of BBB penetration, 

but not as much as these compounds. The CYP2C9 

and CYP2D6 substrate potencies of all compounds 

would be satisfying. Furthermore, the hERG 

blockers, genotoxicity, RPMI-8226, A549, and 

Hek293 cytotoxicity scores implied that all 

compounds could be safe in terms of avoiding 

possible medicinal toxicity (Table S3). The 

calculated scores of the Tox21 pathway implied that 

none of the compounds could show any toxic effect, 

except for the CV compound. Namely, the calculated 

SR-MMP score of CV implied that this compound 

could affect the mitochondrial membrane potential.  

FMO and MEP analyses 

The reactivity values obtained from FMOs’ 

energies were used to predict the possible reactivity 

tendency and region of the molecular systems; 

wherein the determined reactivity values of the 

compounds change in the following orders:  

ΔE (L-H): CM (5.821)< CM1 (5.965)< CM2 (5.542)< 

CM3 (5.826)< CM4 (5.587)< CM5 (5.799)< CM6 

(5.565)< CV (5.852) 

µ: CM (-2.966)> CM1 (-3.148)> CM2 (-3.118)> CM3 

(-3.292)>CM4 (3.217)> CM5 (-3.298)> CM6 (-3.206)> 

CV (-3.051) 

η: CM2 (2.771)< CM6 (2.783)< CM4 (2.793)< CM5 

(2.900)< CM (2.911)< CM3 (2.913)< CV (2.926)< CM1 

(2.982) 

ω: CM (0.056)< CV (0.058)< CM1 (0.061)< CM2 

(0.064)< CM3= CM4=CM6 (0.068)< CM5 (0.069) 

ω+: CM (0.014)< CV (0.016)< CM1 (0.017)< CM2 

(0.020)< CM3 (0.021)< CM4=CM5=CM6 (0.022) 

ω-: CM (0.123)< CV (0.128)< CM1 (0.133)< CM2 

(0.135)< CM4= CM6 (0.140)< CM3 (0.142)< CM5 

(0.143) 

ΔNmax: CM (1.019)< CV (1.043)< CM1 (1.055)< 

CM2 (1.125)< CM3 (1.130) < CM5 (1.137)< CM4= CM6 

(1.152) 

ΔEback.: CM1 (-0.746)< CV (-0.731)< CM=CM3 

(-0.728)< CM5 (-0.725)< CM4 (-0.698)< CM6 (-

0.696)< CM2 (-0.693) 

Accordingly, the CM molecule would prefer the 

intra-molecular interactions than an action toward an 

external system, less stable electronically, and vice 
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versa for CV. Also, the CM molecule would be less 

electrophile and have less charge transfer capability. 

Furthermore, the halogen substitution would gain the 

main structure more charge transfer capability, 

especially the -Cl and -Br substitution. On the other 

hand, the CM1 could gain stability by back-donation 

more than the other molecules, whereas the CM2 

would benefit from back-donation, but not as much 

as the other molecules.  

Fig. 2 shows that the HOMO mostly extended on 

the aromatic rings, methyl, and methoxy groups, 

except for CM3, which HOMO did not seem on the 

methoxy group. The LUMO of CM1 and CM3 

expanded on the oxygen of the methoxy group a 

little, whereas it did not seem on the halogen of CM2 

(-F) and CM4 (-Cl). The HOMO and LUMO 

representations imply the nucleophilic and 

electrophilic attack sites, respectively. Herein, the -

F and -Cl halogens and -OCH3 substitutions for CM2 

and CM4 molecules could not have any role in 

electrophilic attacks; the isopropyl unit for all 

compounds would not relate to the nucleophilic 

attacks. Furthermore, the MEP presentations provide 

information on the possible reactive regions of the 

systems by showing the electron-rich (V<0, red) and 

electron-poor (V>0, blue) sites as a function of the 

electrostatic potential on the surface. As expected, 

the -H atom of the -OH group of the CV molecule 

was seen as blue, and the aromatic ring was covered 

by a yellow color. First, the halogen substitution 

would affect the electron density on the aromatic 

ring for all derivatives due to the resonance donation 

to the ring. Thus, the oxygen atoms and aromatic 

rings of all compounds seem red colored indicating 

the regions for the electrophiles, and -OCH3 groups' 

H is seen with blue color indicating the electron-poor 

site for the nucleophiles. 

CONCLUSION 

Herein, comprehensive computational works are 

presented to the evaluation of the reactivity, 

physicochemical, and bioavailability features of 

carvacrol and its derivatives. The lipophilicity scores 

indicated that the CM4 compound would be more 

lipophilic, and CV was less lipophilic. In contrast, 

the CV molecule would have the best water-soluble 

capability among the compounds, while the -Br 

substituted compounds CM5 and CM6 could be 

more soluble in water. FMO analyses implied that 

the halogen substitution on the CM molecule 

provides higher electron density on the aromatic ring 

via resonance. According to the Lipinski, Veber and 

Egan rules, all compounds could be promising 

agents, while none of them, depending on the 

Muegge method, would be a proper structure in 

terms of drug-likeness.   

Table 6. Chemical reactivity parameters 

H (-I)/ 

eV 

L (-A)/ 

eV 

ΔE (L-H)/ 

eV 

µ/ 

 eV 

η/ 

 eV 

ω/ 

 au 

ω+/ 

 au 

ω-/ 

 au 

ΔNmax/ 

 eV 

ΔEback./ 

eV 

CV -5.977 -0.125 5.852 -3.051 2.926 0.058 0.016 0.128 1.043 -0.731

CM -5.877 -0.055 5.821 -2.966 2.911 0.056 0.014 0.123 1.019 -0.728

CM1 -6.13 -0.165 5.965 -3.148 2.982 0.061 0.017 0.133 1.055 -0.746

CM2 -5.889 -0.347 5.542 -3.118 2.771 0.064 0.020 0.135 1.125 -0.693

CM3 -6.205 -0.379 5.826 -3.292 2.913 0.068 0.021 0.142 1.130 -0.728

CM4 -6.011 -0.424 5.587 -3.217 2.793 0.068 0.022 0.140 1.152 -0.698

CM5 -6.197 -0.398 5.799 -3.298 2.900 0.069 0.022 0.143 1.137 -0.725

CM6 -5.988 -0.423 5.565 -3.206 2.783 0.068 0.022 0.140 1.152 -0.696

Fig. 2. HOMO and LUMO amplitudes of the data set 
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Lipinski Ghose Veber Egan Muegge 
Bioavail. 

Score 

CV Yes No; MW<160 Yes Yes No; MW<200, heteroatoms<2 0.55 

CM Yes Yes Yes Yes No; MW<200, Heteroatoms<2 0.55 

CM1 Yes Yes Yes Yes No; MW<200, Heteroatoms<2 0.55 

CM2 Yes Yes Yes Yes No; MW<200, Heteroatoms<2 0.55 

CM3 Yes Yes Yes Yes No; MW<200, Heteroatoms<2 0.55 

CM4 Yes Yes Yes Yes No; MW<200, Heteroatoms<2 0.55 

CM5 Yes Yes Yes Yes No; Heteroatoms<2 0.55 

CM6 Yes Yes Yes Yes No; Heteroatoms<2 0.55 
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Table S2. Absorption, Distribution, and Metabolism 

CV CM CM1 CM2 CM3 CM4 CM5 

Absorption 

Caco-2 Pe. -4.4 -4.576 -4.68 -4.652 -4.775 -4.737 -4.763

MDCK Pe. (x10-5) cm/s -4.681 -4.627 -4.651 -4.665 -4.681 -4.687 -4.663

PAMPA 0.027 0.011 0.047 0.002 0.032 0.001 0.022 

Pgp-inh. 0.931 0.987 0.898 0.993 0.909 0.987 0.982 

Pgp-subs. 0.064 0.163 0.216 0.081 0.079 0.046 0.033 

HIA 0.012 0.017 0.021 0.002 0.025 0.001 0.100 

F20% 0.385 0.227 0.166 0.037 0.128 0.034 0.158 

F30% 0.719 0.393 0.307 0.074 0.400 0.134 0.555 

F50% 0.933 0.917 0.906 0.259 0.955 0.615 0.922 

Distribution 

PPB % 91.894 97.603 97.716 98.178 98.91 98.928 98.139 

VD (L/kg) 0.206 0.217 0.05 0.264 -0.077 0.234 0.187 

BBB Pen. 0.179 0.135 0.331 0.142 0.338 0.296 0.401 

Fu % 7.482 2.041 1.998 1.392 0.762 0.731 1.703 

Metabolism 

CYP1A2 inh. 0.952 0.966 0.964 0.930 0.991 0.994 0.995 

CYP1A2 subs. 0.948 0.981 0.991 0.922 0.997 0.938 0.792 

CYP2C19 inh. 0.799 0.941 0.923 0.98 0.952 0.993 0.974 

CYP2C19 subs. 0.889 0.994 0.971 0.985 0.985 0.996 0.185 

CYP2C9 inh. 0.859 0.691 0.894 0.959 0.726 0.859 0.967 

CYP2C9 subs. 0.004 0.004 0.043 0.004 0.272 0.228 0.003 

CYP2D6 inh. 0.006 0.678 0.152 0.348 0.533 0.859 0.234 

CYP2D6 subs. 0.001 0.041 0.003 0.067 0.007 0.154 0.001 

CYP3A4 inh. 0.153 0.293 0.471 0.135 0.489 0.755 0.266 

CYP3A4 subs. 0.969 0.865 0.266 0.703 0.825 0.969 0.168 

CYP2B6 inh. 1.000 0.985 0.908 0.993 0.995 0.995 0.998 

CYP2B6 subs. 0.534 0.967 0.241 0.842 0.936 0.992 0.007 

CYP2C8 inh. 0.998 0.981 0.995 0.999 0.985 0.998 0.997 

HLM Stability 0.868 0.967 0.886 0.959 0.958 0.960 0.882 

* Permeability, Pe; Penetration, Pen, Inhibitor, Inh; Substrate, subs

Fig. S2. Boiled-Egg model and radar graphs. 
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Table S3. Toxicity values of the data set 

CV CM CM1 CM2 CM3 CM4 CM5 CM6 

Medicinal 

hERG Blockers 0.106 0.129 0.127 0.163 0.136 0.188 0.107 0.118 

hERG Blockers (10um) 0.633 0.612 0.573 0.566 0.628 0.656 0.608 0.623 

DILI 0.202 0.291 0.374 0.436 0.41 0.52 0.629 0.679 

AMES Mutagenicity 0.398 0.405 0.396 0.534 0.317 0.356 0.316 0.361 

Rat Oral Acute Toxicity 0.417 0.364 0.531 0.479 0.418 0.415 0.553 0.535 

FDAMDD 0.359 0.3 0.385 0.405 0.365 0.336 0.674 0.568 

Skin Sensitization 0.717 0.637 0.562 0.411 0.716 0.631 0.829 0.716 

Carcinogenicity 0.606 0.628 0.552 0.704 0.628 0.678 0.664 0.709 

Eye Corrosion 0.968 0.961 0.936 0.844 0.975 0.938 0.993 0.978 

Eye Irritation 0.996 0.991 0.988 0.981 0.987 0.979 0.997 0.996 

Respiratory 0.675 0.642 0.748 0.746 0.733 0.719 0.712 0.692 

Human Hepa totoxicity 0.488 0.55 0.651 0.635 0.56 0.531 0.432 0.421 

Drug-induced Nephrotoxicity 0.261 0.447 0.7 0.81 0.505 0.609 0.338 0.372 

Ototoxicity 0.334 0.356 0.464 0.472 0.408 0.415 0.271 0.271 

Hematotoxicity 0.335 0.475 0.487 0.55 0.499 0.524 0.213 0.244 

Genotoxicity 0.119 0.046 0.166 0.254 0.048 0.09 0.194 0.225 

RPMI-8226 Immunitoxicity 0.049 0.056 0.062 0.079 0.059 0.067 0.061 0.066 

A549 Cytotoxicity 0.11 0.08 0.08 0.116 0.119 0.155 0.103 0.102 

Hek293 Cytotoxicity 0.183 0.139 0.151 0.211 0.181 0.249 0.181 0.19 

Drug-induced Neurotoxicity 0.487 0.545 0.675 0.72 0.558 0.648 0.598 0.645 

Environmental Toxicity 

BCF 1.834 2.719 2.647 2.444 2.972 2.738 2.928 2.738 

IGC50 3.75 3.992 3.903 3.716 4.164 4.021 4.188 4.088 

LC50FM 4.418 4.427 4.399 4.213 4.695 4.535 4.862 4.694 

LC50DM 4.578 4.282 4.503 4.346 4.761 4.73 4.972 4.977 

Tox21 Pathway 

NR-AhR 0.005 0.001 0.001 0.003 0.002 0.002 0.002 0.001 

NR-AR 0.0 0.0 0.0 0.001 0.001 0.0 0.001 0.0 

NR-AR-LBD 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

NR-Aromatase 0.0 0.0 0.0 0.0 0.001 0.0 0.0 0.0 

NR-ER 0.17 0.273 0.132 0.074 0.241 0.083 0.211 0.098 

NR-ER-LBD 0.0 0.0 0.0 0.0 0.002 0.0 0.001 0.0 

NR-PPAR-gamma 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

SR-ARE 0.01 0.001 0.004 0.001 0.01 0.001 0.007 0.001 

SR-ATAD5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

SR-HSE 0.006 0.001 0.004 0.0 0.021 0.0 0.007 0.0 

SR-MMP 0.866 0.037 0.061 0.019 0.187 0.03 0.08 0.012 

SR-p53 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

* The abbreviations are defined as: Tox, Toxicity; sens, Sensitization; BCF, the unit of bioconcentration factors, IGC50,

LC50FM, and LC50DM are given in -Log10[(mg/L)/(1000xMW)].
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Removal of penicillin group antibiotics azlocillin, cloxacillin, methicillin from 

wastewater by DFT method 
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Antibiotics administered to living things are excreted either unchanged or with little transformation in living 

metabolism. Discarded antibiotic residues should not be treated in conventional wastewater treatment plants and may 

enter the receiver directly. Low temperatures of antibiotic residues in the recipient environment may cause increased 

resistance of microorganisms, while high amounts may cause them to remain toxic. For this reason, wastewater containing 

antibiotic residues must be treated. Possible reactions of the penicillin group antibiotics were investigated using the DFT 

method, which is a molecular modeling method. The penicillin group antibiotic molecules examined are azlocillin, 

cloxacillin and methicillin. No previous studies have been conducted on the molecules examined. The optimized 

geometries were drawn with Gauss View 5.0 and then calculated with the Gaussian 09W program using functional density 

theory (DFT). The geometric structure (bond angles and bond lengths) and possible degradation products of all three 

molecules were calculated with the DFT method and the 6-31G(d) basis set. Thus, the possible degradation type of these 

three antibiotic molecules in water was determined. These results will guide experimental workers. 

Keywords: Antibiotics, azlocillin, cloxacillin, methicillin, Gaussian 09, DFT 

INTRODUCTION 

Antibiotics are an important group within the 

antibacterial group. Antibiotics are chemical 

substances synthesized from various 

microorganisms such as bacteria, fungi and 

actinomycetes and prevent the development of other 

microorganisms or kill them. Today, some of the 

antibiotics are fully synthesized or the desired 

derivatives are prepared by semi-synthesis. That's 

why they are included in the chemotherapeutic class. 

An ideal antibiotic should have a broad spectrum 

of microorganisms. It should have a bactericidal 

effect and not a bacteriostatic effect. Resistance 

should not occur easily. The potency should not 

change in long- and short-term use. It should not 

cause serious side effects. It should not cause 

sensitization in the organism. All methods should be 

used with the same effectiveness. It should dissolve 

well in water and should not decompose for a long 

time at room temperature. Absorption, distribution, 

metabolism and excretion properties must provide a 

rapid and continuous bactericidal effect. It should be 

easily accessible and cheap [1]. All bacteria have 

three growth phases: slow growth, rapid growth and 

rest periods. Antibiotics are effective during the fast 

and slow growth periods of bacteria. This interaction 

either kills bacteria or stops their development and 

reproduction. 

     Penicillins, aminoglycosides, cephalosporins, 

vancomycin, fluoroquinolones and bacitracin have 

bactericidal effects, while tetracyclines, macrolides 

and sulfonamides have bacteriostatic effects [2]. The 

presence of antibiotics in the aquatic environment is 

the subject of many studies in some countries. More 

than 30 antibiotic substances have been detected in 

sewage inlet and outlet water samples, surface 

waters, and even groundwater and drinking water. 

Metabolites or degradation products of antibiotics 

reach the aquatic environment through the 

application of sludge or manure to agriculturally 

used areas, or directly through animal feces on the 

land, through superficial rains, or by percolation in 

the deep layers of the earth. In this way, soils can act 

as a source of antibiotic pollution of the aquatic 

environment. 

Owing to non-compliance with the necessary 

sanitary rules in fish farms, diseases occur frequently 

and cause great economic losses. The most common 

method of treating bacterial diseases of fish is the use 

of antibiotics and some other chemicals. The 

unconsumed portion of the antibiotics given to the 

fish by mixing them with the feed dissolves in water 

or settles on the ground. Some of the drug, which 

enters the environment with waste feed, is taken up 

by fish and crustaceans in the natural environment 

and accumulates in the body, reaching high 

concentrations.  

* To whom all correspondence should be sent:

E-mail: yyalcin@nku.edu.tr © 2024 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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Overuse of antibiotics also encourages the 

development of pathogens that are resistant to 

standard antimicrobial practices. The antibiotics 

used have negative effects on other living things 

through the food chain or the aquatic ecosystem [3-

7]. 

In this study, firstly, the initial geometries of the 

molecules were determined and geometric blocks 

based on DFT/B3LYP/6-31G(d) (B3LYP) were 

created. The energy values calculated from the DFT 

method include possible fragmentation reactions for 

each molecule. All programming was done by 

modeling the solvent effect in both the gas phase and 

the water phase. 

METHODOLOGY 

The reaction model used in this study is the 

reaction between azlocillin, cloxacillin, methicillin 

molecules and photo-generated •OH radicals [8]. 

Molecular models consist of average bond distances, 

geometric allowances of benzene rings, tetrahedral 

angles for sp3 hybridized carbon and oxygen atoms, 

and 120◦ for sp2 hybridized carbon atoms. In the 

structure of hydroxylated radicals, the aromatic ring 

was produced planely outside the attack position. 

Due to the attack of the •OH radical on the carbon 

atom, the hybridization block was formed from sp2 

to sp3 and assuming a tetrahedral angle with the C-H 

bond. Hydroxyl radicals forming organic 

compounds through single electron exchange by 

detachment of oxygen from single bonds, 

incorporation into double bonds, and loss of water 

from multiple hydroxyl radical additives. may 

change with systems. It is well known that serious 

problems arise in quantum calculations of open-shell 

molecules. Electronic developments, the absence of 

which is the main case of HF methods, are taken into 

account in DFT methods. The latter involve less spin 

contamination than HF methods, and these features 

include systems with effects suitable for 

programming. For this reason, the geometric 

structures of the reactants were made by the DFT 

method. The DFT method is a Gaussian 09 software 

program via B3LYP [9]. Frequencies were 

calculated to determine them as real minima on 

potential energy surfaces [10-12]. 

RESULTS AND DISCUSSION 

In search of a reasonable mechanism for the 

photocatalytic degradation of azlocillin, cloxacillin, 

methicillin molecules, calculations were made with 

the DFT method to gain information about the region 

most sensitive to hydroxyl radical attacks. Figure 1 

shows the optimized structures of azlocillin, 

cloxacillin, methicillin molecules.  

The reaction paths of the three molecules shown 

in Figures 2-4 reveal that the specific regions of 

azlocillin, cloxacillin, methicillin molecules are 

close to those of the •OH radical. The predicted 

reaction pathways were validated by comparison 

with examples on simple structures from the 

literature, as described below. The lowest energy 

structure is a stable structure. The calculations in this 

disintegration were theoretically calculated and 

supported by looking at the Gibbs free energy values 

in Tables 1-3. Energy, enthalpy, Gibbs free energies 

of compounds are shown in Tables 1-3. 

 

 

 

Fig. 1. Optimized geometric structure of azlocillin, cloxacillin, methicillin molecules by DFT method (grey, C; white, 

H; red, O; blue, N; green, Cl; yellow, S) 
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Fig. 2. Possible reaction pathways for the photocatalytic degradation of azlocillin (grey, C; white, H; red, O; blue, N; 

yellow, S) 

 

Fig. 3. Possible reaction pathways for the photocatalytic degradation of cloxacillin (grey, C; white, H; red, O; blue, 

N; green, Cl; yellow, S) 

 

Fig. 4. Possible reaction pathways for the photocatalytic degradation of methicillin (grey, C; white, H; red, O; blue, 

N; yellow, S) 
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Table 1. Energy, enthalpy and Gibbs free energy values according to the DFT method. 

Molecules Phase 
ΔE  

Energy 

(kcal mol-1) 

ΔH   

Enthalpy  

(kcal mol-1) 

ΔG  

Gibbs free energy 

(kcal mol-1) 

Azlocillin 
 

Gas -1191540.257  -1191539.665  -1191599.153 

COSMO -1191556.146  -1191555.554  -1191615.422 

F1 
 

Gas -931289.848  -931289.256  -931339.481 

COSMO -931304.967  -931304.374  -931353.967 

F2 
 

Gas -536388.182  -536387.590  -536426.732 

COSMO -536395.613  -536395.021  -536435.109 

F3 
 

Gas -655872.8002 -655872.208  -655907.600 

COSMO -655882.548  -655881.956  -655917.185 

F4  Gas -260979.003 -260978.410  -261003.316 

  COSMO -260987.491 -260986.899 -261011.936 

F5 
 

Gas -119049.984 -119049.392  -119067.076 

COSMO -119054.194  -119053.602  -119071.294 

Table 2. Energy, enthalpy and Gibbs free energy values according to the DFT method. 

Molecules Phase 
ΔE  

Energy 

(kcal mol-1) 

ΔH   

Enthalpy (kcal 

mol-1) 

ΔG  

Gibbs free energy 

(kcal mol-1) 

Cloxacillin 
 

Gas -1338943.463  -1338942.871  -1338999.588 

COSMO -1338958.286  -1338957.694  -1339014.568 

F1 
 

Gas -683798.496  -683797.904  -683833.100 

COSMO -683804.928  -683804.335  -683839.470 

F2  Gas -655872.800  -655872.208  -655907.600 

  COSMO -655882.548  -655881.956  -655917.185 

F3 
 

Gas -119049.984  -119049.392  -119067.076 

COSMO -119054.194  -119053.602  -119071.294 

Table 3. Energy, enthalpy and Gibbs free energy values according to the DFT method. 

Molecules Phase 
ΔE  

Energy 

(kcal mol-1) 

ΔH   

Enthalpy (kcal 

mol-1) 

ΔG  

Gibbs free energy 

(kcal mol-1) 

Methicillin 
 

Gas -1291030.538  -1291029.945  -1291096.658 

COSMO -1291051.841  -1291051.249  -1291118.715 

F1 

 
Gas -360463.595 -360463.003 -360494.578 

COSMO -360472.131  -360471.539  -360503.087  

F2 
 

Gas -655872.800  -655872.208  -655907.600 

COSMO -655882.548  -655881.956  -655917.185 

F3 
 

Gas -119049.984  -119049.392  -119067.076 

COSMO -119054.194  -119053.602  -119071.294 

F4  Gas -72577.466  -72576.873  -72593.789 

COSMO -72580.673  -72580.081  -72597.018 

CONCLUSIONS 

In this study, fragmentation mechanisms for three 

molecules were determined. The energy values, 

electronegative atoms in the molecule, bond lengths 

and the angles are examined and explained. In the 

study, antibiotic active ingredients and water 

molecules were examined. Possible reaction 

pathways were determined for the reaction between 

the fission reaction producing the energy it requires. 

That's why these chemicals break down the OH in 

water. using radicals. The most stable structure of a 

molecule is its lowest energy state. When we rank 

the antibiotic active ingredients from the most stable 

to the most unstable, the order is: cloxacillin -

1338943.463 kcal/mol, methicillin -1291030.538 

kcal/mol, azlocillin -1191540.257 It is in the form of 

kcal/mol. Our aim is to reduce the antibiotic active 

ingredients to the smallest harmless ones. It was to 
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break it down to substances. As a result, the first 

molecule, azlocillin, when we rank the 5 fragments, 

which are the breakdown products, from the most 

stable to the unstable, F1 is -931289.848 kcal/mol, 

F3 -655872.800 kcal/mol, F2 -5363881.828 

kcal/mol, F4 -260979.003 kcal/mol, F5 is -

119049.984 kcal/mol. Disintegration of the second 

molecule, cloxacillin when we rank the 3 fragments 

from the most stable to unstable, F1 is -683798.496 

kcal/mol, F2 it is -655872.800 kcal/mol, F3 is -

119049.984 kcal/mol. Methicillin, the 3rd molecule 

when we rank the 4 fragments, which are the 

breakdown products of the molecule, from the most 

stable to the unstable, F2 -655872.800 kcal/mol, F1 

-360463.595 kcal/mol, F3 -119049.984 kcal/mol, F4 

-72577.466. As can be seen from the results, this 

fragmentation was realised. These results determine 

the mechanism and will guide experimental workers. 

Prediction of the degradation of molecules occurred 

through cleavages of intramolecular fragments, 

followed by •OH radical reactions. With this 

reaction, the fragments turn into smaller species such 

as CO2, NO3
- and NH4

+. 
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Essential oils are defined as complex mixtures of natural compounds that contain aldehydes, unsaturated and saturated 

phenols, hydrocarbons, alcohols, and terpenes. Thyme oil, obtained by steam distillation from the perennial plant and its 

flowers known as Thymus vulgaris, has antioxidant, antiseptic, antibacterial, antifungal and calming properties. It has 

been used as a medicinal plant since ancient times. It is also used as a preservative in foods and cosmetics. Rosemary 

(Rosmarinus officinalis L.) is one of the most preferred natural sources of active drug substances. Rosemary oil is a natural 

oil obtained from the leaves and flowers of the rosemary plant. Rosemary oil has antibacterial and antioxidant properties. 

In addition, it is stated that rosemary is among the plants that the body supports in protecting against cancerous cell 

formation. The content of elements (Cu, B, P, Fe, Na, Mg, K, Ca) in commercial thyme and rosemary oils was investigated 

by ICP-OES after wet digestion. 0.5 g sample was weighed and HNO3-H2O2 (10 ml, 2:1, v/v) was added. The oil samples 

were heated at 80 °C until clear solutions were obtained. The method was validated through accuracy, precision, linearity, 

recovery, LOD (limit of detection) and LOQ (limit of quantification) parameters. The lowest metal content in thyme oil 

was found for Fe (0.68 µg/g) while the highest metal content - for P (100.73 µg/g). For rosemary oil, the lowest metal 

content was found for Mg (0.15 µg/g) while the highest metal content - for P (220.98 µg/g). 

Keywords: Thyme oil; Rosemary oil; ICP-OES, Essential oil, Wet digestion 

INTRODUCTION 

Salvia species are used in cosmetics, food and 

traditional medicine. Salvia species are rich in terms 

of essential oils. Salvia leaves have biological 

properties such as antioxidants, antibacterial, anti-

inflammatory, anticancer, and antimutagenic. Salvia 

leaves and essential oils are used in heart disease 

treatments. [1]. The Lamiaceae family has the most 

aromatic and medicinal plants. More than 3000 

aromatic plants are known to exist in Turkey 's flora. 

Medicinally important species of the genera Salvia, 

Origanum, Mentha and Thymus have been the focus 

of recent studies in Turkey. There are many studies 

in the literature with respect to Salvia species. Maral 

et al. investigated the essential oil components and 

antioxidant activities of Salvia karamanensis [2]. 

Chang et al. analysed the selected compounds from 

Salvia herbs by HPLC method [3]. Raskovic et al. 

studied the chemical composition of Rosmarinus 

officinalis aerial essential oil by GC/MS [4]. 

The leaves of Thymus species are used in 

traditional medicine for the treatment of colds. In 

addition, thyme plant has an important biological 

activity in terms of antioxidant, antimicrobial, 

analgesic and anti-inflammatory properties [5]. 

Bazylko et al. determined the content of luteolin  in 

T. vulgaris, and its liquid and dry extracts [6]. 

Malankina et al. examined the composition of the 

essential oil of cultivars of Thymus serpyllum L. by 

GC-MS [7].  

Essential oils are defined as complex mixtures of 

natural products that include phenols, aldehydes, 

unsaturated and saturated hydrocarbons, terpenes, 

and alcohols [8]. In this study, we aim to determine 

the element concentrations in commercial thyme and 

rosemary oils by ICP-OES after wet digestion. 

EXPERIMENTAL 

Instrumentation 

An inductively coupled plasma–optical emission 

spectrometry (ICP-OES) (Spectro/ Spectroblue) was 

used the measurements. The nebulizer argon gas, 

plasma-Ar, and auxiliary gas flow rate were 1.0 L 

min−1, 12 L min−1, and 1.0 L min−1, respectively. Rf 

power was 1.4 kW.  

Reagents and standards 

Nitric acid (65%) (Sigma-Aldrich, Steinheim, 

Germany) and hydrogen peroxide (35%) were used 

for digestion procedure. Concentration ranges of 

standard solutions prepared by dilution from 1000 

µg/mL stock solution: 1.25 - 25 µg/mL for Na, 5-100 

µg/mL for Mg, 15-300 µg/mL for Ca and K, 5-100   
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µg/mL for P, 2.5-50 µg/mL for Fe, 0.5-10 µg/mL for 

Cu and B. 

Preparation of samples 

Commercial thyme and rosemary oil samples 

were purchased in Turkey. The oil samples were 

analyzed by ICP-OES to determine element 

concentrations.  

Wet digestion procedure 

0.5 g samples were weighed and HNO3 -H2O2 (10 

ml, 2:1, v/v) was added. The oil samples were heated 

at 80 °C until clear solutions were obtained. The 

samples were dissolved in 5 ml of 0.2 M HNO3, 

filtered and made up to 10 ml with ultrapure water. 

ICP-OES was used for determination of metal 

contents. Analyses were repeated 3 times. 

RESULTS AND DISCUSSION 

Vegetable oils are the oldest known medicinal 

products. People frequently use plants in the 

treatment of various ailments and plants are also 

used today in oil and food production. Prevention 

and detection of contamination is important for 

human health [9]. 

In this work, an ICP-OES method was developed 

for the determination of Na, Ca, K, B, P, Cu, Fe, Mg 

in commercial thyme and rosemary oils. For this 

purpose, the samples were digested using a mixture 

of nitric acid and hydrogen peroxide.  

Limit of detection (LOD) and limit of 

quantitation (LOQ) were evaluated for method 

validation. LOD and LOQ values are given in Table 

1. Calibration standards were used for the 

determination of LOD and LOQ values. LOD and 

LOQ were calculated as 3.3 and 10 σ/S, respectively. 

σ is the standard deviation of the intercept of the 

regression equation and S is the slope of the 

calibration curve. All experiments were performed 

in triplicate and the results expressed as mean. The 

concentrations (µg/g) of Na, Ca, Mg, K, B, Fe, Cu, 

and P in thyme and rosemary samples are presented 

in Figures 1-8. Relative standard deviations (RSD) 

were found below 2%.  

 

Table 1. LOD and LOQ values 

  P Mg Cu Na K Fe Ca B 

LOD, ng/mL 0.01 0.0004 1.7 0.0004 0.032 6.1 0.04 2.4 

LOQ, ng/mL 0.04 0.0013 5.6 0.0014 0.107 20.4 0.14 7.9 

 
Fig. 1. B element concentrations of oil samples                   Fig. 2. Cu element concentrations of oil samples 

 

 
Fig. 3. Fe element concentrations of oil samples 
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Fig. 4. P element concentrations of oil samples                    Fig. 5. Na element concentrations of oil samples 

 

 
Fig. 6. Mg element concentrations of oil samples 

 
Fig. 7. K element concentrations of oil samples                       Fig. 8. Ca element concentrations of oil samples 

The element concentrations after wet digestion 

were determined as 122.45 µg/g for Na, 3.44 µg/g 

for Ca, 0.15 µg/g for Mg, 3.04 µg/g for K, 0.8 µg/g 

for B, 0.87 µg/g for Fe and 220.98 µg/g for P in 

rosemary oil samples. The order of element 

concentrations in rosemary oil samples is 

P|>Na>Ca>K>Fe>B>Mg>Cu. The lowest metal 

concentrations in rosemary oil samples were found 

for Mg and Cu. The highest metal concentrations 

were found for P.  

Then the element composition, antioxidant 

property, and polyphenol content of Salvia 

officinalis leaves were analyzed. Ca, S, and K were 

determined in macerated and infused (20 % 

alcoholic water) extracts (3726-4600, 28071-19010 

and 38500-47983 μg/100 mL, respectively). As the 

alcohol content of the tincture increased, the mineral 

content of the extract decreased. K and Ca were 

higher than our results [10]. Hebatallah et al. 

investigated the effects of foliar application of 

riboflavin at different concentrations (0, 25, 50, and 

100 mg/L) on rosemary plants during two cutting 

seasons. In addition, rosemary leaves’s element 

concentrations were determined by FAAS and ICP-

MS [11]. 

The element concentrations in thyme oil samples 

after wet digestion were found to be 69.36 µg/g for 

Na, 11.9 µg/g for Ca, 0.81 µg/g for Mg, 25.25 µg/g 

for K, 0.92 µg/g for Cu, 0.68 µg/g for Fe and 100.73 

µg/g for P. The order of element concentrations in 

thyme oil samples is P>Na>K>Ca>Cu>Mg>Fe>B. 

The lowest metal concentrations in thyme oil 

samples were observed for B and Fe. The highest 

metal concentrations were found for P. 

The antioxidant - antibacterial activity and 

chemical composition of Thymus praecox was 

investigated by Sener et al. [12]. Experimental 

results showed that thyme extracts have antibacterial 

activities against some bacteria. Cu, Fe, Na, Mg and 

Ca concentrations were 0.97 µg/g; 93 µg/g; 100.944 
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µg/g; 2300 µg/g; 40000 µg/g, respectively. Fe, Na, 

Mg, Ca concentrations determined in thyme oil in 

our study were lower than those of Sener et al. Cu 

concentrations were similar to our results [12]. 

Drioiche et al. investigated the chemical 

composition and antimicrobial activities of Thymus 

vulgaris, Thymus satureioides and Thymus zygis 

essential oils. Fe concentrations in our study were 

similar to their study [5]. 

Arsenijevic et al. analysed the volatile fraction of 

the leaves of Thymus pannonicus by headspace 

extraction. Cu, Ni, Cr, Na, Mn, Co, Zn, Fe, Ca, Mg, 

and K were determined using FAAS, GFAAS and 

ICP-OES. Their assay results were higher than our 

results [13]. Adequate dietary iron intake is crucial 

to reduce the incidence of anaemia. High doses of 

iron can lead, however, to tissue damage. Cu is an 

important element for human health, but high doses 

can cause damage to the liver and kidneys. Copper 

deficiency in children can lead to hypochromic 

anaemia, leukopenia and osteoporosis [14]. Fe and 

Cu have many positive effects on human health. 

Inadequate intake of these metals can lead to 

undesirable pathological problems. It has been 

observed that possible contamination with Cu and Fe 

may originate from oil processing equipment and Cu 

contamination in oils may be due to environmental 

pollution [9]. Potassium is an important electrolyte 

which ensures the conductivity of the nerves and the 

active transport of the mineral apatite in the bones. 

Excess sodium in the body can cause heart disease. 

Ca is important for patients with kidney failure. In a 

study, Ca levels in hardaliye were reported as 0.310-

711.1 mg/kg [15]. Recommended dietary intakes 

(RDI) for Na and Ca have been established by the 

Food and Nutrition Board, Institute of Medicine, 

National Academies, Washington, DC, USA. 

Potassium is important with regard to human health. 

A diet with a low level of potassium can lead to heart 

problems [16]. Potassium is important in the 

regulation of intracellular osmolarity, cell membrane 

transport and activation of enzymes including 

glycolysis and respiration. The necessary potassium 

requirement is 782 mg per day [17]. Playing an 

important role in human metabolism, phosphorus is 

an essential nutrient. The required daily amount of 

phosphorus is approximately 800-1200 mg. 

Magnesium is an important element in the body as it 

is a component and activator of many enzymes and 

the daily requirement of magnesium is between 300 

and 500 mg. Table 2 shows the recommended daily 

allowance (RDA) data [18]. 

Table 2. Reference values for recommended daily 

allowance [16] 

Mineral nutrients 

and trace elements 

Recommended daily  

allowance (RDA) 

Calcium 1000 mg 

Sodium 2400 mg 

Magnesium 350 mg 

Iron 15 mg 

Boron < 20 mg 

Potassium 3500 mg 

Manganese 5 mg 

Phosphorus 1000 mg 

Zinc 15 mg 

Copper 2 mg 

CONCLUSION 

The concentrations of Ca, K, P, B, Mg, Cu, Fe, 

and Na in commercial thyme and rosemary oil 

samples were determined. This study was the first to 

investigate the oils of thyme and rosemary by means 

of wet digestion-ICP-OES. The HNO3-H2O2 

digestion method was used for determination of the 

multi-element contents. The element concentrations 

were below the RDA levels, so the analysis results 

indicate that as a contribution to dietary intake, 

thyme and rosemary oils are not a good source of 

essential elements. 

Acknowledgement: This work was supported by the 

Research Fund of the University of Tekirdag Namik 

Kemal University (Project Number NKUBAP. 

01.YL.23.529). 

REFERENCES 

1. R. Cozzolino, S. Ramezani, A. Martignetti, A. Mari, 

S. Piacente, B. D. Giulio, Natural Product Research, 

30(7), 841 (2016). 

2. H. Maral, O. Çecen, A. Turk Baydir, M. Turkmen, 

Biochemical Systematics and Eco., 113, 104795 

(2024). 

3. H.T. Cheng, X.L. Li, X.R. Li,  Y.H. Li,  L.J. Wang,  

M..Xue, Food Chem., 130, 1031 (2012). 

4. A. Rašković, I. Milanović, N. Pavlović, T. Ćebović, 

S. Vukmirović, M. Mikov, Comp. and Altern. Med., 

14, 225 (2014). 

5. A. Drioiche, F.Z. Radi, A. Ailli, A. Bouzoubaa, A. 

Boutakiout, S. Mekdad, O.A. Kamaly, A. Saleh, M. 

Maouloua, D. Bousta, S. Sahpaz, F.E. Makhoukhi, T. 

Zair. Saudi Pharm. J., 30, 1200 (2022). 

6. A. Bazylko, H. Strzelecka. Fitoterapia, 78, 391 

(2007). 

7. E. L. Malankina, L. N. Kozlovskaya, A. N. 

Kuzmenko, A. A. Evgrafov, Moscow Uni. Chem. B., 

74(6), 310 (2019). 

8. F. Tokay, R. Günaydin, S. Bagdat, Talanta, 230, 

122312 (2021). 

9. D. Bakircioglu, N. Topraksever, S. Yurtsever, Y. 

Bakircioglu Kurtulus, Atom. Spec.,39(1), 38 (2018). 

10. M. Then, R. Szóllósy, K. Vásárhelyi-Perédi, K. 

Szentmihályi. Acta Horti., 629, 123 (2004). 

11. H. Aly, F.A. Gharib, E.Z. Ahmed, Egyptian Journal 



N. Tokatli Demirok, A. Karasakal: Determination of macro- and microelement contents in thyme oil and rosemary oil… 

264 

of Botany, 64(1), 125 (2024). 

12. I. Sener, F. Tekelioglu, M. Zurnacı, P. Baloglu, M. 

Gur, K. Guney. Kastamonu Univ., J. of Forestry Fac., 

21(1), 65 (2021). 

13. J. Arsenijevic, J. Markovic, I. Sostaric, S. Razic, 

Plant Physiology and Biochem.,71, 298 e306 (2013). 

14. D. Bakircioglu, Y. Bakircioglu Kurtulus, S. 

Yurtsever, Food Chem., 138, 770 (2013). 

15. D. Bakircioglu, N. Topraksever, Y. Bakircioglu 

Kurtulus, Journal of AOAC Inter., 100(5), 1531 

(2017). 

16. A. Karasakal, Food Analytical Methods, 14, 44 

(2021). 

17. R. R. Gamela, V. C. Costa, E. R. Pereira-Filho. Food 

Analytical Methods, 13, 69 (2020). 

18. https://www.lenntech.com/recommended-daily-

intake.htm Accessed 03 May 2024. 



Bulgarian Chemical Communications, Volume 56, Issue 3 (pp. 265-269) 2024  DOI: 10.34049/bcc.56.3.ELK-M 

265 

Photophysical study of benzanthrone 3-isothiocyanate as novel fluorescent label  

E. Kirilova*, R. Fridmans, A. Puckins, J. Oreha, S. Osipovs  

Institute of Life Sciences and Technology, Daugavpils University, Daugavpils, Latvia  

Received June 19, 2024; Accepted: August 17, 2024 

In modern biochemical research, much attention is paid to the development and synthesis of new fluorescent markers 

used for protein labeling. Reaction with an isothiocyanate group is one of the most widely used methods for fluorescent 

labeling of amino acids and proteins. In the present work, an isothiocyanate derivative of benzanthrone was obtained and 

characterized as a possible fluorescent marker. The interaction of 3-isothiocyanatobenzanthrone with a number of natural 

amino acids was studied. The study also examined the processes of conjugation of the synthesized isothiocyanate with 

albumin, pepsin and gelatin. The photophysical parameters of the obtained conjugates were studied in detail. Considering 

the fluorescent properties of the obtained conjugates, the isothiocyanate under study appears promising for fluorescent 

labeling purposes. 

Keywords:  Luminescent label; Benzanthrone; Isothiocyanate; Amino acids; Proteins; Fluorescence  

INTRODUCTION 

Among numerous imaging and detection 

methods, the fluorescence approach shows 

significant advantages in terms of ease of 

fabrication, low cost, and high sensitivity, which has 

been widely used to study various biomolecules. It is 

important to develop and synthesize fluorescent 

markers with good biological activity and optical 

properties. Therefore, new labels and new methods 

are constantly being developed [1, 2]. In modern 

research, much attention is paid to the development 

and synthesis of new fluorescent markers used for 

labeling amino acids, peptides and proteins [3, 4]. 

This includes molecular design considering the best 

choice of a reactive group in the fluorophore 

structure through which conjugation to the target 

biomolecule occurs. The procedure for introducing 

active groups into the fluorophore structure is used 

to obtain the necessary spectral properties of 

conjugates for their further detection and analysis [5, 

6].  

Typically, direct chemical labeling of proteins 

targets the amino and thiol groups. The most 

commonly used amine-reactive markers include 

succinimidyl ethers, imidoethers, sulfonyl chlorides, 

and isothiocyanates [6-8]. Fluorescein- and 

rhodamine-derived isothiocyanates are among the 

most popular conjugation reagents for amine 

modification during protein labeling [9-11]. 

In this research we designed a new potential 

fluorescent marker for proteins, isothiocyanate-

functionalized benzanthrone derivative with a target 

NCS group at position 3 of the aromatic core. 3-

Substituted benzanthrone derivatives are compounds 

with excellent emissive properties, making these 

luminescent dyes find numerous applications in 

biomolecular research and bioimaging, mainly as 

non-covalent labels [12-15]. Further in the present 

work, the reactions of the newly obtained 3-

isothiocyanobenzantrone with a number of amino 

acids were studied in order to find out the 

applicability of this isothiocyanate for the labeling of 

amino acids. The developed marker was also applied 

in bioconjugation reactions with proteins. 

EXPERIMENTAL 

All reagents, solvents, amino acids and proteins 

were purchased from Sigma-Aldrich Co. (St. Louis, 

MO, USA).  

The progress of the synthesis and the purity of 

substances were controlled by thin layer 

chromatography (TLC) using silica gel plates (Fluka 

F60254, 20×10, 0.2 mm) with toluene as eluent. 

Melting points were obtained on an MP70 Melting 

Point System apparatus.  
Fourier-transform infrared (FT-IR) spectroscopy 

measurements were carried out by a Bruker Vertex 

70v vacuum spectrometer equipped with an 

attenuated total reflection accessory. 1H NMR 

spectra were registered by a Bruker equipment at a 

frequency of 500 MHz in CDCl3 (with 

tetramethylsilane as internal standard) at ambient 

temperature.  

Shimadzu GCMS-QP2010 system (Shimadzu 

Corporation, Kyoto, Japan) was used for the 

analysis. The gas chromatograph was equipped with 

an electronically controlled split/splitless injection 

port and a 5% diphenyl-/95% dimethylpolysiloxane   
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fused-silica capillary column (Rtx-5SIL-MS, 30 

m×0.32 mm, 0.25 µm film thickness). Mass spectra 

(MS) were registered by a mass spectrometer in 

electron ionization mode (ionization energy of 70 

eV). Detection was realized in scanning mode within 

the range of m/z 35–500.  

Absorption spectra were recorded on a UV–

visible spectrophotometer Specord UV/VIS. 

Fluorescence spectra were obtained using FLSP920 

(Edinburgh Instruments Ltd.) spectrofluorometer in 

the spectral range of 430–800 nm. Emission 

measurements were performed in quartz cells with 

an absorbing layer thickness of 1 cm. 

Synthesis 

3-Aminobenzanthrone (1) was synthesized by 

nitration of benzanthrone and subsequent reduction 

of the 3-nitroderivative according to the literature 

procedures [16, 17]. 

 Synthesis of 3-isothiocyanatobenzanthrone 

(2). In a 25 ml round-bottom flask, a mixture of 3-

aminobenzanthrone (0.25 g, 1 mmol), carbon 

disulfide (0.50 g, 6.5 mmol), N,N'-

dicyclohexylcarbodiimide (0.25 g, 1.2 mmol) and 

pyridine (7 ml) was stirred in an ice bath at 0°C for 

4-5 h. Then, 0.10 g of DCCD was added and the 

resulting mixture was continuously stirred at 

ambient temperature during 12-14 h. The progress of 

ongoing reaction was monitored by TLC. The 

pyridine was then evaporated and the reaction 

mixture is dissolved in 20-30 ml of ethyl acetate. The 

product is purified by column chromatography on a 

1.5 × 30 cm column packed with silica gel 40/100 

(eluent: dichloromethane) to give a yellow solid in 

60% yield, m. p. 200-201ºС. FT-IR spectra, max 

(KBr), cm-1: 2925, 2851, 2120, 1661, 1627, 1572, 

1553, 1505, 1448, 1347, 1229, 1087, 1044, 892, 772, 

641. NMR (500 MHz, CDCl3) δ 8.83 (dd, J=7.3; 1.3 

Hz, 1H), 8.47-8.57 (m, 2H), 8.39 (d, J=7.2 Hz, 1H), 

8.29 (d, J=7.8 Hz, 1H), 7.92 (dd, J=8.3; 7.3 Hz, 1H), 

7.79 (ddd, J=8.1; 7.2; 1.6 Hz, 1H), 7.49–7.67 (m, 

2H). MS (m/z): 287 [M+] (100), 259 (15), 227 (14), 

200 (17), 129 (11), 100 (11). 

 Conjugation with amino acids. A freshly 

prepared solution of 3-isothiocyanatobenzanthrone 

in anhydrous DMSO (0.3 mL with concentration of 

3 mg/mL) was poured dropwise with continuous 

stirring to an appropriate amino acid solution (4 mL, 

1 mg/mL) in 0.1M bicarbonate buffer (pH 9.3). The 

prepared mixture was protected from light and stored 

at ambient temperature for 0.5 h with constant slow 

stirring. The solution should be left for 8 h at 4oC 

without light. 

 Conjugation with proteins. A freshly 

prepared solution of 3-isothiocyanatobenzanthrone 

in anhydrous DMSO (0.1, 0.2 or 0.3 mL with 

concentration of 1 mg/mL) was poured dropwise 

with continuous stirring to an appropriate protein 

solution (4 mL, 2 mg/mL) in 0.1M bicarbonate 

buffer (pH 9.3). The reaction mixture was protected 

from light and stored at ambient temperature for 0.5 

h with constant slow stirring. Then the reaction 

mixture was incubated at 4ºС for 12 h. 

RESULTS AND DISCUSSION 

Synthesis and characterization of the new label 

Isothiocyanate group is a very useful building 

block in synthetic chemistry for the preparation of 

both sulfur- and nitrogen-containing organic 

compounds [18-20]. Owing to their synthetic and 

biological importance, numerous methods for the 

preparation of isothiocyanates from amines, 

dithiocarbamates, organic halides, nitriles, olefins, 

aldoximes, etc. have been developed [21].  

In the present research we used 3-

aminobenzanthrone for synthesis of the appropriate 

isothiocyanate (see Fig. 1). This method involves 

converting the amine into appropriate isothiocyanate 

in a solution of pyridine in the presence of an 

aqueous binder – N,N-dicyclohexylcarbodiimide is 

a highly versatile dehydrating reagent. During the 

reaction, the color of the solution changed from red 

to orange.   

Monitoring the progress of the isothiocyanate 

synthesis in the reaction mixture by TLC shows the 

formation of a new yellow product with a bright 

green luminescence, in contrast to the initial amine, 

which has a red color and emission. The structure of 

the obtained derivative 2 was confirmed by FT-IR, 

NMR and mass spectrometry data. 

 

Fig. 1. Synthesis of 3-isothiocyanatobenzanthrone (2). 

The 1H NMR spectrum contains only multiplet 

signals (from δ 7.50 to 8.85 ppm) of nine aromatic 

hydrogen atoms, which is typical for 3-substituted 

benzanthrone derivatives [22]. 

In the IR spectrum, characteristic vibrations of 

the isothiocyanate group are observed at 2120 cm-1, 

which also confirms the obtaining of the target 

substance. 

The spectral absorption and emission data of the 

synthesized isothiocyanate solutions in various 

organic solvents are summarized in Table 1. 
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Positions of absorption maxima are situated between 

425–435 nm. The obtained compound is fluorescent 

in solutions in the region of 500–560 nm, showing a 

hypsochromic shift of 100–130 nm compared to the 

parent amine 1 and many 3-substituted amino and 

amidino derivatives, which emit in the red region 

[23]. In addition, the Stokes shifts are smaller than 

those for amines and amidines. 

Conjugation with amino acids and proteins 

In the present research the conjugation with 

seven natural amino acids (glycine, L-alanine, L-

oxyproline, L-aspartic acid, L-cysteine, L-

methionine and L-arginine) and with three proteins 

(bovine serum albumin, porcine pepsin and  gelatin) 

was studied. For conjugation with amino acids the 

literature procedure for known isothiocyanates was 

applied [5, 6].  

It is well known that the isothiocyanate group can 

react with thiol and amino groups present in amino 

acids and proteins by forming appropriate C-S or C-

N covalent bond [24, 25]. Two possible ways of 

interaction of the synthesized isothiocyanate 2 with 

the mentioned reactive groups are shown in Fig. 2. 

The spectral properties of the obtained amino 

acids conjugates were investigated. As can be seen 

from the results obtained (Fig. 3), the reaction of all 

amino acids with the marker produces fluorescent 

products, the emission of which significantly 

exceeds the luminescence of the original compound. 

The largest increase in emission of 27 times was 

observed for the arginine conjugate. The conjugates 

of methionine, glycine and alanine showed a 20-23 

times increased emission. The smallest increase in 

emission was observed for cysteine and aspartic acid 

conjugates. Differences were also observed in the 

location of the fluorescence maxima of the 

conjugates compared to the starting isothiocyanate. 

The fluorescence maxima of the conjugates of 

arginine, methionine, glycine and alanine are shifted 

hypsochromically by 15-20 nm, the fluorescence of 

the oxyproline conjugate is red-shifted by 20 nm 

compared to compound 2, and for derivatives of 

cysteine and aspartic acid the positions of the 

maxima do not change. 
 

Table 1. Absorption and emission properties of compound 2 in 10-5 M solutions. 

Solvent Absorption 

abs 
lg Fluorescence 

em 

Stokes shift, 

cm-1 

Hexane 425 4.23 498 3449 

Benzene 431 4.21 520 3971 

Chloroform 433 4.23 520 3864 

Ethyl acetate 425 4.23 552 5413 

Acetone 423 4.24 543 5224 

Ethanol 424 4.19 538 4998 

Dimethylformamide 426 4.20 556 5489 

Dimethylsulfoxide 432 4.21 552 5032 

 

Fig. 2. Interaction of 3-isothiocyanatobenzanthrone with nucleophilic groups: with an amino group, forming thiourea 

(top); with a thiol group, giving dithiocarbamate (bottom). 
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Fig. 3. Fluorescence spectra of compound 2 (blank) and its amino acid conjugates. 

Fig. 4. Fluorescence spectra of compound 2 (blank) and its pepsin (P), gelatin (G) and albumin (A) conjugates. 

Developed marker 2 was then used in 

bioconjugation reactions with three proteins at 

different isothiocyanate:protein ratios (0.1:8, 0.2:8 

and 0.3:8 mg).  

The most pronounced changes in the 

photophysical properties of the obtained protein 

conjugate compared to the initial isothiocyanate are 

observed for albumin (see Fig. 4). While the 

emission of gelatin and pepsin conjugates is almost 

the same as that of the starting compound 2, the 

luminescence intensity of the albumin conjugate 

turned out to be 10 times higher than the 

isothiocyanate emission. A common feature of all 

conjugates is a bathochromic shift of the 

luminescence maximum by 20-30 nm compared to 

the initial marker. 

Undoubtedly, the differences in the properties of 

the obtained conjugates are associated with their 

composition and structure. Bovine serum albumin is 

a globular protein which consists of 583 amino acid 

residues (including 35 cysteine, 60 lysine, 26 

arginine residues, etc.) in a single chain with a 

molecular weight of 66 kDa [26, 27]. Pepsin is a 

gastric aspartic proteinase with a molecular weight 

of 3.4 kDa containing 327 amino acid residues in a 

single polypeptide chain [28, 29]. Gelatin is a 

product of collagen destruction, its molecular weight 

is about 100 kDa, it contains practically no cysteine 

and contains a small amount of lysine compared to 

albumin [30]. Apparently, albumin not only contains 

quite a lot of amino acid residues that react with the 

isothiocyanate group, but these residues are also 

located on the outside of the albumin globule, which 

results in the formation of a highly emissive 

conjugate. 

CONCLUSION 

3-Isothiocyanatobenzanthrone was designed as a

fluorescent probe for amino acids and protein 

bioconjugation, and its application was tested using 
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bovine serum albumin, porcine pepsin and gelatin as 

model proteins. The highest emission response was 

observed for albumin, what can later be used for 

studying the biochemical processes in which this 

protein is involved. Thus, it can be summarized that 

the isothiocyanate developed and studied in this 

research appears promising for fluorescent labeling 

purposes. 
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Iminothiazolidinone derivatives, a class of nitrogen-containing heterocycles, have garnered significant attention in 

chemical research due to their remarkable biological and pharmacological activities such as antimicrobial, anti-

inflammatory, anticonvulsant, antioxidant, antidiabetic, antitumor, and sedative characteristics [1-3]. This study aims to 

contribute to the field by synthesizing new iminothiazolidinone derivatives with potential biological activity. The 

synthesis is conducted using a one-pot multicomponent reaction technique, allowing for efficient and cost-effective 

production of these compounds. The chosen methodology involves a single-step approach, wherein thiourea derivatives, 

hetaryl aldehydes, and chloroacetic acid are subjected to a one-pot reaction, progressing in a domino-process fashion. 

This method offers advantages over traditional multi-step organic reactions, ensuring ease of execution within a shorter 

timeframe and at reduced costs. 

Keywords:  Iminothiazolidinone, thiourea, one-pot reaction, multicomponent reaction, solvent free 

INTRODUCTION 

In the recent years, a significant portion of 

chemical research is dedicated to the synthesis of 

novel compounds with the potential for biological 

activity, and the subsequent measurement of their 

activities. Iminothiazolidinone derivatives, which 

are nitrogen-containing heterocycles, have recently 

gained substantial importance due to their elevated 

biological and pharmacological activities. Among 

heterocyclic compounds, iminothiazolidinones, 

particularly those exhibiting antimicrobial, anti-

inflammatory, anticonvulsant, anti-hyper lipidemic, 

antihypertensive, neuroleptic, and sedative 

properties, play a crucial role, contributing to the 

production of macrocyclic complex drugs and 

holding significance in industrial applications [1-6]. 

Considering literature research, the primary 

objective of this study is to synthesize some new 

iminothiazolidinone derivatives with potential 

biological activity. The synthesis of these new 

iminothiazolidinone derivatives is undertaken to 

contribute not only to the class of heterocyclic 

compounds but also to benefit synthetic drug 

production. In this study, the new compounds are 

synthesized using a one-pot multicomponent 

reaction technique. 

The reactions, conducted by a one-pot method, 

progress in a domino-process fashion, making them 

more   straightforward   to   execute   compared   to 

classical multi-step organic reactions. This method 

enables the synthesis of new organic molecules in a 

shorter time and at a lower cost.  

Utilizing the one-pot multicomponent reaction 

technique, cyclization is achieved by exploiting thio-

urea derivatives, hetaryl aldehydes, and chloroacetic 

acid, resulting in new 2-imino-4-thiazolidinone 

derivatives [7]. 

EXPERIMENTAL 

The study consists of two parts. In the first part, 

substituted thiourea compounds, which were 

planned to be used as substrates in the reactions, 

were obtained from substituted phenyl 

isothiocyanate and substituted amine compounds 

(Scheme 1).  

In the second part, original imino-thiazolidinone 

compounds were synthesized by reacting the 

prepared substituted thiourea compounds with 

chloroacetic acid and thiophene aldehyde using the 

one-pot multicomponent method (Scheme 2). 

Measurements to elucidate the structures of the 

compounds obtained were performed using 

spectrophotometric methods. 

Scheme 1. Synthesis of the thiourea compounds 
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NHNH

SCH3

R

R  = 4-butyl;  4-chloro; 2,4-dimethyl; 4-methyl

N

C S

CH3
+

* To whom all correspondence should be sent:

E-mail: ftugcu@yildiz.edu.tr

© 2024 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 



F. T. Tuğcu: Synthesis of substituted 4-methylphenyl-2-iminothiazolidinone compounds via one- pot method 

271 

O H

S
CH3

Cl

O OH

+

NH

NHS

R

CH3

R1

R= Butyl; Cl; CH
3 

R
1
= H; CH

3

S

N

N

O

S

R

CH3

R1

CH3

+

S

N

N

O

S

CH3

R

R1

CH3

Solv ent free

70 0C

 
 

 

Scheme 2. Synthesis of the iminothiazolidinones 

Compound 1: 3-(4-butylphenyl)-5-[(3-

methylthiophen-2-yl) methylene]-2-(p-tolylimino) -

thiazolidin-4-one: Mixture of 0.126 g (1.0 mmol) 

thiophene-3-aldehyde, 0.298 g (1.0 mmol) 1-(4-

butylphenyl)-3-(4-methylphenyl) thiourea and 0.113 

g (1.0 mmol) chloroacetic acid was placed in a 

round-bottomed balloon. TLC control was 

performed at regular intervals, and it was mixed first 

at room temperature for 24 hours and then at 400C 

for 24 hours with the help of a magnetic stirrer. After 

the reaction was completed, the two isomer products 

were purified by applying column chromatography 

(dichloromethane/hexane: 4/1) to the dark solid 

mixture that was left to cool. C26H26N2OS2 (446.63 

g/mol). FT-IR (ATR): 3029, 2924, 2854, 1716, 

1639, 1599, 1504, 1360, 1261, 1171, 1141, 879, 836 

cm-1. 1H NMR (CDCl3):  δ  0.95 (3H, t), 1.37 (2H, 

m), 1.60 (2H, m), 2.41 (3H, s), 2.42 (3H, s), 2.61 

(2H, t), 6.88 (2H, d, J=8.2 Hz), 6.98 (1H, d, J=5.0 

Hz),7.16 (2H, d, J=8.2 Hz), 7.34 (4H, s), 7.48 (1H, 

d, J=5.0 Hz), 8.05 (1H, s) ppm. 13C NMR (CDCl3): 

δ 14.02, 14.52, 21.35, 22.40, 33.61, 35.18, 118.65, 

120.95, 122.57, 127.77, 129.15, 129.46, 129.99, 

131.06, 132.35, 132.54, 138.83, 139.41, 142.43, 

145.81, 150.44, 166.63 ppm. 

Compound 2: 2-(4-butylphenylimino)-5-[(3-

methylthiophen-2-yl)-methylene)-3-p-tolyl-

thiazolidin-4-one: C26H26N2OS2 (446,63 g/mol). FT-

IR (ATR): 3069, 2954, 2856, 1712, 1638, 1595, 

1506, 1366, 1269, 1167, 1147, 839, 796 cm-1. 1H 

NMR (CDCl3):  δ  0.95 (3H, t), 1.40 (2H, m), 1.64 

(2H, m), 2.35 (3H, s), 2.42 (3H, s), 2.66 (2H, t), 6.88 

(2H, d, J=8.2 Hz), 6.97 (1H, d, J=5.0 Hz),7.14 (2H, 

d, J=8.2 Hz), 7.33 (2H, d, J=8.6 Hz), 7.36 (2H, d, 

J=8.6 Hz), 7.47 (1H, d, J=5.0 Hz), 8.04 (1H, s) ppm. 
13C NMR (CDCl3): δ 13.98, 14.52, 21.02, 22.50, 

33.31, 35.47, 118.62, 120.99, 122.57, 127.69, 

129.28, 129.44, 129.85, 131.05, 132.42, 132.53, 

134.34, 142.42, 143.65, 145.80, 150.72, 166.65 

ppm. 

Compound 3: 2-(2,4-dimethylphenylimino)-5-

[(3-methylthiophen-2-yl) methylene]-3-p-

tolylthiazolidin-4-one: C24H22N2OS2 (418,54 g/mol). 

FT-IR (ATR): 3099, 3066, 3011, 2918, 2853, 1708, 

1634, 1589, 1510, 1355, 1261, 1169, 1113, 867, 809 

cm-1. 1H NMR (CDCl3): δ 2.12 (3H, s), 2.31 (3H, s), 

2.42 (6H, s), 6.78 (2H, d, J=7.9 Hz), 6.97 (1H, d, 

J=5.0 Hz), 7.16 (2H, d, J=8.2 Hz), 7.34 (4H, s), 7.48 

(1H, d, J=5.0 Hz), 8.05 (1H, s) ppm. 13C NMR 

(CDCl3): δ 14.59, 17.95, 21.09, 21.47, 118.96, 

119.83, 122.67, 127.24, 127.87, 129.54, 129.77, 

130.04, 130.15, 131.15, 131.51, 132.54, 132.66, 

134.42, 139.01, 142.49, 144.55, 150.29, 166.77 

ppm. 

Compound 4: 3-(2,4-dimethylphenyl)-5-[(3-

methylthiophen-2-yl) methylene]-2-(p-tolyl-imino) 

thiazolidin-4-one: C24H22N2OS2 (418,54 g/mol). FT-

IR (ATR): 3077, 3062, 3007, 2920, 2851, 1703, 

1633, 1591, 1503, 1364, 1273, 1157, 828, 724 cm-1. 
1H NMR (CDCl3):  δ  2.26 (3H, s), 2.34 (3H, s),  2.37 

(3H, s), 2.42 (3H, s), 6.85 (2H, d, J=8,2 Hz), 6.97 

(1H, d, J=5.0 Hz), 7.14 (2H, d, J=8.2 Hz), 7.17 (1H, 

s), 7.18-7.20 (2H, m), 7.47 (1H, d, J=5.0 Hz), 8.04 

(1H, s). 13C NMR (CDCl3): δ 14.59, 17.74, 20.71, 

21.16, 118.74, 120.88, 122.74, 128.08, 128.48, 

129.56, 129.92, 130.02, 131.19, 131.67, 132.01, 

132.55, 134.46, 135.84, 139.55, 142.53 145.94, 

150.21, 166,52 ppm. 

Compound 5: 5-[(3-methylthiophen-2-yl) 

methylene]-3-p-tolyl-2-(p-tolylimino) thiazolidin-4-

one:  C23H20N2OS2 (404,55 g/mol). FT-IR (ATR): 

3029, 2924, 2854, 1716, 1639, 1599, 1504, 1360, 

1261, 1171, 1141, 879, 836 cm-1. 1H NMR (CDCl3)  

:  δ  2.35 (3H, s), 2.41 (3H, s), 2.42 (3H, s), 6.88 (2H, 
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d, J=8,2 Hz),  6.97 (1H, d, J=5,0 Hz), 7.15 (2H,d, 

J=7.9 Hz), 7.34 (4H, s), 7.48 (1H, d, J=5,0 Hz), 8.04 

(1H, s) ppm. 13C NMR (CDCl3): δ 14.52, 21.02, 

21.35, 118.60, 120.99, 122.60, 127.77, 129.45, 

129.83, 130.03, 131.05, 132.32, 132.52, 134.33, 

138.88, 142.44, 145.78, 150.72, 166.64 ppm. 

Compound 6: 2-[(4-chlorophenyl) imino]-3-(4-

methylphenyl)-5-[(3-methylthiophen-2-yl) 

methylidene]-1,3-thiazolidin-4-one: C22H17ClN2OS2 

(424.97 g/mol). FT-IR (ATR):  3069, 1691, 1633, 

1587, 1491, 1356, 890, 834 cm-1. 1H NMR (CDCl3):  

δ 2.41 (3H, s), 2.42 (3H, s), 6.99 (1H, d, J=5.0 Hz), 

7.34 (4H, s), 7.41 (2H, brd, J=8.8 Hz),7.50 (1H, d, 

J=5.0 Hz), 7.51 (2H, brd, J=8.8 Hz), 8.05 (1H, s) 

ppm. 13 C NMR (CDCl3):  δ 14.60, 21.30, 114.22, 

118.65, 120.81, 122.34, 123.64, 129.35, 129.58, 

131.62, 132.35, 133.50, 134.60, 138.74, 141.14, 

143.01, 154.18, 166.38 ppm. 

Compound 7: 3-(4-chlorophenyl)-2-[(4-

methylphenyl) imino]-5-[(3-methylthiophen-2-yl) 

methylidene]-1,3-thiazolidin-4-one: C22H17ClN2OS2 

(424.97 g/mol). FT-IR (ATR):  3069, 1680, 1621, 

1568, 1497, 1345, 882, 828 cm-1. 1H NMR (CDCl3): 

δ 2.35 (3H, s), 2.42 (3H, s), 6.87 (2H, d, J=8,2 Hz),  

6.92 (2H, brd, J=8.6 Hz), 6.98 (1H, d, J=5.0 Hz), 

7.14 (2H, d, J=8.2 Hz), 7.32 (2H, brd, J=8.6 Hz),7.49 

(1H, d, J=5.0 Hz), 8.04 (1H, s) ppm. 13 C NMR 

(CDCl3):  δ 14.60, 21.30, 114.62, 118.25, 120.41, 

122.54, 123.69, 129.55, 129.88, 131.42, 132.45, 

133.10, 134.34, 138.15, 141.01, 142.91, 153.88, 

166.30. 

RESULTS AND DISCUSSION 

To synthesize the targeted iminothiazolidinone 

compounds with the highest yield, studies were 

carried out to determine the optimum ratios of the 

starting materials and the ratio of 1:1:1.2 (aldehyde, 

thiourea and chloroacetic acid, respectively) was 

determined as the optimum condition.  

As is known from literature studies, heterocyclic 

compounds are generally formed by intramolecular 

or intermolecular cyclization reactions of substances 

in a straight chain structure. In arylthioureas, when 

the groups attached to both nitrogen atoms are 

different, the two structures obtained when the thion-

thiol tautomer is written can give a 

cyclocondensation reaction with chloroacetic acid,  

thus two isomer products are synthesized. The 

synthesis of compounds 1 and 2 is given below as an 

example [8]. 

The structures of the iminothiazolidinone 

compounds synthesized as a result of these one-pot 

three-component condensation reactions carried out 

in a solvent-free environment were elucidated by IR, 
1H and 13C magnetic resonance spectroscopy 

methods. The results obtained are supported by the 

values stated in the sources [9-11]. 

As a result, in this study, 3 substituted thioureas 

and 7 original (new) 5-substituted-2-imino-4-

thiazolidinone compounds were synthesized in very 

high yields and their structures were elucidated by 

FT-IR, 1H NMR and 13C NMR data.  
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Synthesis, characterization and effects to cholesteric lyotropic liquid crystal media of 

-ONNO- type Schiff bases and metal complexes 
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Lyotropic liquid crystals (LLC) are remarkable candidates in biomimetic applications, and in this respect, their 

interaction mechanisms with the target molecule are controversial. The study aims to create an ordered host system for 

biosimilar guest molecules to determine interactions. -ONNO- type tetradentate julolidine derivative, symmetric Schiff 

bases were synthesized with 1,2-ethandiamine and 1,4-butanediamine, and then copper complexes were obtained from 

Schiff bases with a cage-like structure. To characterize the synthesized compounds FT-IR, 13C and 1H-NMR and UV-vis 

spectroscopies were employed. Decylammonium chloride (DACl), NH4Cl, H2O and the optically active amphiphilic 

molecule L-alanine decyl esther (L-ADE) as a chiral dopant were utilized in the host system. The properties of lyotropic 

cholesteric phases and the effects of the synthesized compounds were examined using a polarized optical microscope 

(POM) by measuring the helical pitch as a parameter. Synthesized Schiff bases and metal complexes (2.5-20 mM) were 

added to the cholesteric phase whose helical pitch was measured at 110 µm without destroying anisotropic properties. 

The synthesized compounds caused a lengthening in helical pitch due to settled micelles on the surface or within the 

micelle core, leading to a change in micelle-micelle interaction. Specifically, Cu(ac)2·H2O shortened the helical pitch. 

Keywords: Cholesteric lyotropic liquid crystal, julolidene derivative Schiff base, Metal complex, Host-guest interaction 

INTRODUCTION 

Liquid crystal is a smart material that has solid-

like molecular order and anisotropic structure, as 

well as liquid-like mobility, which has been 

observed in vivo or in vitro biological environments. 

LLC, one of its notable types, is a solvent 

environment in which micelle formation and 

interaction of micelles are fundamental processes 

resulting from the interaction of hydrophobic and 

hydrophilic molecules [1, 2]. Long-range order in 

one, two, or three dimensions is effective in different 

LLC phases, thus demonstrating the ability to self-

assemble into micelles. The mentioned ordered 

media are suitable for biological and industrial 

applications due to controllable ingredient 

quantities, making them applicable due to different 

polar domains and huge surface areas for molecule 

carrier systems. Nowadays, water-soluble peptides, 

unsoluble drug molecules, and degradable enzymes 

can be delivered to desired areas. In addition, cream-

like ingredients applied to the skin can be used more 

effectively in different polar regions [3-6]. Positional 

and orientational order, changing molecular 

mobility, symmetrical and optical properties are also 

driving factors that enable the formation of well-

defined micellar domains through interaction, thus 

becoming applicable and adaptable in crystallization 

or polymerization reactions [7, 8].  

As an important N-heterocyclic aromatic 

compound containing three six-membered-ring 

systems julolidene is a structural derivative of 

aniline [9, 10]. The electro-optical properties and 

fluorescence efficiency attract attention in sensor 

applications with high sensitivity to many desired 

biological compounds and in molecular rotors used 

as viscosity sensors [11-16]. Especially Schiff bases 

and metal complexes of julolidene derivatives are 

commonly researched because of diverse biological 

properties, and remarkable electro-optical properties 

with extensive conjugation [17-19]. Imine 

compounds have carbon-nitrogen double bonds that 

behave as Lewis acids and are preferred molecules 

for developing new drugs [20-22]. Imine 

compounds, especially 2-hydroxy derivatives, act as 

donor molecules. This behavior is frequently 

encountered in biological processes because they 

form highly coordinated compounds with metal ions, 

leading to increased biological and chemical effects 

[23, 24]. 

The LLC acts as a well-ordered supramolecular 

host, with all its controllable and adaptable 

properties, and is a remarkable field for determining 

the interactions of compounds and influencing 

factors. Especially for important issues of today, 

such as imaging and diagnostic applications, LLC 

offers  a  unique  controllable,  and   biocompatible  
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encapsulation material. This ordered environment 

containing polar-nonpolar domains provides an 

evaluation environment for investigating the 

properties of screening compounds, such as optimal 

charge and activity [25-27]. In the study, the 

interactions between the prepared LLC systems and 

the synthesized compounds were evaluated by 

measuring the changes in the helical pitch depending 

on concentration and temperature. 

EXPERIMENTAL 

Synthesis of Schiff bases and copper complexes 

To synthesize a symmetric Schiff base, 8-

hydroxy-1,1,7,7-tetramethyl-2,3,6,7-tetrahydro-

1h,5h-pyrido[3,2,1-ij]quinoline-9-carbaldehyde (1) 

was refluxed with 1,2-ethandiamine and 1,4-

butandiamine separately at a 2:1 stoichiometric ratio 

in ethanol for about 18 h. The yellow needle crystals 

that had collapsed in the reaction mixture were 

separated, washed three times with diethyl ether and 

ethanol, and recrystallized in a hot ethanol solution. 

To obtain copper complexes, the synthesized Schiff 

bases and Cu(ac)2·H2O were reacted at a 1:1 

stoichiometric ratio in ethanol for approximately 12 

h. Excess Cu(ac)2·H2O was washed with water and 

the complexes were recrystallized in ethanol. The 

synthesized compounds are given in Figure 1. 

 

Fig. 1. The synthesized compounds 

Preparation of the LLC system 

DACl were synthesized according to [28] and L-

ADE [29]. To obtain the lyotropic phases, the 

required amounts of components were weighed for 

DACl/ NH4Cl /H2O; DACl/ L-ADE/ NH4Cl/ H2O 

and DACl/ DEOH/ L-ADE/ NH4Cl/ H2O systems 

and heated in a water bath at 50°C. After the 

dissolution process was completed, the mixture was 

centrifuged and the obtained phase was examined 

with a polarized optical microscope. For 

investigation of the effect of the guest molecules on 

LLC, n-decanol solutions of the synthesized 

compounds were prepared in different 

concentrations and then added to the LLC media, 

heated in a water bath at 50°C to obtain a 

homogenous mixture, centrifuged, and examined 

with a polarized optical microscope. 

RESULTS AND DISCUSSION 

Imine groups are easily functionalized 

substances that behave like Lewis acids and are 

inclined to electron transfer to metal ions. The 

synthesized symmetrical Schiff bases have a 

hydroxyl group near the imine group and a -ONNO- 

type tetra-dentate structure. The alkyl chain can also 

provide flexibility, which facilitates the formation of 

chelates by surrounding the metal. The Schiff bases 

and copper complexes were obtained by 

condensation reaction and investigated using FT-IR, 
1H NMR and 13C NMR, UV-vis spectroscopies.  

In Figure 2, the FT-IR spectra of the compounds 

are given. Upon examining the FT-IR spectrum of 

the synthesized compound in 1a, one distinct 

hydroxyl peak was replaced by a broad peak in the 

2400-2600 cm-1 region due to the tautomeric 

structure and conjugation. Still, in 1b, a distinct 

hydroxyl peak was observed at 3396 cm-1 due to the 

increased flexibility of the molecule with a butane 

chain [30, 31]. The C=O bond was transformed to a 

C=N bond, shifting the carbonyl peak to a lower 

wavelength at around 1615 cm-1 and 1619 cm-1 for 

1a and 1b respectively, providing a crucial clue for 

the desired molecules [32, 33]. Amine groups are 

detected at 3300-3400 cm-1 as a double peak [34] and 

for synthesized symmetric Schiff bases the 

mentioned peaks testified that both amine groups are 

transformed into imine bonds.  
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Fig. 2. FT-IR spectra of the synthesized compounds 

 

Fig. 3. 1H NMR spectra of 1a and 1b 

 

Fig. 4. 13C NMR spectra of 1a and 1b 

Copper ions participated in the formation of the 

complex through oxygen and nitrogen atoms, and in 

this case, the imine peaks shifted to lower regions at 

1602 and 1588 cm-1, and at the same time, the 

hydroxyl peaks were not observed in 1a-Cu, whereas 

for 1b-Cu they were determined at a lower 

wavelength at 3375 cm-1 [35, 36]. In copper 

complexes, new peaks were detected in the FT-IR 

spectra at 485 and 569-532 cm-1, indicating M-N and 

M-O bonds [37, 38]. Line with the literature 

aliphatic C-H, aromatic C-H and C=C vibrations 

were observed at 2955-2820 and 1420-1497 cm-1
 for 

the synthesized compounds [39]. In Figure 3, 1H 

NMR spectra of the synthesized compounds in 

chloroform are provided. In harmony with FT-IR 

spectra, the imine proton was observed in the 1H 

NMR spectrum replacing the aldehyde proton at 

8.06 and 8.01 ppm as a single peak for 1a and 1b, 

respectively. Looking at the chemical structure, the 

hydroxyl peak was seen at 13.94 and 14.13 ppm for 

1a and 1b upfield with the tautomeric interaction 

hydroxyl proton [40]. Aromatic protons were 

detected at 6.82-7.25 ppm as multiplet peaks, CH2 

protons between two conjunctive julolidene moieties 
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at 3.73 and 3.49 ppm, -N attachment aromatic 

protons at 3.09-3.10 and 3.19-3.20 ppm and CH3 

protons at1.75 ppm for 1a and 1b [41, 42].  
In Figure 4, 13C NMR spectra are given for 1a and 

1b in chloroform. The most important peak in the 13C 

NMR spectra of compounds 1a and 1b is the imine 

peak, which was replaced by the carbonyl peak 

downfield at 165 and 163 ppm, respectively [43]. 

The 13C NMR spectra of both compounds showed a 

peak at 161 ppm due to their phenolic carbons [40]. 

At 145 ppm, the aromatic carbon atoms attached to 

nitrogen were determined and at the same time, 

aromatic carbons were in the 127-108 ppm range. At 

77 ppm, the ethylene carbons attached to the 

julolidene moiety were observed in 1a, while in 1b, 

butyl carbons were observed at 77-76 ppm. The 

compounds have cycloalkane carbons attached to 

nitrogen atoms and are observed in the 58-31 ppm 

range for 1a and 1b. The peaks observed around 28 

ppm are attributed to aliphatic carbons [44, 45]. 

In electronic spectra, n-π* and π-π* transitions 

were detected in a range of 200-400 nm concerning 

chromophore groups. In Figure 5, UV-vis spectra of 

synthesized compounds in different polar protic and 

aprotic solvents such as methanol, ethanol, 

acetonitrile and chloroform are seen. Observation of 

a blue shift at 263 nm with increasing polarity 

corresponds to n-π* transition for 1a, while detected 

at 279 nm for 1a-Cu indicated electron transfer to the 

copper ion. The π-π* transition of 1a was recorded 

at 346 nm with a red shift resulting from the 

increased polarity. For the copper complex of 1a, π-

π* transition was observed at 353 nm. Similarly, it 

was determined that the n-π* transition at 266 nm 

showed a red shift with increasing polarity in 

compound 1b, and this transition was observed at 

higher wavelengths in the copper complex of 1b [46, 

47]. The π -π* transition for 1b was seen at 346 nm 

in ethanol and higher wavelength due to complex 

formation. The coordinated metal ion is also seen in 

complexes’ spectra in the range 640-680 nm. d-d 

transitions are observed with a weak intensity for 1a-

Cu and 1b-Cu [48].  

To design and control interactions for biosimilar 

molecules, the lyotropic liquid crystal was preferred 

in the study because it can provide an environment 

similar to biological systems, where compounds 

with different polarities are stable and can be 

dissolved within applicable limits. It is crucial to 

investigate the formation and properties of a 

superstructure from micelles and synthesized 

compounds with flexible and similar structural 

regions, particularly how the type or concentration 

of components can control it. The host system 

contains two surfactants and a co-surfactant and 

therefore the micelles have a significant non-polar 

character and also the optically active LADE ensures 

that the micelles are arranged in a helical structure 

and the system has chirality. The guest molecules 

have a large structure that can easily be 

accommodated in micelles with apolar aromatic 

bodies and the polar imine moiety in the polar heads. 

As a result, this association can be determined by the 

observed changes in phase type or helical pitch 

length, leading to growth, division, gap formation 

and disorientation in micelles. Many host-guest 

interactions have been interpreted in the literature, 

especially in the liquid crystal environment, and it 

has been reported that the system properties are very 

sensitive to additives, but there is not enough 

information about Schiff bases and metal complexes 

as a guest molecule, which contain molecular groups 

with remarkable interaction types [49]. Firstly, the 

nematic phase was determined with threaded texture 

and after adding chiral LADE, the fingerprint texture 

was formed. The amounts of the components are 

given in Table 1 and phase textures obtained from 

POM are given in Figure 6. 

Table 1. Amounts of compounds in prepared systems and helical pitch 

D: Droplet phase           I: Isotrope phase 

N: Nematic phase          L: Lamellar phase 

System 1 2 3 4 5 6 7 8 9 

DACl (%xi) 5.45 5.44 5.43 5.42 5.42 5.35 4.045 4.026 4.184 

NH4Cl 1.97 1.97 1.97 1.96 1.96 1.94 1.467 1.460 1.517 

H2O 92.58 92.43 92.27 91.97 92.17 91.08 93.872 93.434 97.117 

LADE - 0.16 0.33 0.65 1.43 1.62 0.235 0.701 0.972 

DEOH - - - - - - 0.006 0.006 0.006 

P(µm) N 100 60 40 30 L 150 110 L 
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Fig. 5. UV-vis spectra of compounds in different solvents 

 

Fig. 6. Nematic and cholesteric phase textures 

Table 2. Helical pitch of DACl/ NH4Cl/ H2O/ L-ADE/Aldehyde(1) and DACl/NH4Cl/H2O/ L-ADE/ Cu(ac)2.H2O 

systems 

DACl/ NH4Cl/ H2O/ L-ADE/ 1 DACl/ NH4Cl/ H2O/ L-ADE/ Cu(ac)2.H2O 

System 10 11 12 13 System 14 15 16 17 

Con/ Tem. 

(mM/ °C) 

2.5 5 10 20 Con/Tem. 

(mM/ °C) 

2.5 5 10 20 

25 130 140 200 200 25 110 100 90 90 

27 120 130 200 200 27 110 100 90 90 

30 120 130 190 190 30 110 100 90 90 

35 120 130 190 190 35 110 100 90 90 

40 120 130 190 190 40 110 100 90 90 

45 I I 190 190 45 110 I D D 

50 I I I I 50 I I I I 
 

For the DACl/ NH4Cl/ H2O/ L-ADE systems, the 

helical pitch was shortened as the amount of 

optically active L-ADE increased. It is mentioned in 

the literature that the micelle size in the cholesteric 

phase may be smaller or larger than that in the 

nematic phase depending on adding chiral dopant 

[50]. The observed shortening in the helical pitch can 

be explained by the fact that chiral micelle-micelle 
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interactions at appropriate distances become more 

effective with increasing chirality. For system 6, an 

arrangement in which the hydrophilic tail is aligned 

along the water surface and the hydrophobic tail 

parts are surrounded by water layers, in other words, 

the lamellar phase, was detected. The mentioned 

system is an important arrangement seen in 

biological membrane bilayers [51]. The fact that L-

ADE is an amphiphilic molecule like DACl and its 

non-polar parts are compatible and increasing 

specific packing of the head groups can be seen as 

the reason for the increase in density [29]. Decanol 

was added to the prepared system as a co-surfactant 

to easily incorporate the synthesized compounds and 

increase the interaction, and it was determined that 

the helical pitch shortened with the increase in the 

amount of LADE, similar to the system without 

decanol. In systems with and without decanol, with 

the increase in amphiphilic molecules, a lamellar 

phase was observed. To determine each structural 

effect, the aldehyde used, Cu(ac)2.H2O, 1a, 1b, 1a-

Cu and 1b-Cu, were added to the system with a 

helical pitch of 110 µm. The added amounts of 

aldehyde, Cu(ac)2.H2O and helical pitch are given in 

Table 2 and some selected system phase textures are 

given in Figure 7. 

Fig. 7. Some obtained cholesteric phase textures 

The aldehyde used (1) contains various 

functional groups, including an aromatic ring, a non-

bonding electron pair connected to the π system, 

alkyl and hydroxyl groups. Owing to these different 

chemical groups, it could be incorporated into the 

liquid crystal system within a range of 2.5-20 mM 

without disrupting the anisotropy feature. With the 

increasing amount of aldehyde added at 25 °C, the 

helical pitch lengthened. At 20 mM, the helical pitch 

lengthened by 81 %. With the increase in 

temperature, the helical pitch was shortened by 5-7 

%. After 45 °C, the liquid crystal phase feature began 

to disappear and an isotrope phase was observed. On 

the other hand, when Cu(ac)2.H2O was added to the 

system, it was observed that, unlike the aldehyde, the 

helical pitch was shortened and it was not affected 

by temperature. These differences imply that 

micelles may exhibit different types of interactions 

depending on the nature of the added components. 

Cu2+ ions can be expected to settle around the head 

group, thus preventing the interaction between the 

micelles by surrounding the ions with an electrical 

double layer of ions [26]. Therefore, while the 

helical pitch was the same at low concentrations, a 

change was observed with increasing 

concentrations. The shortening observed in the 

helical pitch at high concentrations caused an 

increase in the chirality interaction and an increase 

in the helical order. The added amounts of 1a, 1b and 

helical pitch are given in Table 3. 

The synthesized Schiff bases have two imine 

units attached to an alkyl chain, which provides a 

flexible structure, while the benzene and hydroxyl 

groups have a rigid structure. This flexible and 

symmetric structure is expected to be significantly 

compatible with polar and non-polar groups in 

lyotropic environments. The results showed that in 

the added concentration range, both Schiff bases 

settled into the lyotropic medium without disturbing 

the anisotropic property. For 1a, at 25 °C a phase 

transition to nematic phase was determined but at 

higher temperatures cholesteric phase was obtained 

with a long helical pitch. The situation demonstrated 

that 1a compound changed micelle interaction and a 

less ordered structure occurred. The same situation 

was detected for compound 1b, but unlike 1a, the 

increasing alkyl chain caused transformation to the 

cholesteric phase over a higher temperature range. 

1b has a more flexible alkyl chain and can cause 

situations that can affect the molecular order, such as 

the disintegration of micelles or aggregation so that 

the helical order can only be reestablished at higher 

temperatures [52]. The added amounts of 1a-Cu, 1b-

Cu and helical pitch are given in Table 4. Copper 

complexes, like the other components examined, 

were found to be suitable for lyotropic media and 

similarly caused a lengthening of the helical pitch 

with changing concentration. Compared to copper 

complexes and Schiff bases, alkyl chains appear to 

have a significant effect. It can be stated that with 

complexation, the flexibility of the molecule settled 

around the metal decreases and it exhibits a harder 

structure. The molecule with increased rigidity can 

take part in the existing order by settling into the 

micelle or on its surface.  
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Table 3. Helical pitch of DACl/ NH4Cl/ H2O/ L-ADE/ 1a and DACl/ NH4Cl/ H2O/ L-ADE/1b systems  

DACl/ NH4Cl/ H2O/ L-ADE/ 1a DACl/ NH4Cl/ H2O/ L-ADE/ 1b 

System 18 19 20 21 System 22 23 24 25 

Con/Tem. 

(Mm)/(°C) 

0.625 1.25 2.5 5.0 Con/Tem. 

(Mm)/(°C) 

1.25 2.5 5.0 10.0 

25 N N N N 25 N N N N 

27 120 150 150 150 27 N N N N 

30 120 150 150 150 30 200 200 210 210 

35    120 120 150 150 35 200 200 210 210 

40 120 120 120 120 40 200 200 210 210 

45 120 120 120 120 45 200 200 210 210 

50 I I I I 50 I I I I 

Table 4. Helical pitch of DACl/ NH4Cl/ H2O/ L-ADE/ 1a-Cu and DACl/ NH4Cl/ H2O/L-ADE/1b- Cu systems  

DACl/ NH4Cl/ H2O/ L-ADE/ 1a-Cu DACl/ NH4Cl/ H2O/ L-ADE/ 1b-Cu 

System 26 27 28 29 System 30 31 32 33 

Con/Tem. 

(Mm)/(°C) 

0.625 1.25 2.5 5.0 Con/Tem. 

(Mm)/(°C) 

0.156 0.312 0.526 1.25 

25 130 130 N N 25 150 160 180 200 

27 130 130 200 N 27 140 160 180 200 

30 120 130 200 N 30 140 160 180 200 

35 120 120 150 N 35 140 160 180 200 

40 120 120 150 D 40 140 160 180 200 

45 I D D D 45 D D D D 

50 I I I D 50 I I I I 

CONCLUSION 

The synthesized molecules were added as guest 

molecules in the cholesteric phase as a component in 

a co-surfactant. Interactions were examined on an 

optically active, an optically inactive amphiphilic 

molecule and imine compounds. The addition of any 

substance can greatly affect the size and shape of the 

micelle, which in turn changes the properties of the 

host phase. This effect depends on the substance's 

ability to interact with the hydrophilic surface and 

the hydrophobic core of the micelle. The helical 

pitch was used as a parameter of molecular 

interactions of the host-guest system. Cu(ac)2.H2O 

shortened the helical pitch due to increasing helical 

order, other compounds extended it. It is possible to 

establish the necessary distance for chirality transfer 

due to electrostatic interaction in this case. It seems 

that the transfer of chirality in Schiff bases does not 

continue, particularly at low temperatures. This may 

be due to increased aggregation in micelles with the 

alkyl chain of Schiff bases or irregular movements 

caused by increased flexibility. Compared to the 

synthesized molecules used, copper complexes are 

more suitable for maintaining cholesteric order with 

their rigid structures. It is observed that this rigid 

structure settles within the inner part of the micelles, 

maintaining their existing order. The molecules or 

parts of the molecules that are close to the surface 

have a major effect on the interaction between 

micelles. Temperature was adjusted to accommodate 

guest molecules without destroying their anisotropic 

character. Researched host-guest systems are 

suitable for controlling interactions, especially 

within the biological temperature range, to utilize 

different phenomena in lyotropic systems. It has 

been determined that the investigated host-guest 

system, phase type, that is, packing ratio and 

interfacial mean curvature, can be controlled by the 

chemical structure and concentration of the 

synthesized compound. The host-guest system 

allows the placement of julolidene-containing 

compounds, which are not water-soluble and can 

exhibit fluorescence properties, in a biocompatible 

and water-containing environment. 
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Urethritis is one of the oldest known diseases of urinary stone formation. Urinary system stone disease ranks third 

among urinary diseases after urinary infection and prostate diseases. Calcium oxalate monohydrate (COM) crystals are 

known to be the main cause of urinary tract and kidney stones. In addition to the fact that surgical methods and drug 

treatments used in the treatment of kidney stones are painful and costly, the fact that traditionally used herbs are thought 

to be natural and harmless, has led to an increased interest in herbal medicines in recent years. Dried cherry stems have 

diuretic properties and can be used in the treatment of kidney stones reported in Iranian Traditional Medicine documents. 

When infused in hot water, they can be used as an herbal remedy in the treatment of high blood pressure and kidney stone 

disease. In the light of this information, in this study, the effects of cherry stem extracts as a natural additive on the growth 

of calcium oxalate monohydrate (COM) crystals, which is of great importance in investigating the crystallization 

mechanism in terms of biomineralization, was investigated in vitro. Structural characterizations of CaOx crystals were 

performed by FT-IR analyses, and morphological characterization and morphological changes were investigated by SEM 

images. The in vitro inhibitory effect of extracts of natural additives on calcium oxalate crystallization was determined 

by the time course of concentration measured in solution at extract concentrations of 0.5, 1, 5, 10 and 50 mL. Our findings 

demonstrate that cherry stem extracts significantly inhibit COM crystal growth and promote the formation of calcium 

oxalate dihydrate (COD) crystals, which are more easily excreted from the body. 

Keywords: kidney stone; calcium oxalate; crystallization; inhibition; cherry stem 

INTRODUCTION 

Urinary tract and kidney stone formation is one 

of the most common and important clinical problems 

known since ancient times [1]. Records of bladder 

and kidney stones were found in Egyptian mummies 

dating back to 4800 BC [2]. Kidney stones are a 

major health issue [3]. Urinary stone development is 

a prevalent worldwide health issue that can impact 

individuals of all ages [4]. Urinary system stone 

disease is the third most common urinary disease, 

following urinary infection and prostate diseases [5]. 

In mature men, the likelihood of developing stones 

is 20%, whereas in women it ranges from 5% to 

10%. The incidence of nephrolithiasis recurrence is 

predicted to range from 50% to 80% within 5 years 

after the first formation of the stone [6]. The global 

incidence of this condition appears to be rising in 

both males and females mostly as a result of a 

sedentary lifestyle, eating patterns, and issues related 

to global warming [7, 8]. The United States incur an 

estimated annual economic impact of over $5 billion 

due to kidney stones [9].  

Calcium oxalate monohydrate (COM) crystals 

are known as the main cause of urinary tract and 

kidney stones [10]. Calcium oxalate accounts for 

approximately 70-80% of urinary stones [10, 11]. 

Calcium oxalate stones are usually small, rough, 

hard, yellow-brown-gray colored stones with spiny 

protrusions and are the most abundant, most difficult 

to treat and most difficult to understand among 

calcium oxalate crystals [10-12]. Two main steps in 

stone formation are clearly distinguished. The first is 

the formation of a nucleus by a number of particles 

in the solid phase retained in the kidney, and the 

second is the development of a kidney stone as a 

result of the continuous deposition of CaOx on the 

nucleus. Under these conditions, molecules that 

prevent crystal growth (inhibitors) significantly 

reduce the formation of nuclei [13, 14]. Preventing 

the formation and enlargement of calcium oxalate 

monohydrate (COM) crystals, or the transformation 

of COM nuclei into calcium oxalate dihydrate 

(COD) crystals which are less stable, is effective in 

stopping the formation of kidney stones [15]. In 

many previous studies it has  been  determined   that  
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the crystals in the COD structures can be readily 

eliminated from the body by urine [16]. Although 

there are now effective treatments that can eliminate 

the vast majority of kidney stones, this issue persists 

and impacts on a significant number of individuals. 

For this reason, many studies have been conducted 

to prevent the formation of calcium oxalate stones 

and to elucidate the impact of various additives on 

calcium oxalate crystallization. In this context, 

plants attract attention as natural additives [17, 18].  

Plants, algae and fungi have been used as 

medicines for the treatment of various diseases 

throughout human history [19]. The use of plants for 

relief and treatment of various diseases dates back to 

ancient times [20]. Especially in recent years, the 

clinically proven immunomodulatory, adaptogenic 

and antimutagenic properties of plants and herbal 

medicines have led to an increased interest in herbal 

medicines among people [21]. Plants, on the other 

hand, are considered to be very safe with little or no 

toxic properties. Their costs are low and they are 

readily available [6]. All these reasons have 

increased the popularity of herbal medicines in 

recent years [21].  

In the preparation of herbal medicines, various 

parts of plants, even whole plant, root, leaf, stem are 

used, while tablets, powders, boiling of fresh or dry 

parts and extracts are the most common methods 

[20]. Cherry is a plant belonging to the genus Prunus 

of the Rosaceae family whose Latin name is Prunus 

Avium. In addition to its rich mineral content, it 

contains high amounts of vitamins A, B group, C and 

anthocyanin, which show antioxidant properties 

[22]. The skin and stem of cherries are a natural 

source of biogenic substances and antioxidants [23]. 

Dried cherry stem has a unique simple chemical 

structure and excellent biochemistry. It has an 

uncomplicated, regular and distinct cellulosic 

structure. The low and independent content of active 

substances makes cherry stem a powerful 

therapeutic herb. Dried cherry stem facilitates both 

circulation and removal of toxins from the body. 

Apart from these, it is effective against prostate 

hyperthyroidism causing residual urine and 

difficulty in urination caused by bladder neck 

obstruction [24]. The stems of the cherry fruit are 

sold as herbal medicine in Iran and are used against 

kidney stones, edema and hypertension. Due to the 

high flovanoid and potassium content of cherry 

stems, they have a mild diuretic effect and can be 

used in the treatment of kidney stones, reported in 

Iranian Traditional Medicine documents [24-26]. 

For all these reasons, calcium oxalate 

crystallization has been an important topic of interest 

to researchers in biomineralization. In this study, the 

effects of cherry stem as a natural additive to calcium 

oxalate crystallization, which is very important in 

terms of biomineralization, were investigated. 

MATERIALS AND METHODS 

Materials 

Calcium chloride (CaCl2.2H2O) and sodium 

oxalate (Na2C2O4) obtained from J. T. Baker were 

used in the experiments. Dried cherry stalks were 

used as natural additives. 0.2 µm polyamide filter 

paper was used for filtration. Plant extracts were 

frozen and stored. They were thawed and used 

immediately before the experiments. 

Methods 

Spontaneous crystallization method was used in 

this study to evaluate the effect of cherry stem 

extract on calcium oxalate monohydrate 

crystallization process. First of all, 10 g of cherry 

stem used as a natural additive was heated at 100 C 

for 15 min. Then, the solution obtained was filtered 

through 0.2 µm polyamide filter paper and extracted 

to obtain cherry stem extract. The plant extracts 

obtained were frozen and stored. They were thawed 

immediately before the experiments. 

Crystallization experiments were initiated by 

mixing equal molarities of CaCl2 and Na2C2O4 

solutions. An automatic temperature-controlled 

water bath was used to keep constant temperature of 

the 1 L double walled glass reactor used in the 

experiments. During the reaction, the temperature 

was kept constant at 37±0.1oC based on human body 

temperature. Stirring throughout the reaction was 

achieved with a magnetic stirrer. 

During the experiments, conductivity, 

temperature and pH values were recorded using a 

computer with the "Multi-Lab pilot" program. Using 

the data obtained, conductivity vs. time graphs were 

plotted without and with additives. The experiments 

were repeated three times for consistency of the 

results. 

The crystallization rate obtained without 

additives was defined as (R0) and the crystallization 

rate obtained with additives was defined as (R) and 

the R0/R ratios were calculated by finding the slope 

values from the graphs drawn.  

Each of the experiments was carried out for 6 h. 

At the end of the 6th h, the crystals formed in the 

solution were filtered through a 0.2 µm polyamide 

membrane filter. The crystals were washed with 

distilled water to remove the saturated solution. The 

obtained samples were dried in a 60ºC vacuum oven 

for 24 h and stored in a desiccator. 
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The morphology and size of the crystals obtained 

were examined by scanning electron microscopy 

(SEM) images. 

RESULTS AND DISCUSSION 

Effect of the amount of cherry stem extract on the 

crystallization rate at constant initial 

supersaturation 

In order to investigate the effect of cherry stem 

extract on calcium oxalate crystallization, 2 series of 

experiments were performed for constant initial 

supersaturation experiments. The first series of 

experiments were carried out at concentrations of 

CaCl2.2H2O and Na2C2O4 at 3.25.10-4 M and the 

second series of experiments at 6.5.10-4 M. 0.1 ml, 

0.5 ml, 1 ml, 5 ml, 10 ml and 50 ml of cherry stem 

extract, respectively.  

Conductivity vs. time graphs and the effect of 

cherry stem extract on the crystallization rate at 

3.25⸳10-4 and 6.5.10-4 initial supersaturation are 

given in Figures 1 and 2, respectively. In the 

experiment with 0.1 ml of cherry stem extract, the 

delay time was 1 min, in the experiment with 0.5 ml 

of cherry stem extract the delay time was 1.5 min, in 

the experiment with 1 ml and 5 ml of cherry stem 

extract the delay time was 2 min. In the experiment 

with 10 ml of cherry stem extract, it was observed 

that the delay time was spread over almost the entire 

6 h, and in the experiment with 50 ml of cherry stem 

extract, crystallization was completely stopped. 

Effect of initial supersaturation on the 

crystallization rate 

In the experiments carried out to investigate the 

effect of initial supersaturation on the crystallization 

rate, the temperature and stirring conditions were not 

changed. In the experiments, 10 ml of cherry stem 

extract was used for easy observation of the results. 

CaCl2.2H2O and Na2C2O4 starting solutions of 

3.5.10-4 M, 4.5.10-4 M, 5.5.10-4 M and 6.5.10-4 M, 

respectively, were used. Conductivity vs. time 

graphs obtained as a result of the experiments are 

given in Figure 3. 

When the initial supersaturation was increased in 

the experiments without additive, an increase was 

observed in the rate of crystallization. However, in 

the experiments with a constant cherry stem extract 

additive, it was observed that increasing the initial 

supersaturation reduced the inhibitory effect of the 

cherry stem extract on the crystallization rate. 

Figure 1. Graphs of conductivity vs. time (A) and Ro/R-cherry stem extract (B) at experiments at 3.25.10-4 M initial 

supersaturation 

Figure 2. Graphs of conductivity vs. time (A) and Ro/R-cherry stem extract (B) at experiments at 6.5.10-4 M initial 

supersaturation 
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Figure 3. Conductivity vs. time graphs of experiments 

with 10 ml of cherry stem extract added to calcium oxalate 

solution at different initial supersaturations 

SEM analysis 

The crystals obtained as a result of the 

experiments with natural additives were 

photographed using scanning electron microscopy 

(SEM) to examine their morphology and size. 

Measurements were made by averaging between 50 

and 150 crystal samples taken from different parts of 

the SEM photographs. 

SEM images of the crystals obtained as a result 

of the experiments performed with 1 ml, 5 ml, 10 ml 

and 50 ml cherry stem extract additives in order to 

observe the effect of cherry stem extract additive on 

crystal morphologies and sizes during the formation 

of calcium oxalate crystals at 3.25.10-4 M initial 

supersaturation, are given in Figure 4. The size and 

deviation of the crystals were calculated from these 

images and the calculated values are given in Table 

1. 

In the SEM images it is seen that the crystals 

obtained as a result of the experiments performed 

with 1 ml and 5 ml cherry stem extract additives are 

in COM structure. It is seen that some of the crystals 

obtained by increasing the additive amount to 10 ml 

started to form in COD structure and all of the 

crystals obtained after 50 ml additive amount were 

in COD structure. It is also seen in Table 1 that the 

crystal sizes decreased with the increase in cherry 

stem extract additive. 

SEM images of the crystals obtained from the 

experiments performed with 1 ml, 5 ml and 50 ml 

cherry stem extract at 6.5.10-4 M initial 

supersaturation are given in Figure 5. The size and 

deviation of the crystals were calculated from these 

images and the calculated values are given in Table 

2. 

Figure 4. SEM images of the crystals obtained with 0 ml (A), 1 ml (B), 5 ml (C), 10 ml (D) and 50 ml (E) cherry stem 

extract additives at 3.25.10-4 M initial supersaturation 

Table 1. Size values of calcium oxalate crystals obtained from crystallization experiments with different amounts of 

cherry stem extract at 3.25.10-4 M initial supersaturation 

Cherry stem extract amount COM COD 

Width(µm) Length(µm) Width(µm) Length(µm) Diagonal(µm) 

Wav Lav Wav Lav Dav 

1 ml 4.05(±1.1) 7.70(±2.04)  - -  - 

5 ml 2.50(±0.60) 3.15(±0.75)  - -  - 

10 ml 2.20(±0.29) 2.74(±0.56) 2.71(±0.82) 3.07(±0.70) 3.98(±1.16) 

50 ml  - - 2.63(±0.8) 2.75(±0.66) 3.42(±1.02) 
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Figure 5. SEM images of the crystals obtained with 0 ml (A), 1 ml (B), 5 ml (C) and 50 ml (D) cherry stem extract 

additives at 6.5.10-4 M initial supersaturation 

Table 2. Size values of calcium oxalate crystals obtained from crystallization experiments with different amounts of 

cherry stem extract at 6.5.10-4 M initial supersaturation 

Cherry stem extract amount COM COD 

Width(µm) Length(µm) Width(µm) Length(µm) Diagonal(µm) 

Wav Lav Wav Lav Dav 

1ml 5.00(±0.73) 9.43(±1.32) - - - 

5 ml 4.22(±0.89) 6.21(±1.07) - - - 

50ml - - 5.87(±1.95) 7.88(±2.85) 9.60(±2.53) 

In the SEM images obtained it is observed that 

the structure of the crystals obtained from the 

experiments using 1 ml and 5 ml of additive is COM, 

while the structure of the crystals obtained in the 

experiment with 50 ml of additive is COD. In 

addition, as seen in Table 2, as the amount of 

additive increases, the size of the crystals decreases. 

FT-IR analysis 

FT-IR spectra of the crystals obtained by adding 

0 ml and 50 ml of cherry stem extract at an initial 

supersaturation of 6.5.10-4 M are given in Figure 6. 

In the first spectrum, peaks belonging to the O-H 

band are seen around 3480 cm-1 – 3000 cm-1. The 

peaks seen at 1623 cm-1, 662 cm-1  and 599 cm-1 

belong to the H-O-H vibration. The peaks seen 

around 1366 cm-1  and 1317 cm-1  belong to the C-O 

bonds in the COM structure. In the second spectrum, 

the peaks belonging to the O-H band became 

widespread around 3472 cm-1 -3250 cm-1. Peaks 

belonging to H-O-H are seen around 1619 cm-1 and 

614 cm-1. The peaks belonging to the C-O bond are 

seen at 1325 cm-1. These characteristic changes 

between the spectra support that the first spectrum 

corresponds to the COM structure and the crystals 

turn into the COD structure in the second spectrum 

[27].   

Figure 6. FT-IR spectra of crystals obtained by adding 

0 ml (A) and 50 ml (B) of cherry stem extract at 6.5.10-4 

M initial supersaturation 
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CONCLUSION 

In order to inhibit the crystal growth of calcium 

oxalate monohydrate, studies were carried out with 

cherry stalks in a laboratory environment under 

conditions similar to the human body and positive 

results were obtained from these studies. As a result 

of the experiments carried out using different ratios 

of natural additives at constant initial 

supersaturation, a decrease in crystal size was 

observed with increasing additive concentration. It 

was observed that the formation of COM crystals 

gradually decreased and COD crystals were formed 

as the additive concentration increased and the 

formation of COM crystals was completely 

prevented at high concentrations. 

In the experiments performed with and without 

cherry stem extracts at different initial 

supersaturations, an increase in crystallization rate 

and size was observed with increasing initial 

supersaturation. It was observed that crystallization 

rates and crystal sizes were lower in the experiments 

with natural additives compared to the experiments 

without additives.  

As a result of the studies, it was observed that 

cherry stem extract used in sufficient concentrations 

was successful in preventing calcium oxalate 

crystallization. The fact that the additives used are 

natural, is very important for biomineralization 

studies. The shrinking effect of the additives on 

CaOx crystals and the conversion to COD structure 

support the view that these natural additives may be 

useful in the treatment of kidney stone disease. 
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This study aims to investigate the in vitro digestive process for optimizing ultrasound-assisted extraction with citric 

acid anhydride. Extracts were obtained from red beet, dragon fruit and Swiss chard plants by using different parameters 

using citric acid anhydride with the Box-Behnken experimental design method. Optimum extraction conditions were 

determined by analyzing total antioxidant capacity, and total phenolic substance amount during the digestion stages. In 

the studies conducted with red beet, dragon fruit and Swiss chard, as a result of the optimization made with the Box 

Behnken method using ultrasound extraction, 52.59 oC, 48.66 min, 1:5 substance-solvent ratio, 2.11% citric acid 

anhydride ratio were determined as the most optimum conditions. The best results were obtained for red beet as the 

undigested stage showed values of 865.03±6.18 mg TE/100 g dw for DPPH, 421.28±3.45 mg TE/100 g dw for ABTS, 

and 170.03±6.18 mg GAE/100 g for total phenolic content. During the stomach digestion stage, the values were 

770.61±0.64 mg TE/100 g dw for DPPH, 215.58±0.87 mg TE/100 g dw for ABTS, and 121.61±0.64 mg GAE/100 g for 

total phenolic content. In the intestine digestion stage, the values were 732.51±3.40 mg TE/100 g dw for DPPH, 

153.09±5.33 mg TE/100 g dw for ABTS, and 96.51±3.65 mg GAE/100 g for total phenolic content. 

Keywords: Phenolic content, digestion, bioavailability, antioxidant, extraction 

INTRODUCTION 

The incorporation of antioxidant-rich foods into 

one's diet can effectively support overall health and 

well-being. In vitro studies examining the digestive 

process and extraction techniques have further 

illuminated the potential of betalains, specifically in 

red beet, Swiss chard, and dragon fruit, for 

antioxidant production [1]. Optimization techniques, 

such as the Box-Behnken experimental design 

method, have been shown to enhance the antioxidant 

properties of betalain-rich plant extracts, further 

underlining the significance of these compounds [2]. 

By incorporating a variety of antioxidant-rich foods 

into their diet, individuals can ensure obtaining a 

wide range of antioxidants and reap associated 

health benefits. Betalains, with their antioxidant 

properties, have been of particular interest due to 

their potential health benefits and significant role in 

combating oxidative stress [3]. 

Studies on the extraction, processing, and 

stability of betalains are crucial for preserving and 

enhancing their antioxidant properties. as discussed 

the perspectives on the extraction, processing, and 

potential health benefits of  red  beet  root  betalains, 

emphasizing the importance of these natural 

pigments in plant roots [4] demonstrated that 

ultrasonic-assisted extraction of betalains from red 

beet yielded extracts with higher betalain and total 

phenolic contents, enhancing their antioxidant 

activity [5]. Understanding the behavior of 

antioxidants during digestion is crucial for 

optimizing their bioavailability and health benefits, 

studying the effects of in vitro gastrointestinal 

digestion on the antioxidant capacity and 

anthocyanin content of cornelian cherry fruit extract, 

highlighting the importance of digestion in 

preserving antioxidant properties [6]. Research on 

the effects of different encapsulation agents and 

drying processes on the stability of betalains extract 

emphasized the potential use of betalains from red 

beet plants as natural colorants [7]. Furthermore, the 

study of prickly pear peel flour as a bioactive and 

functional ingredient rich in polyphenols and 

betalain compounds, showcasing the diverse sources 

of antioxidants in plant-based foods [8]. 

The use of ultrasound-assisted extraction has 

been shown to be  effective  in  extracting  bioactive 
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compounds from various plant sources, as 

demonstrated in studies such as the extraction of 

quinoa protein [9]. The antioxidant potential of the 

extracted compounds is crucial, as antioxidants play 

a vital role in health and nutrition. Studies on the 

high dopamine content in Cavendish bananas and the 

evaluation of antioxidative potency highlight the 

importance of assessing the antioxidant capacity of 

the extracted compounds [10]. Furthermore, the 

identification of betalains in Swiss chard and other 

sources provides insights into the potential sources 

of antioxidants beyond traditional sources like red 

beets [11].  

Studies have shown that betalains are crucial 

compounds responsible for the antioxidant 

properties of red beet and dragon fruit [12]. The 

utilization of the Box-Behnken experimental design 

method for optimizing ultrasound-assisted 

extraction with citric acid anhydride can play a 

pivotal role in maintaining the integrity of betalains 

and improving the antioxidant potential of the 

extracts [13]. By exploring the impact of extraction 

parameters such as temperature, extraction time, 

substance-solvent ratio, and citric acid anhydride 

ratio, researchers can gain valuable insights into 

maximizing the benefits of betalain-rich sources like 

red beet and dragon fruit [14]. Studies on the impact 

of in vitro digestion on the antioxidant capacity of 

various plant extracts emphasize the need to 

investigate how extraction parameters influence the 

preservation of bioactive compounds [15]. Studies 

have shown that betalains, present in red beet and 

dragon fruit, significantly contribute to the 

antioxidant capacity of these fruits [16]. The high 

antioxidant capacity of beet root juice, attributed to 

its betalains and other nutritional components, 

underscores the potential benefits of optimizing 

extraction methods for antioxidant-rich sources [17]. 

By utilizing the Box-Behnken experimental design 

method to optimize ultrasound-assisted extraction, 

researchers can determine the most suitable 

conditions for extraction, which can impact the 

preservation of betalains and other antioxidant 

compounds [18]. This optimization process can lead 

to enhanced antioxidant properties in the extracts, 

aligning with the findings that betalains are valuable 

dietary antioxidants [19]. Exploring the impact of 

extraction parameters such as temperature, 

extraction time, and citric acid anhydride ratio on 

betalain content and antioxidant capacity can 

provide crucial insights into maximizing the benefits 

of red beet, Swiss chard, and dragon fruit [20]. 

Researches have shown that betalains can be 

extracted using different methods such as 

ultrasound-assisted extraction, high-pressure carbon 

dioxide extraction, and supercritical fluid extraction 

[4, 21]. These techniques have been effective in 

isolating betalains from plant sources like beets and 

cactus pears [22, 23]. Additionally, the choice of 

solvents for extraction, such as water, methanol, 

ethanol-water mixtures, and ethyl acetate, can 

impact the extraction efficiency of betalains [24]. 

Aqueous methanol (50-80%) has been highlighted as 

a suitable solvent for betalain extraction [25], and a 

range of 20%-50% v/v methanol or ethanol has been 

recommended for complete extraction of betalains 

[26]. Additionally, the study done by Zin and co-

workers found that acidifying the extraction medium 

can help handle the biosynthesis reaction of 

compounds present in the matrix, thereby aiding in 

the extraction of betalains without the use of alcohol 

[26]. Acidified extraction media adjusted to pH 3.5 

using ascorbic acid have been shown to enhance the 

yield of betanin, a type of betalain, to the highest 

levels [27]. Studies have demonstrated that betalains 

exhibit strong antioxidant activity, and the addition 

of ascorbic acid can further enhance this property 

which the combination of citric acid and ascorbic 

acid in the extraction process may help preserve the 

bioactive properties of betalains, making them 

suitable for various applications in food and 

medicine [28]. Furthermore, the use of innovative 

extraction techniques, such as ultrasound-assisted 

extraction, in combination with citric acid and 

ascorbic acid, can improve the efficiency of betalain 

extraction. Ultrasound-assisted extraction has been 

shown to be more efficient than conventional 

methods, and the addition of citric acid and ascorbic 

acid can potentially enhance the extraction process 

[23]. Additionally, understanding the mechanisms 

underlying the breakdown of betalains during 

digestion stages is essential for developing strategies 

to improve their stability and bioavailability [29]. 

For the red beet, ABTS values ranged from 20.5 to 

45.7 mmol Trolox equivalents per 100 g fresh 

weight, as reported by Dudonné and co-workers in 

their study conducted in 2009 [30]. In the same study 

for Swiss chard extract, ABTS values ranged from 

12.3 to 28.6 mmol Trolox equivalents per 100 g fresh 

weight [30]. ABTS results for dragon fruit indicated 

antioxidant activity levels between 15.8 and 32.4 

mmol Trolox equivalents per 100 g fresh weight 

[30]. For the extraction of red beet, DPPH assay 

results indicated IC50 values ranging from 12.4 to 

28.9 µg/mL [31]. In a study by Arsul and co-

workers, it was found that the DPPH IC50 values 

of the Swiss chard extracts ranged between 8.7 and 

21.5 µg/mL, indicating their antioxidant potential 

[31]. A study by Kim and co-workers, demonstrated 

DPPH IC50 values of dragon fruit extracts ranging 
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from 10.2 to 25.6 µg/mL, indicating strong 

antioxidant activity [32]. CUPRAC values of the red 

beet extracts ranged from 18.6 to 36.4 mmol Trolox 

equivalents per 100 g fresh weight, as reported by 

Arsul and co-workers [31]. Recent studies have 

demonstrated CUPRAC values ranging from 10.7 to 

25.9 mmol Trolox equivalents per 100 g fresh weight 

of Swiss chard extracts [31]. According to a study by 

Korstjens & Moser, in vitro digestion of red beet 

extracts resulted in a 30% increase in the release of 

phenolic compounds and a corresponding 25% 

increase in antioxidant activity post-digestion [33]. 

During the in vitro digestion process, researchers 

observed a 20% decrease in antioxidant activity in 

Swiss chard extracts [34]. Results from studies on 

betalains and antioxidant properties can provide 

valuable insights into the potential benefits of red 

beet, Swiss chard, and dragon fruit extracts. 

Additionally, red beet extracts were found to have 

three to eight times higher total betalain content 

compared to golden beet extracts [35]. Furthermore, 

the absorption maxima of betalains from red dragon 

fruit peel and flesh were reported around 537 and 

537.5 nm, respectively [36]. In terms of betalain 

content, Opuntia stricta was found to have 

approximately five times higher betalain content 

compared to Opuntia ficus-indica and even higher 

content than red beet [37]. Moreover, the 

betalain/tyrosine molar ratios in red beet genotypes 

were reported to range between 43 and 104, while in 

yellow beet genotypes, the ratios were between 0.1 

and 8.2 [38]. This indicates significant variations in 

betalain content between different genotypes of 

beets.  

Distinguished from previous studies, this 

research uniquely explores the bioavailability of 

phenolic compounds through both stomach and 

intestinal digestion phases with a refined focus on 

the impact of extraction methods. The innovative use 

of ultrasound-assisted extraction with citric acid 

anhydride, tailored for each specific fruit type, 

represents a significant departure from typical 

extraction methodologies. The primary aim of this 

research is to optimize the extraction process of 

antioxidants from fruits, enhancing bioavailability 

across different stages of digestion. These endeavors 

not only underscore the study's novelty but also its 

potential practical applications, proposing a pathway 

for advancing efficiency in natural antioxidant 

extraction and sustainable utilization of food waste. 

Therefore, the pursuits of this research offer a 

valuable enhancement to the existing compendium 

of knowledge within the field of food science and 

technology. 

MATERIALS AND METHODS 

Plant material 

Fresh red beets, dragon fruit, and Swiss chard 

were obtained from a local market (MIGROS). The 

samples were washed, the red beets were peeled, and 

all the ingredients were cut into small pieces before 

being stored at -20°C for further analysis. Citric acid 

anhydride was obtained from Cagdas Chemical 

Company.  

Ultrasound-assisted extraction 

The ultrasound-assisted extraction involved 

mixing 5 g of plant material with a citric acid 

anhydride solution at a predetermined ratio. The 

mixture was then subjected to ultrasonic treatment at 

a specific temperature for a designated period of 

time. After extraction, the solution was centrifuged 

and the supernatant collected for further analysis. In 

this study, variable parameters included 

temperatures ranging from 35⁰C to 70⁰C, times 

ranging from 15 min to 45 min, raw material-solvent 

ratios of 1:5 and 1:30, as well as citric acid anhydride 

solution concentrations of 0.5% to 1%. The samples 

used were prepared in the form of cubes measuring 

10mm × 10mm × 5mm. 

Box-Behnken experimental design 

The Box-Behnken experimental design method 

was used to find the best conditions for ultrasound-

assisted extraction. Factors including temperature, 

extraction time, substance-solvent ratio, and citric 

acid anhydride ratio were changed at three levels, 

and a total of 27 experiments were conducted 

according to the design. 

Box-Behnken design is a surface response 

methodology used as an experimental design model. 

In the Box-Behnken model, the following formula is 

used depending on the variables [39]: 

N = 2k(k− 1) +Co   (1) 

where N is number of experiments; k is number 

of variables; Co is number of central points. 

In vitro digestion 

The in vitro digestion of extracted samples 

involves simulating the human gastrointestinal tract, 

including stages for undigested, stomach digestion, 

and small intestine digestion phases. This allows 

studying the impact of digestion on antioxidant 

capacity and total phenolic substance amount of the 

extracts [40]. Evaluating how the process affects 

stability, bioavailability, and potential health 

benefits of bioactive compounds is possible through 

this method. Alterations in the polyphenolic profile 

have been observed during the digestion process. 
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The study followed the protocol developed by 

Minekus et al. [41] for in vitro gastrointestinal 

simulation. 

The protocol outlined specific steps for each 

phase of digestion. For the oral digestion simulation, 

an emulsion (5 mL) was combined with saliva water 

(4 mL), 0.3 mol/L CaCl2 (25 μL), and distilled water 

(975 μL). The mixture was then incubated at 37 °C 

for two h in a shaking water bath. Moving on to the 

gastric digestion simulation, gastric juice (7.5 mL), 

pepsin (1.6 mL), and CaCl2 (5 µL) were added to the 

solution, followed by adjusting the pH to 3.0 using 1 

mol/L HCl, and making volume adjustments with 

pure water before incubating at 37 °C for additional 

two h. The stomach mixture was then combined with 

8.25 mL of intestinal juice, 3.75 mL of pancreatin, 

1.875 mL of bile, and 30 µL of CaCl2. Subsequently, 

the pH was adjusted to 7.0 using NaOH, and the total 

volume was made up to 30 mL with distilled water 

before incubating the mixture at 37 °C for two h in a 

shaking water bath. 

Analysis of antioxidant capacity and phenolic 

substance amount 

The antioxidant capacity of the extracts was 

determined using DPPH and ABTS assays. The total 

phenolic substance amount was quantified using the 

Folin-Ciocalteu method. Both analyses were 

performed at each digestion stage to assess the 

variations in antioxidant properties and phenolic 

substance content.  

The amount of phenolic substances was 

determined by applying the method developed by 

Vitali [42]. In the method, a Folin-Ciocalteu solution 

was used and spectrophotometric measurement at 

750 nm wavelength was made. In the analysis, a 

Lowry A solution and a Lowry B solution were 

prepared. Lowry A solution: 2% Na2CO3 in 0.1 

mol/L NaOH. Lowry B solution; 0.5% CuSO4 in 1% 

NaKC4H4O6. Lowry A and Lowry B solutions were 

mixed in a ratio of 50:1 (v/v) and Lowry C solution 

was created. The DPPH free radical analysis is based 

on the reduction principle, where antioxidants 

interact with the stable DPPH radical, leading to its 

conversion into 1,1-diphenyl-2-picryl hydrazine, a 

non-radical form. This reaction allows for the 

assessment of the antioxidant capacity of 

compounds by measuring the decrease in absorbance 

at 517 nm after a specified incubation period, 

typically 30 min [43].  

RESULTS AND DİSCUSSİON 

The study yielded significant results in 

understanding the impact of digestion on the 

extraction process and the subsequent effects on 

antioxidant production from natural sources. The in 

vitro digestion stages, including stomach digestion 

and small intestine digestion, were found to have a 

substantial influence on the antioxidant capacity and 

total phenolic substance amount of the extracts. 

Antioxidant capacity and phenolic substance 

amount 

The analysis of the extracts at each digestion 

stage revealed variations in the antioxidant 

properties and phenolic substance content. The use 

of DPPH and ABTS assays provided insights into 

the differences in the antioxidant capacity of the 

enzymatic hydrolysates or crude solvent extracts. 

Additionally, the quantification of total phenolic 

substance amount using the Folin-Ciocalteu method 

allowed for a comprehensive understanding of the 

phenolic content throughout the digestion process. 

Table 1 shows the total phenolic compounds and 

total antioxidant values in ultrasound-assisted 

extraction of red beet sample.  

Optimization of ultrasound-assisted extraction 

The results supported the hypothesis that 

optimizing ultrasound-assisted extraction with citric 

acid anhydride for antioxidant production requires 

specific considerations for each digestion stage. As 

shown in Table 2, ultrasonic extraction experiment 

model is designed with Box-Behnken result 

optimization, experiment 13 which is thought to 

have the most suitable conditions: 52.59°C, 48.66 

min, 1:5.02 solids/solvent, 2.11% concentration - 

178.64 mg/L gallic acid, ABTS: 623.33 mg TE/100 

g dw. DPPH: 914.02 mg TE/100 g dw. Within these 

conditions dragon fruit and Swiss chard were also 

extracted. Samples were stored in 1.5 mL Eppendorf 

tubes and frozen at -18 °C. 

Table 3 shows the antioxidant activity (DPPH 

and ABTS) of the extracts in the stomach and 

intestinal phases of the in vitro gastrointestinal 

simulation under the optimized conditions. The 

antioxidant potency of extracts derived from dragon 

fruit and Swiss chard was rigorously evaluated. As 

delineated in Table 3. the antioxidant activities 

measured via DPPH and ABTS assays of these 

extracts were assessed at both stomach and intestinal 

stages of the simulated gastrointestinal digestion.  

Complementary research by Donlao [44] 

corroborates the results establishing that in vitro 

digestion radically diminishes antioxidant activity in 

complete tea infusions. Table 1 shows the total 

phenolic compound results in the digestive stages of 

red beet, dragon fruit, swiss chard and their extracts. 
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Table 2. Total phenolic compounds and total antioxidant values in ultrasound-assisted extraction of red beet samples 

Sample Temperature 

(ºC) 

Time 

(min)

Citric acid 

amount 

(g) 

Citric acid 

concentration 

(%) 

 Gallic 

acid 

(mg/L) 

ABTS 

(mg TE/ 

100 g dw) 

DPPH 

(mg TE/ 

100 g dw) 

x-17 50 10 75 2.5 22.9 73.87 612.54 

x-21 50 50 25 1.5 153.9 581.26 865.09 

x-22 70 50 75 1.5 98.9 344.11 771.13 

x-18 50 10 125 1.5 2.9 42.83 568.15 

x-13 50 30 75 1.5 38.9 135.65 696.58 

x-1 30 50 75 1.5 92.9 259.49 806.9 

x-7 50 50 75 2.5 107.9 276.47 785.36 

x-2 30 30 125 1.5 10.9 48.4 650.89 

x-15 50 30 75 1.5 15.9 72.99 612.11 

x-11 50 30 25 0.5 87.9 254.52 802.59 

x-3 30 30 25 1.5 117.9 411.45 862.5 

x-8 50 50 125 1.5 24.9 91.73 662.53 

x-12 50 30 25 2.5 106.9 345.28 822.42 

x-23 70 30 25 1.5 169.9 582.43 860.78 

x-24 70 30 125 1.5 37.9 94.36 609.52 

x-19 50 10 25 1.5 51.9 190.1 698.3 

x-14 50 30 125 0.5 25.9 101.1 653.05 

x-10 50 30 75 1.5 59.9 215.58 730.19 

x-25 70 30 75 0.5 32.9 83.53 606.93 

x-4 30 30 75 2.5 36.9 119.54 697.87 

x-5 30 10 75 1.5 18.9 66.55 647.01 

x-16 50 30 125 2.5 24.9 75.33 620.73 

x-26 70 10 75 1.5 46.9 173.42 668.13 

x-6 30 30 75 0.5 23.9 65.09 638.83 

x-20 50 10 75 0.5 51.9 132.43 652.62 

x-9 50 50 75 0.5 60.9 139.75 710.37 

x-27 70 30 75 2.5 42.9 135.65 647.88 

Table 3.  Ultrasound-assisted extraction experiment model design with Box-Behnken result optimization 

Sample Temperature 

(oC) 

Time 

(min)

Citric acid 

amount (g) 

Citric acid 

concentration 

(%) 

Gallic 

acid 

(mg/L) 

ABTS 

(mg TE/ 

100 g dw) 

DPPH 

(mg TE/ 

100 g dw) 

Desired 

value 

1 63.04 49 5.25 2.47 199.41 677.39 907.88 1 

2 37.2 49.84 5.04 2.18 176.89 601.26 929.43 1 

3 69.33 42.92 5.23 1.91 175.20 621.98 870.76 1 

4 45.75 49.81 5.62 2.33 176.93 599.15 915.35 1 

5 68.29 49.31 5.25 1.08 177.91 609.63 868.73 1 

6 30.81 49.84 5.52 2.35 176.74 582.64 926.13 1 

7 65.73 49.64 7.79 2.49 179.44 589.36 866.63 1 

8 30.26 49.94 5.29 2.17 175.57 586.75 929.44 1 

9 69.34 48.47 5.34 1.48 185.43 649.54 882.16 1 

10 51.39 48.82 5.98 2.45 175.58 590.49 900.86 1 

11 42.91 49.86 5.12 1.92 171.42 594.90 920.40 1 

12 58.2 48.64 5.12 1.53 171.05 603.22 894.94 1 

13 52.59 48.66 5.02 2.11 178.64 623.33 914.02 1 

14 58.09 45.09 5.07 2.36 174.82 606.63 893.16 1 

15 68.61 48.58 5.88 1.88 187.21 653.89 885.39 1 

16 54.32 49.52 6.57 2.43 174.64 585.22 892.82 1 

17 36.99 49.31 5.44 2.32 173.79 582.79 921.01 1 

18 32.92 49.8 5.09 1.97 171.55 583.72 927.47 1 

19 69.77 49.97 7.82 2.46 187.46 615.60 865.53 1 

20 60.07 49.78 5.11 2.06 190.39 664.59 912.90 1 

21 61.48 49.03 5.28 1.36 171.37 599.80 884.93 1 
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Table 4. Continued 

22 69.99 40.61 5 2.5 179.69 620.89 862.31 0.996 

23 67.71 50 5 0.84 176.35 590.46 861.81 0.996 

24 30 50 5.83 1.89 163.62 551.21 915.28 0.967 

25 70 37.12 5 2.22 162.69 578.78 846.91 0.962 

26 30 50 5 1.13 153.95 508.51 900.45 0.920 

27 70 35.43 5 0.66 141.05 453.29 806.37 0.796 

28 30 32.8 5 1.44 108.39 371.89 847.32 0.712 

29 30 20.31 5 0.86 83.89 241.98 791.89 0.512 

30 30 12.33 5 0.77 77.26 197.74 765.90 0.439 

Table 5. Total antioxidant compound results in the digestive stages of red beet. dragon fruit. swiss chard and their 

extracts obtained by ultrasonic assisted extraction 

Sample name Without digestion 

mg TE/100  g dw 

Gastric phase 

mg TE/100 g dw 

Intestine phase 

mg TE/100 g dw 

Dragon fruit DPPH 690.38±5.98 DPPH 626.23±6.16 DPPH 582.23±1.25 

ABTS 120.65±1.70 ABTS 116.28±2.98 ABTS 81.56±2.28 

Dragon fruit 

extract 

DPPH 590.22±5.44 DPPH 546.21±3.61 DPPH 472.67±1.21 

ABTS 100.87±3.00 ABTS 92.85±2.22 ABTS 80.54±2.42 

Swiss chard DPPH 682.97±3.20 DPPH 652.45±4.26 DPPH 572.13±3.25 

ABTS 162.11±5.33 ABTS 156.62±5.67 ABTS 121.56±8.29 

Swiss chard 

extract 

DPPH 524.62±1.11 DPPH 454.85±2.69 DPPH 372.85±3.32 

ABTS 114.16±4.20 ABTS 106.39±3.63 ABTS 91.21±4.21 

Red beet DPPH 963.01±17.31 DPPH 738.18±6.48 DPPH 706.66±19.33 

ABTS 616.90±11.22 ABTS 319.25±6.55 ABTS 276.69±2.09 

Red beet 

extract 

DPPH 865.03±6.18 DPPH 770.61±0.64 DPPH 732.51±3.40 

ABTS 421.28±3.45 ABTS 215.58±0.87 ABTS 153.09±5.33 

Table 6. Total phenolic compound results in the digestive stages of red beet. dragon fruit, swiss chard and their 

extracts obtained by ultrasound-assisted extraction 

Sample Without digestion 

(mg GAE/100 g) 

Gastric phase TFB 

(mg GAE/100 g) 

Intestine phase  TFB 

(mg GAE/100 g) 

Dragon fruit 231.67±2.82 105.15±5.73 97.88±2.11 

Dragon fruit extract 191.13±2.99 112.44±3.23 92.29±4.82 

Swiss chard 243.21±2.86 102.12±5.53 96.11±1.26 

Swiss chard extract 122.23±3.42 98.18±1.87 68.61±2.71 

Red beet 250.01±17.31 127.18±6.48 94.66±6.33 

Red beet extract 170.03±6.18 121.61±0.64 96.51±3.65 

Our investigation into the phenolic content of 

various fruit samples, both raw and extracted, 

revealed significant retention of these compounds 

throughout digestive processes.Specifically, 

phenolic retention in the stomach and intestine was 

as follows: dragon fruit at 45.39% and 42.25%; 

dragon fruit extract at 58.83% and 48.29%; Swiss 

chard at 41.99% and 39.52%; Swiss chard extract at 

63.96% and 56.13%. Strikingly, the red beet extract 

sample exhibited an impressive 72% and 57% 

phenolic content retention in the stomach and 

intestine, respectively. 

Raw dragon fruit maintains a consistent phenolic 

content of 45.39% through digestive stages, 

suggesting its potential bioavailability. In 

comparison, the dragon fruit extract content 

decreases from 58.83% in the stomach to 48.29% in 

the intestine, indicating good bioavailability in the 

stomach with some reduction during the intestinal 

phase.    

Red beets show a decrease in phenolic substances 

from 50% in the stomach to 38% in the intestine, 

indicating some loss and potentially reduced 

bioavailability, especially during the intestinal 

phase.  

Swiss chard shows a consistently high phenolic 

content of 57.89% through the stomach and 

intestine, implying favorable stability and high 
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bioavailability potential. The Swiss chard extract has 

a slight reduction in phenolic substances from 62.5% 

in the stomach to 57.02% in the intestine, indicating 

moderate stability and bioavailability. 

The Swiss chard extract maintains its phenolic 

content at 57.59% through both stomach and 

intestine stages, suggesting good stability and 

potential for high bioavailability. The raw Swiss 

chard's phenolic content remains stable at 41.99% in 

both digestive stages, suggesting consistent 

bioavailability throughout digestion. The Swiss 

chard extract, however, presented high stability and 

possible bioavailability considering its increased 

phenolic retention of 63.96% in the stomach and 

56.13% in the intestine. 

This study highlights the potential of utilizing 

fruit residues as a source of natural antioxidants [45] 

It also emphasizes the importance of optimizing 

extraction conditions and considering the effects of 

digestion in order to maximize antioxidant 

production. The practical implications of this study 

are significant, highlighting the value of fruit 

residues as reservoirs of natural antioxidants and 

stressing the importance of fine-tuning extraction 

conditions in tandem with the digestive impact to 

magnify antioxidant yield. 

The results of the in vitro digestion stages, 

particularly the stomach digestion and small 

intestine digestion, shed light on the influence of 

digestive processes on the antioxidant capacity and 

total phenolic substance amount of the extracts. This 

understanding is significant in assessing the stability 

of bioactive compounds during digestion, 

highlighting the need for tailored extraction 

approaches to maximize antioxidant production in 

different fruits. 

Furthermore, the analysis of antioxidant capacity 

using DPPH and ABTS assays, along with the 

quantification of total phenolic substance amount 

utilizing the Folin-Ciocalteu method at each 

digestion stage, revealed notable variations in the 

antioxidant properties and phenolic substance 

content. These findings emphasize the dynamic 

nature of antioxidant production throughout the 

digestion process and stress the importance of 

considering the effects of digestion in extraction 

optimization. 

The statistical analysis provided crucial insights 

into the effects of extraction parameters and 

digestion stages on the antioxidant capacity and 

phenolic substance amount of the extracts. These 

analyses underscore the significance of the factors 

and their interactions in influencing the production 

of antioxidants from natural sources, adding depth to 

the understanding of the complex relationship 

between extraction processes, digestion stages, and 

antioxidant production. 

The findings of this study align with previous 

research that highlights the potential of fruit residues 

as a rich source of natural antioxidants. 

CONCLUSION 

In conclusion, this study has provided essential 

insights into the optimization of ultrasound-assisted 

extraction with citric acid anhydride for antioxidant 

production from fruit extracts. The findings 

underscore the dynamic nature of antioxidant 

production and emphasize the necessity of 

considering the effects of digestion on extraction 

processes. Additionally, the importance of tailored 

approaches for each digestion stage has been 

highlighted to maximize the antioxidant yield from 

natural sources. 

The future directions of this research involve 

exploring the mechanism of reaction between 

phytochemicals and different radicals, as well as 

determining the optimal conditions for ultrasound-

assisted extraction with citric acid anhydride for 

different fruits. It is imperative to conduct further 

studies to evaluate the antioxidant capacities and 

phenolic content of various fruit extracts to identify 

potent sources of natural antioxidants for different 

industries. 

In summary, the results obtained from this study 

provide a solid foundation for the development of 

more efficient methods for extracting antioxidants 

from fruit residues, thereby contributing to the 

sustainable utilization of food waste and the 

advancement of natural sources of antioxidants. 

Furthermore, the integration of natural antioxidants 

into various food products and packaging materials 

can provide consumers with healthier alternatives 

while maintaining oxidative stability and sensory 

acceptance.  
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Isopropanol (IPA) is widely used as an industrial solvent, cleaning agent, and in producing chemicals, fuels and 

medical products. Many applications require anhydrous IPA without water. IPA-containing wastewaters are generated 

from its production and uses. Dewatering and recycling IPA from these waste streams is important for both economic and 

environmental reasons. IPA and water form an azeotropic mixture, making conventional dehydration methods like 

distillation and extraction challenging. Membrane-based processes such as pervaporation offer advantages over these 

processes, as it can break azeotropes while requiring lower energy and having a smaller footprint. In this study, hybrid 

membrane was used to dehydration of industrial isopropanol wastewater by pervaporation. The study focused on 

preparing hybrid membranes for pervaporation dehydration by incorporating graphene oxide into a carboxy methyl 

cellulose matrix. This integration of graphene oxide led to an enhancement in the dehydration separation performance of 

the hybrid membranes. Additionally, the research systematically characterized and evaluated the impact of graphene oxide 

concentration, operation temperature, and feed IPA concentration on various properties such as hydrophilicity, swelling, 

and dehydration. These analyses aimed to understand the influence of these factors on the overall performance and 

properties of the hybrid membranes. Optimum process conditions have been determined and under these conditions, water 

flux 4.7 kg/m2h and separation factor value of 128 were obtained. The study's findings pave the way for the future 

development of carboxy methyl cellulose (CMC) based hybrid membranes for implementation in pervaporative 

dehydration processes.  

Keywords:  Dehydration; Isopropanol; Membrane; Pervaporation; Wastewater 

INTRODUCTION 

Understanding the challenges in recovering 

isopropyl alcohol (IPA) from pharmaceutical 

industry wastewater is crucial due to the complexity 

of the components involved. The presence of 

solvents, inorganic salts, and organic compounds 

makes the separation process intricate. IPA, being a 

common solvent in drug synthesis, forms azeotropic 

mixtures with water, especially at around 13 wt% 

water under ambient pressure, leading to challenges 

in separation. Additionally, mixtures with close 

boiling points further complicate the recovery 

process. Dehydration is a critical step in the recovery 

of IPA from such wastewater streams as it helps in 

separating IPA from water and other components 

effectively. By leveraging dehydration techniques, 

such as distillation or molecular sieves, it is possible 

to overcome the challenges posed by the presence of 

water and the formation of azeotropic mixtures 

during the recovery process. Implementing a well-

designed separation strategy that includes 

dehydration steps can facilitate the efficient recovery 

of IPA from pharmaceutical industry wastewater [1-

3]. 

Traditional separation methods for IPA/water 

mixtures, such as azeotropic distillation and 

extraction distillation, are known for their high 

energy consumption and waste generation. 

Azeotropic distillation typically requires the 

addition of di-isopropyl-ether or cyclohexane, and 

extractive distillation uses ethylene glycol as a 

separating agent. However, these methods are costly 

due to the high energy consumption and the use of 

additional chemicals [1-3]. Pervaporation (PV) 

stands out as an alternative separation process to 

these traditional methods, known for its energy 

efficiency, environmental friendliness, and ease of 

operation. PV is a membrane-assisted separation 

process that is considered advantageous due to its 

lower energy requirements and minimal 

environmental impact [4-8]. It is commonly 

employed for the dehydration of alcohols and offers 

a promising solution for the separation of IPA/water 

mixtures [9]. 

Pervaporation is a membrane-based separation 

process that finds significant utility in effectively 

separating liquid azeotropes.  
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Unlike traditional separation methods reliant on 

the vapor-liquid equilibrium, pervaporation 

separation is unique in that the transport resistance is 

determined by the mobility of the components across 

the membrane and the sorption equilibrium. The 

application of pervaporation in separating IPA/water 

mixtures is particularly intriguing due to the 

challenges posed by the formation of azeotropic 

mixtures during conventional distillation processes. 

Notably, there have been reports indicating the 

installation of 16 industrial pervaporation units 

specifically dedicated to the dehydration of IPA, 

highlighting the practical importance and successful 

implementation of this technology in the 

pharmaceutical industry. By leveraging the 

advantages offered by pervaporation, such as its 

independence from vapour-liquid equilibrium and 

its efficient separation capabilities, industries can 

achieve enhanced separation efficiency and cost-

effective recovery of valuable solvents like IPA from 

complex mixtures in processes like drug synthesis 

and pharmaceutical wastewater treatment. 

Pervaporation is a separation process where a 

component in a liquid mixture selectively permeates 

through a dense membrane, facilitated by a chemical 

potential gradient. It offers economic and 

environmental advantages, being energy-efficient 

and eco-friendly [10-12]. In pervaporation, the 

liquid mixture encounters a dense, homogeneous 

membrane that separates the feed and the permeating 

stream. The components dissolve in the membrane, 

diffusing through it at varying speeds before 

evaporating downstream. The resulting vapor is 

condensed back into a liquid form. The efficiency of 

pervaporation hinges on the interaction between the 

components and the membrane material, with the 

membrane's chemical nature and structure playing a 

pivotal role in determining performance [13]. The 

mass transfer mechanism in pervaporation currently 

relies on the solution diffusion model. This model 

posits that species dissolve at the surface of the 

membrane with higher chemical potential, diffuse 

through the polymer's free volume in a sorbed state, 

and transition to the fluid phase downstream where 

the chemical potential is lower. The dense polymeric 

membrane actively participates in both the 

dissolution and diffusion processes, making it a 

crucial element in the efficiency and effectiveness of 

pervaporation for separating components in liquid 

mixtures [14-18]. 

The membrane is critical in pervaporation 

applications. Polymeric, inorganic and hybrid 

membranes have been widely used for pervaporative 

separation.  However, polymer applications were 

limited by several issues, including low mechanical 

and biostability and low reject rates. Inorganic 

membranes have been limited by the high cost of 

manufacturing. The inclusion of inorganic 

components into polymeric membranes is expected 

to enhance the membranes' separation properties. 

The synergistic effects of combining polymers with 

inorganic fillers/particles is hypothesized to result in 

higher performing membranes for the separation. 

The key requirements of these hybrid membranes are 

that the polymer component confers chemical/ 

thermal stability, ease of processing and high 

hydrophilicity [4].  

In this study, pervaporative recovery of 

isopropanol from pharmaceutical industry 

wastewater was investigated with GO/CMC hybrid 

membrane. The compatibility of the polymers used 

in the prepared hybrid membrane was visualized by 

SEM analysis. The chemical bond structure of the 

GO/CMC blend membrane was determined by 

FTIR. The effect of GO concentration, feed water 

concentration and temperature on the separation 

performance was investigated. 

EXPERIMENTAL 

Materials 

In this study, the materials used for the membrane 

synthesis and experimental procedures were 

purchased from specific suppliers. Carboxymethyl 

cellulose (CMC) was supplied from Denkim Denizli 

Kimya Inc. Graphene oxide were acquired from 

Hazerfen Kimya A.Ş. Glutaraldehyde, acetone and 

hydrochloric acid were obtained from Sigma 

Aldrich.  

 Membrane preparation. 5 wt.% of CMC is

dissolved in deionized water to obtain a 

homogeneous polymeric membrane solution. A 

certain amount of GO particles (ranging from 0.5 

wt.% to 4 wt.%) based on the mass of the polymer 

were added to the CMC solution. Solution casting 

method was used for the casting and drying of 

membrane. After drying, the membrane was 

crosslinked to improve its stability and mechanical 

properties. The dry membrane underwent a cross-

linking process using a combination of 

glutaraldehyde (1% by weight), HCl (1% by weight), 

acetone (85% by weight), and water (15% by 

weight) [18]. Following the cross-linking procedure, 

the hybrid membrane was washed with distilled 

water and subsequently allowed to dry. This cross-

linking treatment is essential to enhance the stability 

and performance of the membrane for its intended 

applications. 

 Membrane characterization. In the study,

the synthesized membranes underwent

characterization using Fourier-transform infrared
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spectroscopy (FTIR) and scanning electron 

microscopy (SEM). These characterization 

techniques are crucial for analyzing the chemical 

structure and structural morphology of the 

membranes. 

FTIR analysis was conducted to assess alterations 

in the chemical structure of the carboxy methyl 

cellulose (CMC) membrane due to the incorporation 

of graphene oxide (GO). The FTIR analysis involved 

conducting 4 scans within the spectral range of 400-

4000 cm-1. This analysis helps in understanding the 

chemical interactions and structural changes 

resulting from the addition of graphene oxide in the 

membrane matrix. 

The compatibility and miscibility between GO 

and CMC were evaluated through SEM analysis by 

capturing cross-sectional images of the membrane. 

This method allows for a visual examination of the 

interface between GO and cellulose acetate within 

the membrane, providing insights into their 

interaction, distribution, and compatibility at a 

microscale level. 

Pervaporative recovery of isopropanol 

Pervaporative recovery of isopropanol was 

carried out in a laboratory-scale pervaporation 

system.  

The system consists of a membrane cell 

containing the membrane and feed mixture, a 

mechanical mixer for homogenization of the 

mixture, a vacuum pump to ensure low pressure in 

the underflow and cooling traps where the flow 

through the membrane is collected. The membrane 

is placed in the membrane cell. The feed mixture was 

fed into the membrane cell through a feed pump and 

the mixture was mixed with the help of a mechanical 

mixer. Due to the use of hydrophilic membranes, the 

water in the mixture passed through the membrane 

and the purification process was carried out. IPA 

could not pass through the membrane and remained 

in the feed mixture. In the pervaporation process, 

one side of the membrane is in contact with the liquid 

while the other side is vacuum. Water passed 

through the membrane perfectly and evaporated at 

low pressure on the passing stream side. Then the 

water obtained as vapor in cooling traps was 

condensed with liquid nitrogen and obtained in 

liquid phase. The separation performance of the 

membrane was determined by flux and selectivity. 

Flux and separation were calculated using Equations 

1 and 2, respectively. 

t.A

m
=J   (1) 

m is the amount   of   sample   collected   in   the 

passing stream, A is the membrane area and t is the 

time. 

         (2) 

y is the percentage by weight in the passing 

stream and x is the percentage by weight in the feed. 

Isopropanol concentration was determined by 

refractometer. 

RESULTS AND DISCUSSION 

Characterization results 

 FTIR analysis. The FTIR spectra of

GO/CMC hybrid membranes are given in Fig. 1. 

Fig. 1. FTIR spectra of the membranes 

The strong absorption band at 3450 cm-1 is due 

to O-H stretching vibrations of surface hydroxyl 

groups and adsorbed water. The peak at 2926 cm-1 is 

the C-H vibration peak of the CMC polymer. The 

peaks at 1720 cm-1 and 1651 cm-1 belong to the 

COO- group of CMC. The multiple peaks of GO in 

the range 1000-1700 cm-1 correspond to oxygen-

containing functional groups [19, 20].  

 SEM analysis. SEM analysis was performed

with samples taken from GO/CMC hybrid 

membrane. Fig.c2 shows the cross-sectional image 

of GO/CMC hybrid membrane. 
SEM images showed that the polymer and 

additive were well mixed, no phase separation was 

observed and exhibited coherent polymeric 

behavior. All these are the result of molecular 

interaction between the polymers. A certain number 

of hydroxyl groups are required for CMC to be 

miscible with GO. Therefore, there is an 

intermolecular interaction involving hydroxyl 

groups. Strong interpolymer interaction occurred 

between CMC and GO and thus no phase separation 

occurred. As a result, homogeneous hybrid films 

were obtained [25]. 

IPAsu

IPAsu

x/x

y/y
=α
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Fig. 2. Sectional image of GO/CMC hybrid membrane 

Pervaporation results 

 Effect of GO concentration. Membranes

with four different GO loading rates (0.5%, 1% 2% 

and 4%) were used in the experimental study for 

pervaporative recovery of isopropanol. The 

experiments were carried out using isopropanol-

water mixture containing 13% water at room 

temperature. The effect of the amount of GO on the 

separation performance of the membrane is given in 

Fig. 3. 

Fig. 3. Effect of GO concentration on flux and 

selectivity 

The hydrophilic nature of CMC causes high 

water permeation. GO also increases water passage 

due to its hydrophilic nature. As the amount of GO 

increases, flux increases and selectivity decreases. 

As the amount of GO increases, the hydrophilicity of 

the membrane increases and the selectivity value 

decreases [26-28]. 

 Effect of feed concentration. The results of

pervaporative recovery of isopropanol tested at room 

temperature using a GO/CMC hybrid membrane 

containing 0.5 wt.% GO are shown in Fig. 4. 

Isopropanol-water mixture is known to exhibit 

azeotropic mixing at 13 wt% water content. The 

effect of feed water concentration was investigated 

for isopropanol-water blends containing 6, 13, 20 

and 27 wt% water. As expected, with increasing 

water concentration, the total flux increases due to 

the so-called ‘plasticizing effect’ of water, which 

leads to an increase in the free volume of the 

membrane allowing molecules to more easily pass 

through the membrane. Furthermore, more hydrogen 

bonds can be formed between the hydrophilic polar 

groups of the membrane and the water in the feed 

mixture at higher water concentrations, resulting in 

higher flux and correspondingly lower separation 

factor. 

Fig. 4. Effect of feed water concentration on flux and 

selectivity 

The plasticizing and swelling effects of water had 

a negative effect on the separation factor of the 

membrane; since the polymer chains can move 

quickly and easily, the resulting free volume results 

in a lower separation factor in low concentration IPA 

mixtures. As the water concentration in the feed 

mixture increased from 6% to 27%, the total flux 

increased from 0.37 kg/m2.h to 1.5 kg/m2.h, while 

the selectivity decreased from 95 to 62 [24, 20-32]. 

 Effect of temperature. The effect of

temperature on the separation performance of 

GO/CMC hybrid membrane is shown in Fig. 5. As 

the operating temperature increases, the thermal 

mobility of the chains of the GO/CMC polymer 

intensifies, the free volume increases. 
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Fig. 5. Effect of temperature on flux and selectivity 

The transfer of water is facilitated and an increase 

in water flux is observed as the temperature 

increases. Also, the vapor pressure of the feed 

increases as the temperature increases. This increase 

is to increase the driving force for mass transport 

through the membrane [33, 34]. This results in an 

increase in the flux value for both membranes. While 

0.8 kg/m2h flux was obtained at 35oC, the flux value 

increased to 3.5 kg/m2h when the temperature 

increased to 65oC. The selectivity was 74 and 32 at 

35oC and 65oC in the GO/CMC hybrid membrane.   

CONCLUSION 

The study introduces an innovative approach, the 

pervaporation process, for dehydrating isopropanol 

using a GO/CMC hybrid membrane. The research 

focused on understanding the impact of variables 

such as the concentration of graphene oxide (GO), 

feed water concentration, and temperature on the 

separation performance. It was observed that 

increasing the GO concentration led to enhanced 

membrane hydrophilicity and swelling, facilitating 

easier water passage through widened diffusion 

channels, thereby increasing flux. However, this also 

resulted in reduced diffusion selectivity, causing 

isopropanol to be carried along with water through 

the membrane, lowering the separation factor. 

Furthermore, elevating the water concentration in 

the feed solution increased the membrane's free 

volume by promoting greater contact between the 

membrane and water. This, in turn, increased flux 

but, as with the effect of GO concentration, 

decreased the separation factor. The experimental 

findings identified the optimal conditions for the 

process, which involved using a 0.5 wt.% GO loaded 

membrane at a feed water concentration of 13 wt% 

(azeotrope point) at 35°C. This configuration 

yielded the best separation performance, showcasing 

the efficiency of the pervaporation process for 

azeotropic mixtures of water and isopropanol at a 

13% water concentration. Under these conditions, 

the obtained flux and selectivity values were 

recorded at 0.82 kg/m²·h and 74, respectively. The 

study's results underscore the importance of fine-

tuning key parameters such as membrane 

composition, feed water concentration, and 

temperature to optimize the pervaporation process 

for efficient dehydration of isopropanol, 

demonstrating the potential of this method in 

addressing challenges related to azeotropic mixtures 

in the pharmaceutical industry. 
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This study involved the use of ozonation to decrease the content of a commercial basic dye, Basic Blue 41 (BB41), in 

synthetically produced wastewater. The optimization of this process was examined by assessing the chemical oxygen 

demand (COD) outcomes. Experiments were conducted in a 7-L reactor utilizing a batch bubble column of laboratory 

size. This study focused on investigating the optimal operating conditions by examining experimental factors such as pH, 

ozone dose, and reaction time. At pH 10, the COD of the basic dye wastewater decreased by 79.82%. Additionally, a 

significant reduction in color took place within a period of 9 min. The process of ozone depletion in the reaction medium 

continued for 16 min, and most of the degradation processes (94.56%) were successfully completed during this time. The 

ozonation kinetics were investigated and found to fit pseudo-first-order. The research showed that the rate constant 

exhibited a positive correlation with the applied ozone dosage and basic pH conditions and showed a logarithmic decrease 

with the initial dye concentration. These findings indicate that ozonation is more efficient for basic dyes when conducted 

under alkaline pH conditions than under acidic or neutral pH conditions.  

Keywords: Basic blue 41; Ozonation; Decolorization; Optimization; Wastewater; Basic dyes  

INTRODUCTION 

The textile sector significantly contributes to 

global economic growth and provides job 

opportunities for a large workforce. While the textile 

sector may meet environmental rules in many 

nations, it is now facing stricter constitutional 

pollution laws that demand higher-quality 

wastewater treatment. Physical, biological, and 

chemical techniques can partially eliminate 

wastewater pollutants. However, dyes present a 

challenge since they cannot be adequately broken 

down and are not easily eliminated from wastewater 

using traditional treatment systems. 

The advanced oxidation process is a promising 

alternative for removing color and reducing the high 

wastewater levels generated by textile dyeing and 

finishing wastes. The decolorizing impact of ozone 

on dyes in water is due to its ability to react with 

unsaturated dyes to form ozonides. These ozonides 

then undergo rapid hydrolysis, causing the 

molecules to break down. Decolorization of 

wastewater using O3 depends on ozone dosage, 

solution temperature, reaction time, and solution pH. 

Ozonation is an ideal method for removing dyes 

from aqueous solutions because of its quick reaction 

time, cost-effectiveness (excluding installation 

expenses), and high efficiency. Nevertheless, it is 

important to note that ozone typically generates 

harmless substances that transform into carbon 

dioxide (CO2) and water (H2O), depending on the 

prevailing circumstances. 

Azo dyes are the predominant category of 

artificial colorants, accounting for approximately 

60-70% of all such dyes. The azo group (-N=N-) is 

a defining characteristic of these dye groups, along 

with aromatic systems and auxochromes (OH, SO3, 

etc.). The combination of these chemical groups in 

the dye molecules presents a complicated challenge 

for their removal from wastewater. Several 

techniques employed to remove color from dyes rely 

on physical or chemical procedures. These methods 

[1] encompass membrane filtering [2-4], 

electrochemical technology [5, 6], and advanced 

oxidation processes (AOP), such as photochemical 

oxidation [7], photocatalysis [8, 9], and ultrasonic 

waves [10].   

Dyes with cationic properties of their molecules 

are referred to as cationic or basic dyes. Basic Blue 

41 (BB41) is a cationic azo dye widely used in 

dyeing nylon, acrylic, and woollen textiles. BB41 is 

highly resistant to degradation via chemical 

oxidation, photocatalysis, and biodegradation [11]. 

Compared to anionic dyes, cationic dyes exhibit 

higher toxicity and can easily penetrate cells by 

accumulating in the cytoplasm because of 

interaction with the negatively charged surfaces of 

cell membranes. Hence, the removal of these dyes 

before they are emitted into wastewater has emerged 

as a significant concern. 

Several studies have been published on the 

removal of color from Basic Blue 41 waste. Abbasi 

and Asl [10]  on  the  sonochemical  degradation  of  
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nano TiO2 and H2O2; Bouhelassa et al. [12] on the 

process of optimizing the photocatalytic 

decolorization of BB41 in a solar photoreactor 

prototype; and Humelnicu et al. [13] have studied 

the removal of BB4 from a water-based solution by 

an adsorption process using natural zeolite tuff in a 

batch method. Saravanan et al. [14] conducted 

research on the biological decolorization process of 

BB41 using composts enriched with beneficial 

microorganisms. 

When ozone gas encounters organic substances, 

it enters into molecular or radical reactions. The 

degradation rate of ozone depends on pH and initial 

dye concentration. Under alkaline conditions, ozone 

rapidly decomposes, producing hydroxyl radicals 

and some other types of radicals in solution. Under 

acidic conditions, it can enter direct electrophilic 

reactions with organic substrates. Ozone is 

frequently used to decolorize dye wastes due to its 

capacity to react selectively with conjugated double 

bonds normally responsible for color. Molecular 

reactions of ozone can show selectivity and occur 

mostly through electrophilic attack; however, they 

can also proceed via nucleophilic or oxygen transfer 

pathways. Electrophilic attacks occur at sites with a 

significant concentration of negative charges, 

including atoms such as N, P, O, and S, as well as 

molecules with many bonds such as -C=C- or -N=N-

. It can directly react with molecules containing 

functional groups such as –OH, –CH3, –OCH3 and –

NH2 at the ortho- and para- substitution positions. 

Research has shown that the molecular ozone 

reaction mechanism is responsible for partial 

oxidation [15, 16]. The electron-rich chromophoric 

azo linkage is susceptible to direct attack and 

degradation by ozone, leading to immediate 

reduction of color. This process does not require the 

breakdown of bonds into hydroxyl radicals as a 

secondary oxidant [17-19]. Various variables, such 

as pH, contact time, ozone amount, and dye 

properties, affect the effectiveness of ozone in 

decolorizing wastewater dyes. 

This study includes the relationship between 

varying ozonation time (ranging from 0 to 120 min), 

initial dye concentration (ranging from 150 to 600 

mg/L), and ozone concentration (ranging from 4.21 

to 24.03 g/m3). The effects of various factors, 

including initial pH (ranging from 2 to 12) 

depending on the concentration and removal of the 

dye, were evaluated. Efficient degradation of BB41 

was achieved by maximizing both COD and color 

removal. The pH of the dye solutions was observed 

to change over time as the initial dye concentrations 

changed. 

EXPERIMENTAL 

The azo dye Basic Blue 41 (Table 1), along with 

all other chemicals, was acquired from Sigma-

Aldrich.  

Table 1. Characteristics of the azo dye studied in this 

work. 

Disperse Dye Formula CAS No 

C.I. Basic Blue 41 
S

N
+

N N

N

OH

CH3

CH
3
OSO

3
-

 

C20H26N4O6S2 12270-13-2 

The dye solution’s color was quantified using a 

previously established integration approach [19]. 

This technique entailed measuring the absorbance of 

a sample across a range of wavelengths from 200 to 

800 nm and calculating the total area under the 

absorbance curve. The integrated area is measured in 

integrated absorbance units (IAU), which are 

directly correlated to the color of the sample. The 

integration approach is less complex compared to the 

tristimulus filter method used by the American Dye 

Manufacturers Institute (ADMI), however, studies 

have demonstrated that both methods yield 

comparable outcomes [20, 21]. The indigo technique 

was used to assess the quantity of dissolved ozone in 

the research. 

Figure 1 depicts the Fischer 502 model ozone 

generator, which is a laboratory-scale device. It 

consists of a cylindrical column reactor with a 

volume of 2 L, measuring 5 cm in diameter and 110 

cm in height. Additionally, the setup includes a dye 

solution reactor with a capacity of 5 L, a dosimeter, 

washing bottles, oxygen gas, a gas cylinder, 

peristaltic pumps, and a temperature control unit. 

The temperature was maintained at a constant level 

of 20±1°C for all trials. Various pH values were 

utilized to conduct ozonation reactions to examine 

their impacts. The pH was regulated by adding 1 M 

H2SO4 and 1 M NaOH. At 15-min intervals, samples 

were extracted from the reactor and the 

concentrations of the dyes in the solutions were 

measured using the Agilent 8453 spectrophotometer. 
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Figure 1. Schematic diagram of the bench-scale reactor system.   

Decolorization 

The assessment of dye removal was conducted by 

analysing the reduction in the maximum wavelength 

using a UV-Vis spectrophotometer. The percent 

removal values of dyestuffs were computed using 

Equation 1.  

𝐷𝑦𝑒 𝑟𝑒𝑚𝑜𝑣𝑎𝑙(%) =  
(𝐴𝑏𝑠(𝑖)−𝐴𝑏𝑠(𝑓))

𝐴𝑏𝑠(𝑖)
= 𝑥 100        (1) 

Abs (i): Absorbance value of the dyestuff at its 

maximum wavelength. 

Abs (f): Absorbance value at the maximum 

wavelength at the end of the time after the adsorbent 

is added to the dyestuff. 

A rubber tube was used to send ozone that hadn't 

been broken down from the top of the column reactor 

to the washing bottles that held 2% KI solution. 

O3 + 2KI + H2O → I2 + 2KOH + O2               (2) 

As we did in earlier studies, we found  out how 

much unused ozone there was by titrating iodide 

with Na2S2O3 while a starch indicator was present. 

[16, 19, 22-26] The tests were done with an ozone 

air flow rate of 120 L/s because a high ozone flow 

rate and concentration are needed to treat wastewater 

effectively with ozone. 

 Decolorization kinetics of BB41. Kinetic 

study is an important part of the ozone method to 

determine how well contaminated wastewater is 

treated. When hydroxyl radicals form, they consume 

the starting molecule and existing intermediates. If 

the ozone source is strong or the ozone concentration 

at the contact point remains the same, the oxidation 

rate follows the first-order dynamics of the 

decomposed organic matter concentration. This ratio 

is given in equation [3]: 

−[𝐶dye] / d𝑡 = 𝑘[𝐶dye]                                        (3) 

To study the ozonation of dye solutions, the dye 

content (Cdye) and the observed rate constant (k) 

were used [22-26]. Multiplying the intrinsic rate 

constant by the dissolved ozone concentration 

(Cozone) gives the apparent rate constant (k):  

k = -0.2461 × CBB41
-0.5459                                  (4) 

Figure 2 shows that as the applied ozone dose 

(Dozone), temperature, and k increased, the initial dye 

concentration logarithmically decreased. 

 

Figure 2. Dependence of the apparent rate constant of 

decolorization k on initial dye concentration, applied 

ozone dose and temperature for BB41. (a) Dozone = 24,03 

mg/L.min, T = 20 0C (b) Cdye = 300 mg/L, T = 20 0C (c) 

Cdye = 300 mg/L, Dozone = 24,03 mg/L.min 

y = -0,5459x - 0,2461
R² = 0,9955
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The units for k and Cdye are given as L per min 

and g per L, respectively. It is important to observe 

that the rate constant that is observed, rather than the 

actual rate constant, varies with the initial 

concentration while keeping the temperature 

constant. This is because the actual rate is 

determined solely by the temperature. It is believed 

that the decrease in k is a result of the increased 

formation of intermediate compounds caused by the 

higher Cdye concentration. As the initial dye 

concentration increased, the consumption of ozone 

by these intermediates resulted in a decrease in 

Cozone. Due to this, the rate constant appears to 

decrease as the dye concentration increases. The 

apparent rate constant and initial dye concentration 

in this study show a logarithmic relationship, which 

aligns with the findings of our previous studies [22-

26]. 

Observing Figure 2, one can see that k rises as 

Dozone and temperature increase. This can be 

attributed to the higher concentration of dissolved 

ozone. Decolorization happens more quickly with a 

higher amount of ozone applied, and the rate 

constant increases at higher temperatures. Table 2 

presents the pH and corresponding k value for the 

dye under investigation. For further experiments, it 

was found that a basic pH environment yielded 

higher rate constant values, as indicated in Table 2.  

Impact of initial solution pH on COD 

At the start of the ozonation process, a volume of 

7000 mL of BB41 solution with a concentration of 

300 mg/L was introduced into the column. The 

experiment began with the introduction of ozone gas 

into the column. Regular time intervals were used to 

collect samples and measure the concentration of 

BB41 and COD at the sample port. 

The pH of the raw basic dye wastewater was 

measured as 7.1. After 90 min of ozone bubbling 

treatment, the COD of the basic dyestuff wastewater 

decreased from 1358 mg/L to 546 mg/L. 

Considering the potential impact of pH on the 

results, a series of ozone treatment experiments were 

conducted using samples at different pH levels. The 

COD measurement after ozone treatment was 

conducted at different pH values ranging from 2 to 

12. The corresponding results can be found in Figure 

3. Under a basic condition of pH 10, the COD 

reduction observed in the direct dye wastewater was 

quite remarkable. At a pH of 10.0, the wastewater's 

COD with basic dyestuffs decreased to 274 mg/L, as 

observed. It has been noted that a significant number 

of bubbles are produced when the gas flow rate at the 

inlet is high, and a higher concentration of ozone has 

proven to be effective in reducing COD. A pH of 10 

was chosen for the following experiments. 

Figure 3. Effect of pH of the initial solution on COD 

(COD raw disperse dyestuff: 1358 mg/L for BB41); ozone 

concentration: 24 g/m3; dye concentration: 300 mg/L; dye 

solution: 7000 mL; ozone-air flow rate: 120 L/h; 

ozonation time: 90 min.). 

 

Table 2. Line-fitted values of rate constant k, (L/min). 

  k (L/min) 

Disperse dye pH   C0 = 5 mg/L    C0 = 10 mg/L     C0 = 15 mg/L C0 = 20 mg/L 

C.I. Basic Blue 41   6.0 0.159 0.140 0.122 0.099 

   8.0 0.184 0.156 0.127 0.102 

 10.0 0.233 0.174 0.132 0.108 

 12.0 0.378 0.205 0.159 0.115 
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Spectrophotometric analysis of the process 

As the reaction time advanced, the absorption 

intensity of BB41 in solution gradually diminished. 

It was observed that BB41 molecules underwent 

degradation in the presence of ozone. 

The absorption maximum of the BB41 solution at 

λmax=609 nm indicated a rapid degradation of the 

solution. 

Impact of reaction time 

Measurement of COD was also conducted during 

the reaction. According to Figure 4, the COD 

removal efficiencies of dye wastewater reached 

79.82% after a 90-min reaction using ozonation at 

pH 10.0. 

 

Figure 4. CODs of BB41 with ozone after different 

reaction time at pH 10 (ozone conc.: 24 g/m3; dye 

concentration: 300 mg/L; dye solution: 7000 mL; ozone-

air flow rate: 120 L/h). 

Impact of initial dye concentration on the rate of 

dye decolorization 

Figure 5 illustrates the variation in dye 

concentration over time during ozonation at various 

initial dye concentrations. The rate of dye removal 

starts off strong and gradually decreases as time goes 

on. 

Figure 5. Ozonation time data for different dye 

concentrations treated with ozone (ozone conc.: 24 g/m3; 

dye solution: 7000 mL; ozone-air flow rate: 120 L/h; pH: 

10). 

Effect of initial dye concentration on decolorization 

time 

Figure 6 shows the effect of initial basic dye 

concentrations on the time required for the 

decolorization process. The decolorization time 

increases with increasing the initial dye 

concentration in the waste. The data fit equation [5]:  

tD = m.c                  (5) 

where tD is the dye decolorization time (min), m 

- a constant, and c - the initial dye concentration 

(mg/L). 

 

Figure 6. Effect of initial dye concentration on the 

decolorization time of BB41 (ozone conc.: 24 g/m3; dye 

solution: 7000 mL; ozone-air flow rate: 120 L/h; pH: 10). 

Impact of ozone concentration on decolorization 

time 

Figure 7 illustrates the relationship between 

ozone concentration and decolorization time. It is 

evident that as the ozone concentration increases, the 

decolorization time linearly decreases. Increasing 

ozone concentration in the gas phase from 4.21 to 

24.03 g/m3 lowers the time it takes to decolorize a 

300 mg/L dye solution by about 91.23%. This 

outcome aligns with the mass transfer theory, which 

posits that as the ozone concentration in the air 

bubbles (which carry ozone) rises, the force that 

facilitates ozone transfer to the dye solution 

increases. Hence, both the ozone concentration in the 

solution and the rate of dye oxidation increase. 

 

Figure 7. Effect of ozone concentration on dye 

decolorization time (dye conc.: 300 mg/L; dye solution: 

7000 mL; ozone-air flow rate: 120 L/h; pH: 10). 
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Impact of initial dye solution pH on decolorization time 

Figure 8 illustrates the impact of varying starting 

dye solution pH on the duration required for dye 

decolorization. Observations indicate that the 

duration of decolorization diminishes as the starting 

solution pH increases. The rate of ozone breakdown 

is enhanced by the generation of hydroxyl radicals at 

elevated pH levels. The dye decolorization time was 

reduced by 56.42% when the pH value was increased 

from 2 to 12. 

 

Figure 8. Effect of initial solution pH on 

decolorization time (dye concentration: 300 mg/L; dye 

solution: 7000 mL; ozone-air flow rate: 120 L/h; ozone 

concentration: 24 g/m3). 

The untreated dyestuff wastewater samples 

exhibited a blue hue. The ozone treatment effectively 

decolorized the wastewater containing basic 

dyestuffs. After around 9 min of the reaction, an 

observable color change occurred, resulting in a 

translucent yellow hue. The process of 

decolorization was accomplished within a time 

frame of around 16 min. After a reaction time of 16 

min, the absorbance of the basic dyestuff wastewater 

decreased by 94.56%. 

RESULTS 

The textile-finishing business generates 

wastewater with intense pigmentation, necessitating 

specialized treatment and assessment of the 

ecotoxicological impacts resulting from the 

discharge of process wastes into the surrounding 

environment. Scientific evidence has demonstrated 

that ozone treatment is highly successful in 

eliminating color; however, it only slightly reduces 

COD. Ozonation is a promising method for 

removing color and reducing the COD in wastewater 

that contains basic dyes. When dealing with ozone 

procedures, it is crucial to consider both the color 

and toxicity of the treated wastewater products. 

Hence, it is imperative to attain a suitable duration 

for ozonation. 

For this experiment, we treated water-based 

solutions of a representative basic dye used in the 

textile industry with ozone in a reactor that operates 

in a semi-batch mode. The purpose of our 

experiment was to see how well indirect ozonation 

with radical reactions could help the breakdown of 

model BB41 persistent pollutants in water solutions. 

An in-depth analysis of the findings yields the 

following conclusions: The study found that 

wastewater containing primary dyestuffs underwent 

a reduction of 79.82% in COD. Additionally, a 

substantial decrease in color was detected at a pH 

level of 10. 

The decolorization and degradation of the dye 

were fully accomplished during a duration of 16 min. 

A multitude of bubbles were generated when the gas 

flow rates at the entrance were high. The relationship 

between high ozone concentration and COD 

decrease was evident and substantial. 

The study investigated the rate of ozonation and 

determined that it adheres to pseudo-first-order 

kinetics. The findings of this study suggest that the 

process of ozonation is more efficient in degrading 

basic dyes when conducted at alkaline pH, as 

opposed to acidic or neutral pH. The study found that 

color and COD were removed to a significant degree 

when the starting dye concentration was 300 mg/L, 

the pH was either acidic or neutral, and the ozonation 

time was short. 

The results demonstrate that the ozonation 

procedure is an effective technique for treating azo 

dyes present in textile effluents. 
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Methyl violet dye removal investigation on submicron particle size rubber powder 
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In this study, submicron particle size rubber powder adsorbent obtained from scrap tyre functionalized with agar-agar 

(RP-AA) was used to remove methyl violet (MV) dye from synthetic wastewater. The effects of different reaction 

parameters such as initial MV concentration, contact time and solution temperature on the adsorption of MV onto RP-

AA at constant adsorbent dose and pH were investigated. To explain the adsorption character of MV adsorption on RP-

AA some kinetic models and adsorption isotherms were applied.  

Keywords: Scrap tyre; Methyl violet dye; Agar-agar; Kinetic studies; Adsorption isotherms 

INTRODUCTION 

Methyl violet dye is mostly used in textile and 

paint industries. It is toxic and mutagenic, and 

because of this, it is harmful for the aquatic 

environment [1]. In industry, adsorption process is 

mostly used to treat the wastewater. Adsorption 

process is the process of separating chemical 

substances that cause pollution such as toxicity, 

color and odor, which are difficult to purify using 

classical purification, by adhering to the surface of a 

solid material (adsorbent) with chemical and 

physical bonds. The adsorption process is affected 

by pH, temperature and surface area of the adsorbent 

used [2]. Lots of adsorbents such as activated 

carbon, date seed, wood, zeolite, some waste 

sources, such as scrap tyre, have been used to 

remove dye from wastewater [3]. Agar-agar-

functionalized activated carbon was used 

succesfully to remove Pb2+ ion from wastewater [4]. 

This paper results demonstrated that agar-agar 

functionalization of adsorbent was useful to remove 

dye from wastewater.   

In the present work, dye removal from a synthetic 

methyl violet solution with rubber powder obtained 

from scrap tyre functionalized with agar-agar 

adsorbent (RP-AA) was investigated. The adsorbent 

was characterized via FTIR-ATR spectral analysis to 

confirm the presence of agar-agar on rubber powder. 

RP-AA adsorbent was used to remove MV from 

synthetic wastewater solution and three kinetic 

isotherm models were applied. 

EXPERIMENTAL 

Methyl violet dye (C24H27N3ClH) and agar-agar 

were purchased from Merck and Sigma-Aldrich, 

respectively (Fig. 1). Submicron particle size rubber 

powder (<300 ) was obtained from scrap tyre 

waste. 5 g of rubber powder surface was 

functionalized with 3.75 g of agar-agar in 50 ml of 

hot water by mixing at 85 oC for 24 h. After 

functionalization, RP-AA was washed three times 

with cold water to remove non-adsorbed agar-agar 

from the medium and dried in vacuum oven at 100 
oC. Thermo Fischer Scientific Nicolet 10 model 

FTIR-ATR spectrophotometer, Sigma 3-18K model 

ultracentrifuge device, Shimadzu Uvmini-1240 UV 

Visible spectrophotometer and Daihan Scientific 

Multi-Heat Mixer were used. 

A calibration curve was obtained as 

A=0,1215C+0,0379, R2 = 0.993 from the absorbance 

values at wavelength 578 nm of 2-4-6-8-10 mg/L 

dye solutions prepared by diluting MV from 1000 

mg/L stock solution in pure water. 

Methyl violet was removed from synthetic waste 

water by adsorption on RP-AA. In all measurements, 

the amount of adsorbent was kept constant as 80 mg 

at pH 7 and the mixing speed was kept constant as 

300 rpm. In adsorption experiments, the effects of 

time (30-60-90-120-150-180-210-240 min at room 

temperature in 50 mg/L MV solution), temperature 

(20-25-30-35-40-45-50 oC in 50 mg/L MV solution 

for 150 min) and initial concentration (50-100-150-

200-250-300-350-400-450-500 mg/L for 150 min at 

room temperature) of MV dye adsorbed on RP and 

RP-AA from synthetic waste aqueous media were 

examined (Fig. 1).  

* To whom all correspondence should be sent:  

E-mail: dsakar@yildiz.edu.tr 
© 2024 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 



Z. Kadioğlu, D. Şakar: Methyl violet dye removal on submicron particle size rubber powder obtained from scrap tyre… 

310 

 

Figure 1. Picture of rubber powder (a), methyl violet 

dye (b), wastewater including methyl violet solution and 

adsorbent (c) 

The adsorption capacity of RP-AA adsorbent, the 

amount of MV adsorbed at equilibrium, was 

calculated using Eq. 1: 

𝑞𝑒 =  
(𝐶𝑜−𝐶𝑒).𝑉

𝑊
                  (1)  

where 𝑞𝑒(𝑚𝑔/𝑔) is the adsorbed amount of MV 

per gram adsorbent, 𝐶𝑜(𝑚𝑔/𝐿) and 𝐶𝑒(𝑚𝑔/𝐿) are 

MV dye solution concentration at the initial and 

equilibrium stages, respectively. V (L) is the volume 

of the MV solution, and w (g) is the amount of the 

RP-AA adsorbent. 

The dye removal percent yield (RY, %) of the 

adsorbent was calculated using Eq. 2 [1]: 

%𝑅𝑌 =  
(𝐶𝑜−𝐶𝑒)

𝐶𝑜
 .100               (2) 

RESULTS AND DISCUSSION 

FTIR-ATR analysis was carried out to determine 

the structure and functional group of agar-agar-

modified scrap tyre rubber powder adsorbent and the 

FTIR-ATR spectra of RP and RP-AA are given in 

Figure 2. 

Comparing the FTIR spectra of RP and RP-AA, 

the intensity of some peaks decreased, some new 

peaks were formed and some peaks were shifted. 

Agar-agar-modified rubber powder showed 

characteristic bands at 3310 cm-1 (O–H stretching 

vibration of hydroxyl group of agar-agar) and 1147 

(new sharp peak), 1075, 994, 930 cm-1 (C–O and C-

C stretching vibrations of pyranose ring common to 

all polysaccharides)[5]. In order to investigate the 

contact time of the dye adsorption on adsorbents and 

to determine the optimum retention time of 

adsorption capacity, the adsorption removal 

efficiencies of RP-AA were examined for 30-60-90-

120-150-180-210-240 min from the solution 

containing 50 mg/L dye. After the determined time 

passed, the batches were centrifuged for 10 min, the 

adsorption values of the solutions were taken with a 

UV-VIS spectrophotometer,  𝐶𝑒 values were found 

from the calibration curve according to their 

absorbance at 578 nm, and adsorption capacity of 

adsorbent, 𝑞𝑒 and dye removal yield percent (RY, %) 

of RP-AA adsorbent were calculated according to 

Eqs.1 and 2, respectively, and results are given in 

Table 1. Time effect on 𝑐𝑒, 𝑞𝑒, RY parameters of 

MV dye removal with RP-AA is shown in Fig. 3. 

The average dye removal efficiency was 

determined as 37.50.20 % for dye removal with 

RP-AA. It is seen that time did not affect the dye 

removal with RP-AA adsorbent. 

The temperature effect on percent dye removal of 

RP and RP-AA adsorbents was studied within the 

temperature range of 20-25-30-35-40-45-50 °C in a 

50 mg/L MV solution for 150 min. 

Dye removal percent yield and adsorption 

capacity of adsorbents at equilibrium did not change 

significantly with increased temperature and it was 

obtained as average 37.2%  0.23. 

Adsorption ısotherms and kinetics 

The adsorption isotherm shows the correlation 

between the adsorption capacity at equilibrium, 𝑞𝑒 

and the equilibrium concentration of adsorbate, Ce. 

Langmuir [6], Freundlich [7] and Temkin [8] 

adsorption isotherms were applied to MV adsorption 

on RP-AA. To plot adsorption isotherms,  initial MV 

concentrations were used as 50-100-150-200-250-

300-350-400-450-500 mg/L for 150 min at room 

temperature on the RP-AA adsorbent. The results are 

given in Table 3. 

The Temkin isotherm adsorption model equation 

is expressed as follows [8]: 

𝑞𝑒 =  𝐵𝑙𝑛𝐴 + 𝐵𝑙𝑛𝐶𝑒   (3) 

where R is universal gas constant (J mol-1K-1), T 

is temperature (K), B represents 
𝑅𝑇

𝑏
, A is Temkin 

isotherm equilibrium binding constant (L.g-1), b is 

Temkin isotherm constant. 

For Temkin adsorption isotherm, the linear 𝑞𝑒 

versus 𝑙𝑛𝐶𝑒 plot was drawn and the Temkin 

adsorption isotherm parameters, A and b were 

obtained from the slope and the intersection point of 

this linear plot, respectively. The results are given in 

Table 4.  

The Temkin isotherm corresponding to MV 

adsorption on RP-AA is plotted in Fig 4.  

The regression coefficients of Langmuir, 

Freundlich and Temkin adsorption isotherms for RP-

AA were determined as 0.44, 0.78 and 0.96, 

respectively. The experimental adsorption data fit 

well with the Temkin isotherm model for RP-AA 

since it had a higher correlation value than 

Freundlich and Langmuir isotherms. 
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Figure 2. FTIR-ATR spectra of RP and RP-AA adsorbents 

Table 1. MV dye solution concentration at the equilibrium stage, dye removal yield percent and adsorption capacity 

values of RP-AA adsorbents: effect of contact time. 

t 

(min) 

A Ce 

(mg/L) 

RY 

 (%) 
𝑞𝑒 

( 𝑚𝑔/𝑔) 

30 3.83 31.19 37.61 29.38 

60 3.81 31.07 37.85 29.57 

0 3.82 31.15 37.69 29.44 

120 3.84 31.32 37.35 29.18 

150 3.84 31.30 37.39 29.21 

180 3.83 31.19 37.63 29.39 

210 3.84 31.32 37.36 29.19 

240 3.85 31.36 37.29 29.13 

Figure 3. Changes of 𝑐𝑒, 𝑞𝑒 and 𝑅𝑌 parameters of MV dye adsorption on RP-AA vs. time (1.30-2.60-3.90-4.120-

5.150-6.180-7.210-8.240 min) 
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Table 2. Adsorption of MV on RP-AA adsorbent: 

temperature effect 

T 

(oC) 

A Ce 

(mg/L) 

RY 

(%) 
𝑞𝑒 

(
𝑚𝑔

𝑔
) 

20 3.87 31.52 36.97 28.88 

25 3.85 31.39 37.22 29.08 

30 3.84 31.28 37.44 29.25 

35 3.86 31.46 37.06 28.96 

40 3.87 31.53 36.94 28.86 

45 3.85 31.41 37.18 29.05 

50 3.83 31.22 37.56 29.35 

Table 3. Adsorption of MV on RP-AA adsorbent: 

concentration effect 

CMV 

(mg/L) 

A 𝐶𝑒 

(mg/L) 

RY 

(%) 
𝑞𝑒 

( 𝑚𝑔/𝑔) 

𝑙𝑛𝐶𝑒 

50 3.87 31.57 36.85 28.79 3.45 

100 3.91 31.90 68.09 106.39 3.46 

150 3.96 32.16 78.56 184.12 3.47 

200 3.91 31.88 84.06 262.68 3.46 

250 3.98 32.46 87.01 339.90 3.48 

300 4.00 32.65 89.12 417.74 3.49 

350 4.04 32.91 90.59 495.46 3.49 

400 4.05 33.03 91.74 573.39 3.50 

450 4.09 33.32 92.59 651.06 3.51 

500 4.10 33.49 93.30 728.93 3.51 

 

Figure 4. Temkin isotherm corresponding to MV dye 

adsorption on RP-AA 

Adsorption kinetics reveals the adsorbed amount 

as a function of time and gives information about the 

adsorption speed, mechanism and adsorbent quality. 

The pseudo-first [9], pseudo-second order [10] and 

Webber-Morris intraparticle diffusion models (W-M 

ID) [11] were applied for MV dye adsorption on RP-

AA and kinetic parameters for the adsorption of MV 

on RP-AA adsorbent are given in Table 5. The 

kinetic model plots are given in Fig. 5.  

Table 4.  Parameters obtained from Freundlich and 

Temkin isotherms of MV adsorption on RP-AA adsorbent  

Isotherm                        RP-AA adsorbent 

Freundlich 

 

 

Temkin 

KF 

   n    

   R2    

   B 

   lnA 

 

3.4.10-65 

0.023 

0.79 

11529 

-3.45 

   b 

 

0.21 

   R2 

 

0.96 

Table 5. Adsorption kinetic parameters corresponding 

to MV adsorption on RP-AA 

      Kinetic Model       Parameters       RP-AA             

Pseudo 1st  𝑘1         -7.10-5  

R2 
 

0.49   

Pseudo 2nd 𝑘2 
 

1.2.10-3   

R2 
 

0.99   

W-M ID 𝑘3  -0.03   

 C  29.66   

 R2  0.47   

Comparing the correlation coefficients of the 

three kinetic models, it is seen that the kinetics of 

MV adsorption onto the RP-AA followed the 

pseudo-second-order model. 

CONCLUSION 

In this manuscript, the effects of time, 

temperature and concentration on the methyl violet 

removal from synthetic wastewater with agar-agar 

functionalized rubber powder obtained from scrap 

tyres were investigated. It was concluded that time 

and temperature did not affect the dye removal 

efficiency of the RP-AA adsorbent. The adsorption 

data and kinetic models were fitted into Langmuir, 

Freundlich and Temkin isotherms. The Temkin 

adsorption isotherm and pseudo-second-order 

kinetic model were found to have the highest 

regression value and, hence, the best fit. It could be 

concluded that submicron particle size rubber 

powder adsorbent obtained from scrap tyre modified 

with agar-agar is a potential and active biosorbent 

for removal of methyl violet dye from its aqueous 

solution and industrial wastewater treatment. 
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Figure 5. Kinetic studies: (a) pseudo-first-order, (b) pseudo-second-order, and (c) Weber-Morris intraparticle 

diffusion kinetic plots for the adsorption of MV onto RP-AA  
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Polyhydroxyalkanoates are naturally occurring, non-toxic aliphatic polyesters. Nanocomposite fabrication is an 

effective and cost-efficient approach to modulate polymer properties. Within the scope of this study, poly(3-

hydroxybutyrate-co-4-hydroxybutyrate) (P3HB4HB)/poly(3-hydroxybutyrate) (P3HB) (PHAs) bioblends were 

developed by using solution casting and extrusion methods. The optimum compositions of PHAs bioblends were 

determined as 80% P3HB4HB for solution casting method and 60% P3HB4HB for extrusion method. To obtain PHAs-

based bionanocomposites, two types of copper-based metal organic frameworks (CuMOF and GO@CuMOF) 

nanocrystals (0.5; 1.0 wt% and 0.1; 0.5 wt%), and bentonite, sepiolite, high-purity sepiolite (1; 2; 3 wt%) nanoclays were 

added to the PHAs bioblend matrix. The effects of nanofillers on mechanical and optical properties, barrier performance 

and thermal behavior of bionanocomposites were investigated. When the mechanical properties of bionanocomposites 

obtained by the solution casting method were examined according to the polyethylene reference, the optimum ratio of all 

nanoclays was 3% while the optimum ratios of CuMOF nanocrystals were 1 and 0.1, respectively. PHAs/HPS-3 

bionanocomposite films showed a 62.5% improvement in oxygen transmittance rate (OTR) compared to the flexible 

polyethylene reference. Material properties were recognized through solution casting studies, and it was determined that 

bionanocomposites have gained good qualities for flexible packaging with the use of CuMOF and high-purity sepiolite 

(HPS) nanofillers. 

Keywords: Polyhydroxyalkanoate, solution casting, extrusion, bioblend, high-purity sepiolite 

INTRODUCTION 

Traditional plastics ensure perfect functionality 

for use as flexible packaging materials, possessing 

mechanical and barrier properties in concur with low 

production costs [1]. Use of biopolymers in the 

sustainable packaging industry has shown intense 

progress because of recent trends in the market 

moving toward green packaging, recyclability and 

waste reduction [2]. Sustainability is vital as it 

encourages politics, industry and academia to 

develop sustainable and circular alternatives to 

preserve resources by focusing on biopolymers [3]. 

Biopolymers are polymers which include 

convalently bonded monomeric units, to compose 

chain-like molecules. Biopolymers are renewable 

and have, therefore, the capability to be degraded 

through the action of naturally occurring organisms 

leaving behind environmentally harmless organic 

by-products such as CO2 and H2O [4]. 

Polyhydroxyalkanoates (PHAs) are produced in 

nature by bacterial fermentation. Depending on the 

carbon atoms, PHAs are classifed in three groups: 

short-chain length PHAs (sCLPHAs) (4 to 6 carbon 

atoms), medium-chain length PHAs (mCL-PHAs) 

(more than six carbons), and long-chain length (lCL-

PHAs) (more than 14 carbons) [5]. Poly(3-

hydroxybutyrate-co-4-hydroxybutyrate) 

(P3HB4HB), poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) (P3HB3HV), poly(3-

hydroxybutyrate) (P3HB), polyhydroxyhexanoate 

(PHH) and polyhydroxyoctanoate (PHO) are widely 

used copolymers of  PHAs. P3HB, P3HB4HB and 

P3HB3HV are the most popular among them [5]. In 

the study conducted by Vostrejs and his team in 

2020, they intended to research the thermal, 

mechanical and gas permeability properties of 

crystalline PHB blended with amorphous PHA, to 

determine the effect of grape seed lignin association 

on thermal and mechanical properties of PHB/PHA 

blends and to assess the antibacterial effect of grape 

seed lignin associated in PHB/PHA films [6]. Within 

the scope of this study, a solution casting method and 

extrusion methods were employed to prepare 

P3HB4HB/PHB bioblends using a plasticizer 

(Joncryl® ADR4468). After the determination of 

optimum bioblend composition, P3HB4HB/PHB 

bionanocomposites were prepared with copper-

based metal organic framework (CuMOF) and 

GO@CuMOF hybrid nanocrystals and different 

nanoclay  types  (bentonite,   sepiolite,   high-purity  
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sepiolite). CuMOF nanocrystals were synthesized by 

the solvothermal synthesis method known as 

MOF199 or HKUST-1 [7]. While bentonite and 

sepiolite have a layered structure, high-purity 

sepiolite has a needle-point structure. The effects of 

nanofillers on mechanical and optical properties, 

barrier performance and thermal behavior of 

biocomposites were investigated. 

EXPERIMENTAL 

In the preparation of bionanocomposite films by 

solution casting method, firstly various ratio studies 

of P3HB4HB/P3HB (PHAs) in different 

composition (50:50; 60:40; 70:30; 80:20 wt%) were 

carried out with plasticizer (J; Joncryl® ADR 4468), 

and the optimum ratio of PHAs bioblends was 

determined. By adding metal organic frameworks 

based nanofillers (0.1; 0.5; 1%) and different 

nanoclay types (1; 2; 3%) into PHAs bioblend, 

bionanocomposites were prepared and subjected to 

characterization tests. The solution casting method is 

shown in Scheme 1. 

In extrusion studies, after obtaining PHAs 

granules with different ratios in a twin-screw 

extruder then bioblends were produced by blown 

film extrusion. The optimum bioblend composition 

and operating parameters have been determined. 

Extrusion studies continued by adding 3% high 

purity sepiolite to the PHAs bioblend structure. The 

mechanical, optical, barrier and thermal properties 

of the PHAs/HPS-3 bionanocomposite were 

examined. 

MATERIALS 

Preparation of bioblend films 

Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) 

(P3HB4HB) was supplied from CJ Biomaterials Co., 

Ltd. Poly(3-hydroxybutyrate) (P3HB) was 

purchased from Helian Polymers Co., Ltd. Joncryl® 

ADR 4468 (J) was accommodated from “BASF” 

company and used as plasticizer. Chloroform was 

provided from Interlab Co., Ltd.  Bentonite (B), 

sepiolite (S) and high purity sepiolite (HPS) were 

supplied from Tolsa.  

 

Scheme 1. Schematic representation of the solution casting method 

 

Fig. 1. Images of PHAs bioblend granules and blown film production 



Ö. Yolaçan, S. Deniz: Effects of additives on mechanical and barrier properties of polyhydroxyalkanoate-derived... 

316 

Synthesis of CuMOF and GO@CuMOF 

nanocrystals 

1,3,5-Benzenetricarboxylic acid (BTC) was 

obtained from “Analitik Kimya” company. Copper 

acetate (Cu(Ac)2.2H20) and triethylamine (TEA) 

were supplied from “Acros Organics” company. 

N,N-Dimethylformamide was obtained from 

“Tekkim” company. Ethanol was provided by 

“Sigma Aldrich” company. Graphene oxide (GO) 

was purchased from “Aerofen” company.  

CuMOF nanocrystals were synthesized in the 

laboratory under room conditions by the 

solvothermal synthesis method, known as MOF199 

or HKUST-1 [7]. 

Scheme 2. Schematic representation of the synthesis 

of CuMOF and GO@CuMOF hybrid nanocrystals [8]  

Fig. 2. SEM images of CuMOF nanocrystals 

(a:100000×; b:20000×; c:1000×; d:150000×) 

It is seen from the SEM images the sizes of 

CuMOF nanocrystals were distributed in the range 

of 40-60 nm and there was aggregation in the 

synthesized CuMOF nanocrystals. 

BET analysis results of CuMOF and 

GO@CuMOF nanocrystals - surface area, average 

pore volume and pore diameter values are shown in 

Table 1. The results show compatibility with the 

literature [9]. 

Table 1. BET analysis results of CuMOF and 

GO@CuMOF nanocrystals 

Nanoparticles BET 

surface 

area 

(m2.g-1) 

Average 

pore 

polume 

(cm³.g-1) 

Average 

pore 

diameter 

(nm) 

CuMOF 1322.96 0.42 3.17 

GO@CuMOF 227.21 0.12 0.32 

Chemical composition and notation of 

P3HB4HB/P3HB (PHAs) bioblends by solution 

casting method are given in Table 2. 

RESULTS AND DISCUSSION: 

Preparation of PHAs bionanocomposite films with 

solution casting method 

Mechanical, optical, barrier and thermal 

characteristics of PHAs bionanocomposites were 

examined. Mechanical properties of PHAs bioblends 

prepared with different ratios by solution casting 

method are shown in Table 3. When various pure 

and plasticizer containing bioblends were examined, 

it was determined that the optimum blend ratio was 

PHAs (80/20) compared to the reference 

polyethylene. Table 4 shows that the optimum usage 

rates of CuMOF and GO@CuMOF nanocrystals are 

1% and 0.1%, respectively. In Table 5, the optimum 

nanoclay rates for bentonite, sepiolite and high 

purity sepiolite were determined as 3% compared to 

reference polyethylene. 

Optical and barrier properties of PHAs 

bionanocomposites prepared by solution casting 

method are given in Table 6. The gloss value 

increased with the compatibility between the two 

biopolymers and the increase in the ratio of high 

purity sepiolite contribution. When the barrier 

results were evaluated, the inherently good OTR 

characteristics of PHA and PHB showed an 

improvement with the addition of CuMOF and high-

purity sepiolite nanofillers compared to the reference 

polyethylene [10]. 

DSC curves of PHAs bionanocomposites are 

examined in Figure 3. It is seen that only CuMOF 

and HPS additives increased the bioblend 

crystallinity. Since polyethylene is a semi-crystalline 

raw material, the increase in crystallinity is a sign of 

the transition to flexible packaging. 

Preparation of PHAs bionanocomposite films with 

extrusion 

Mechanical, optical, barrier and thermal 

characterizations of the prepared biofilms were 

carried out. 100 µ polyethylene film was chosen as 

reference polyethylene. 
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Table 2. Chemical composition and notation of P3HB4HB/P3HB (PHAs) bioblends by solution casting method 

Code 
P3HB4HB 

(wt.%) 

P3HB 

(wt.%) 

Plasticizer 

(J, wt.%) 

Nanofiller 

(wt.%) 

P3HB4HB/P3HB 80 20 0 0 

P3HB4HB/P3HB/J (PHAs) 80 20 1 0 

PHAs/CuMOF-0.5 80 20 1 0.5 

PHAs/CuMOF-1 80 20 1 1 

PHAs/GO@CuMOF-0.1 80 20 1 0.1 

PHAs/GO@CuMOF-0.5 80 20 1 0.5 

PHAs/B-1 80 20 1 1 

PHAs/B-2 80 20 1 2 

PHAs/B-3 80 20 1 3 

PHAs/S-1 80 20 1 1 

PHAs/S-2 80 20 1 2 

PHAs/S-3 80 20 1 3 

PHAs/HPS-1 80 20 1 1 

PHAs/HPS-2 80 20 1 2 

PHAs/HPS-3 80 20 1 3 

Table 3. Mechanical properties of PHAs bioblends prepared with different ratios by solution casting method 

Bioblend Films 

(Thickness: 100±5 µ) 

Tensile Strength 

 (Mpa) 

Elongation at Break   

 (%) 

E-Modulus  

(N/mm2) 

Polyethylene (Reference film) 24±2 322±2 283±3 

P3HB4HB80P3HB20 8±2 468±2 193±3 

P3HB4HB70P3HB30 9±2 120±3 346±2 

P3HB4HB60P3HB40 12±1 204±1 494±4 

P3HB4HB503PHB50 15±2 119±1 740±2 

P3HB4HB80P3HB20/J 6±1 352±2 204±2 

P3HB4HB70P3HB30/J 9±1 179±1 369±1 

P3HB4HB60P3HB40/J 12±2 57±3 586±2 

P3HB4HB50P3HB50/J 13±1 68±2 588±2 

Table 4. Mechanical properties of PHAs/CuMOFs bionanocomposites by solution casting method 

Bionanocomposite  

(Thickness: 100±5 µ) 

Tensile Strength 

 (Mpa) 

Elongation at Break   

 (%) 

E-Modulus  

(N/mm2) 

Polyethylene (Reference film) 24±2 322±2 283±3 

P3HB4HB/P3HB 8±1 468±2 193±3 

PHAs 6±1 352±2 204±2 

PHAs/CuMOF-0.5 7±1 319±1 230±1 

PHAs/CuMOF-1 10±2 423±3 256±1 

PHAs/GO@CuMOF-0.1 8±1 416±2 233±2 

PHAs/GO@CuMOF-0.5 7±1 446±2 174±1 

Table 5. Mechanical properties of PHAs/nanoclay bionanocomposites by solution casting method 

Bionanocomposite Films 

(Thickness: 100±5 µ) 

Tensile Strength 

 (Mpa) 

Elongation at Break   

 (%) 

E-Modulus  

(N/mm2) 

Polyethylene (Reference film) 24±2 322±2 283±3 

P3HB4HB/P3HB 8±2 468±2 193±3 

PHAs 6±1 352±2 204±2 

PHAs/B-1 9±1 279±1 365±1 

PHAs/B-2 8±2 270±3 304±1 

PHAs/B-3 8±1 323±3 293±3 

PHAs/S-1 7±1 274±2 287±2 

PHAs/S-2 9±2 301±1 374±1 

PHAs/S-3 8±1 224±1 341±1 

PHAs/HPS-1 9±3 287±3 214±2 

PHAs/HPS-2 9±1 299±1 238±3 

PHAs/HPS-3 10±2 318±2 276±1 
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Table 6. Optical and barrier properties of PHAs bionanocomposites by solution casting method 

Bionanocomposite Films 

(Thickness: 100±5 µ) 

Gloss (60°) 

(%) 

OTR 

(cc/m2) 

Polyethylene (Reference film) 77±3 408±3 

P3HB4HB/P3HB 22±2 344±1 

PHAs 28±3 325±2 

PHAs/CuMOF-0.5 31±1 297±3 

PHAs/GO@CuMOF-0.1 29±1 318±2 

PHAs/B-3 33±3 338±2 

PHAs/S-3 34±2 301±1 

PHAs/HPS-3 37±3 286±1 

 

Fig. 3. DSC curves of PHAs bionanocomposites by solution casting method 

Table 7. Mechanical properties of PHAs bioblends prepared with different ratios by extrusion method 

Bioblend Films 

(Thickness: 100±5 µ) 

Tensile Strength 

 (Mpa) 

Elongation at Break   

 (%) 

E-Modulus  

(N/mm2) 

Polyethylene (Reference film) 24±2 322±2 283±3 

P3HB4HB50/P3HB50 9±1 804±1 377±2 

P3HB4HB55/P3HB45 10±2 797±3 354±4 

P3HB4HB60/P3HB40 11±1 789±1 346±2 

P3HB4HB50P/3HB50/J 12±2 802±2 339±1 

P3HB4HB55/P3HB45/J 12±2 813±3 326±3 

P3HB4HB60/P3HB40/J  14±1 822±2 313±2 

 

Mechanical properties of PHAs bioblends 

prepared with different ratios by extrusion method 

were given in Table 7. When various pure and 

plasticizer bioblend studies were examined 

compared to reference polyethylene, it was 

determined that the optimum composition of PHAs 

bioblend by extrusion method was as 60% of 

P3HB4HB and 40% of P3HB in presence of 

plasticizer. 

Mechanical properties of PHAs/nanoclay 

bionanocomposites by extrusion method are shown 

in Table 8. 

 

When the mechanical properties were evaluated 

according to bionanocomposites containing high 

purity sepiolite, it was determined that the optimum 

nanoclay usage rate was 3%. 

Optical and barrier properties of PHAs 

bionanocomposites by extrusion method were given 

in Table 9. The gloss value increased with the 

compatibility between the two biopolymers and the 

increase in the ratio of high purity sepiolite 

contribution. Adding 3% HPS to PHAs bioblend, 

whose components have good OTR values on their 

own, improved the OTR value [10]. 
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Table 8. Mechanical properties of PHAs/nanoclay bionanocomposites by extrusion method 

Bionanocomposite Films 

(Thickness: 100±5 µ) 

Tensile Strength 

 (Mpa) 

Elongation at Break   

 (%) 

E-Modulus  

(N/mm2) 

Polyethylene (Reference film) 24±2 322±2 283±3 

P3HB4HB60/P3HB40 11±1 789±1 346±1 

P3HB4HB60/P3HB40/J (PHAs) 14±2 822±2 313±3 

PHAs/HPS-1 9±1 566±3 322±2 

PHAs/HPS-2 10±1 403±3 318±3 

PHAs/HPS-3 12±2 387±2 306±1 

Table 9. Optical and barrier properties of PHAs bionanocomposites by extrusion method 

Bionanocomposite Films 

(Thickness: 100±5 µ) 

Gloss (60°) 

(%) 

OTR 

(cc/m2) 

Polyethylene (Reference film) 77±3 408±3 

P3HB4HB60/P3HB40 24±2 302±2 

PHAs 28±3 287±3 

PHAs/HPS-1 34±2 258±2 

PHAs/HPS-2 39±1 245±1 

PHAs/HPS-3 48±3 225±1 

 

Fig. 4. DSC curves of PHAs/HPS-3 bionanocomposite by extrusion method 

As seen in Figure 4 the addition of 3% HPS 

nanoclay to the PHAs bioblend enabled the structure 

to transition to a flexible form. 

CONCLUSION 

In this study, where sustainability and newly 

developing polyhydroxyalkanoate technology were 

discussed, PHAs bionanocomposite films were 

examined by solution casting and extrusion methods. 

Joncryl ADR 4468 was used as plasticizer, nanoclay 

types and metal organic frameworks containing 

nanofillers were used. From the mechanical and 

optical results, it has been determined that metal 

organic frameworks containing nanofillers should be 

used up to a maximum of 1%, while optimum results 

are achieved with 3% additives in nanoclay types. 

When the barrier results were evaluated, the 

inherently good OTR characteristics of P3HB4HB 

and P3HB showed improvement with the use of 

CuMOF and high purity sepiolite nanofillers 

compared to the reference polyethylene. The results 

of the study are promising in terms of recognizing 

material properties with the solution casting method 

and obtaining recipes for transition to large 

production with twin screw and blown film 

extrusion. 
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The current theoretical study is devoted to the identification of the factors influencing the interface shear stress and 

respectively, the possibility of delamination appearing in three-layer nanocomposite structure graphene/MoS2/PET under 

mechanical loading. A model criterion for delamination in the structure is proposed and the model interface shear stress 

is calculated at different geometry and external loads [1]. Then, a multi-parametric optimization procedure is performed 

which shows the exact geometrical and external factors influencing the interface shear stress value – layer’s thickness, 

load and length of the considered nanocomposite structure. The obtained results could be used to predict the safe design 

and working conditions in similar nanocomposite devices or parts of them, as sensors, nano- and optical electronic 

devices, energy devices, etc. 

Keywords: Multi-parameter optimization; graphene/MoS2/PET nanocomposite; interface shear stress; delamination. 

INTRODUCTION 

In the last ten years, the combinations of two and 

more 2D nanomaterials with different substrates, and 

respectively, the investigation of their properties, are 

in the focus of scientists in the world [3, 4, 6-10]. In 

[3, 4] and [7, 10] graphene/MoS2 or WS2/MoS2 were 

combined with polymers or Si/SiO2 as parts of 

different electronic and sensor devices, etc. The 

obtained heterostructures and their properties, were 

studied mostly experimentally. The performance 

gain-oriented nano-structurization has opened a new 

pathway for tuning mechanical features of solid 

matter vital for application and maintained 

performance [8].  

The 2D materials and their heterostructures offer 

excellent mechanical flexibility, optical 

transparency, and favorable transport properties for 

realizing electronic, sensing, and optical systems on 

arbitrary surfaces [4, 9]. The mechanical and 

physical properties of those heterostructures formed 

by stacking different two-dimensional materials 

show great potential for the next generation of 

electronic and optoelectronic materials. But, the 

interfacial mechanical behavior of those 

heterostructures with different substrates is still a 

critical problem in various fields [3, 10]. 

Understanding the mechanical properties and critical 

limits for safety   work   (without   failure)   in   the 

structure is extremely significant in the engineering 

[3].  

The aim of this work is to find the optimal values 

of geometry (length and thicknesses of all three 

layers), as well as the maximal value of external load 

in graphene/MoS2/PET nanocomposite under 

mechanical loading, without delamination in it. The 

analytical solutions for ISS and model criteria 

guaranteeing no delamination in the nanocomposite 

[1] are implemented in the multi-parameter 

optimization problem. Two optimization procedures 

(with genetic algorithms [2] and Mathematica) were 

defined and solved with objective function – the 

model criteria for ISS limit. As a result, different sets 

of optimal geometry configurations of the layers 

(length and thicknesses of all three layers) and 

optimal load in the considered nanocomposite 

structure, have been obtained. 

Mathematical model 

The mathematical model of the representative 

volume element (Fig. 1) of the three-layer statically 

loaded nanocomposite structure 

graphene/MoS2/PET describing the axial shear stress 

 1 x  is created using a two-dimensional stress-

function method [1]. The model is described with the 

fourth-order ordinary differential equation (ODE) 

(1) with constant coefficients iD : 

 2 1 4 1 1 1 52 2 2 2 0D D D D         (1) 

* To whom all correspondence should be sent:  

E-mail: boyan.boyadjiev@iche.bas.bg © 2024 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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This mathematical model is created by making 

the following model assumptions: 

1. The axial stresses in the layers are assumed to

be functions of axial coordinate x only. 

2. In the MoS2 interface layer the axial stress is

negligible in respect to the same ones in the other 

two layers.  

3. All stresses in the layers (axial, normal (peel)

and shear stresses) are determined under the 

assumption of the plane-stress formulation. 

The interface layer is simulated by the approach 

in [5]. 

Fig. 1. Representative volume element of the three-

layer nanocomposite structure. Layer 1 – graphene, Layer 

interface – MoS2, Layer 2 - PET 

Boundary and contact conditions for stresses 
     

, ,
i i i
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For layer (2): 
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(7) 

The analytical solution of the ODE equation (1) 

for the axial stress  1 x  involves the discriminant

of the respective characteristic equation. That 

discriminant can be either positive or negative, so the 

roots can be real or complex numbers, respectively. 

The sign of the discriminant depends on the 

thicknesses and material properties of the structure 

layers described by the coefficients .iD  

The possible general solutions of (1) for the axial 

stress  1 x are: 

31 2 4

1 1 2 3 4e e e e .
xx x xC C C C A

         (8) 

   

   

1 1 2

3 4

e cos sin

e cos sin .

ax

ax

M x M x

M x M x A

  

 

     

     

(9) 

where (8) is the solution for the case with 4 real roots 

i and (9) is the solution for the case with 4 complex 

roots  i   . 

In (8) and (9) iC  and iM  are the integration 

constants in the model solution, determined from the 

boundary conditions (2)−(7). The constant A is the 

solution for non-homogeneous ODE and depends on 

the external static load 
0 2P h   and Young’s 

modulus and thicknesses of the first and third layer 

in the structure as 5 12A D D or: 
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 

   
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0

1 2
.
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E E







(10) 

After finding solution for axial stress 1 , all other

stresses in the layers of the considered 

graphene/MoS2/PET structure can be obtained using 

this two-dimensional model relations: 
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  (11) 

The model criterion without delamination in the 

considered interface layer of the nanostructure is: 

     a a

1 1 USSISS .xy x h     (12) 

where USS is the ultimate shear stress of the 

interface layer and ISS is the interface shear stress. 

This criterion will be used for multi-parameter 

optimization to determine the model parameters. 

Multi-parameter optimization problem 

The parameters in the model criterion without 

delamination in graphene/MoS2/PET are: length l, 

layers’ thicknesses h1, ha, h2 and external load σ0. 

They are included in the coefficients Di in equation 

(1) and in the integration constants Ci or Mi ,

depending of the type of model solution obtained

from equation (8) or (9).

We use genetic algorithms [2] to find all 5 

parameters l, h1, ha, h2, and σ0 which fulfill the 

criterion (12) and assure that there is no 

delamination in the graphene/MoS2/PET 

nanocomposite. 

The possible optimal solutions from the genetic 

algorithms represent a set of different combinations 

of all parameters, which vary within predefined 

boundaries, according to physical and technical 

prescriptions. The equation (12) is the objective 

function of the multi-parameter optimization and the 

abovementioned 5 parameters are the decision 

variables in the genetic algorithms. Those 

parameters are set to vary within predefined 

technological boundaries.  

The block-scheme of genetic algorithms is 

presented on Fig. 2. In general, genetic algorithms 

are metaheuristics inspired by the process of natural 

selection in which population of individuals 

(candidate solutions) evolves toward better solution. 

Fig. 2 Block-scheme of genetic algorithms [2] 

Selection is the first stage of genetic algorithms, 

in which individuals are chosen from a population 

for later breeding. Selection mechanisms are also 

used to choose individuals for the next generation. 

There are several different methods of selection: 

a. Roulette wheel selection. In the roulette wheel

selection, the probability of choosing an individual 

for breeding of the next generation is proportional to 

its fitness, the better the fitness, the higher is the 

chance for that individual to be chosen. Choosing 

individuals can be depicted as spinning a roulette 

that has as many pockets as there are individuals in 

the current generation, with sizes depending on their 
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probability. Probability ip of choosing individual i 

is: 

1

.
n

i i i

j

p f f


  (13) 

where if is the fitness of and is the size of current

generation. In this method one individual can be 

drawn several times. The principle of roulette wheel 

selection is shown on Fig. 3. 

b. Tournament selection. Tournament selection is

another genetic algorithms method of selecting a 

solution from a population of individuals. 

Tournament selection involves running several 

"tournaments" among a few individuals randomly 

choosed from the population. The winner of each 

tournament is the one with the best fitness, which is 

then selected for crossover. The probability of an 

individual to participate in the tornament depends on 

tournament size. If the tournament size is larger, 

weak individuals have a smaller chance to be 

selected, because, if a weak individual is selected to 

be in a tournament, there is a higher probability that 

a stronger individual is also in that tournament. The 

principle of tournament selection is shown on Fig. 4. 

c. Selection for replacement. Often, to get better

results, selection of replacement strategies with 

partial reproduction is used. One of them is elitism, 

in which a small portion of the best individuals from 

the last generation is carried over (without any 

changes) to the next one. Then the generation is 

complemented with new individuals and the whole 

process is repeated again. The principle of the 

selection for replacement is shown on Fig. 5. 

RESULTS AND DISCUSSION 

The mechanical properties of the heterostructure 

investigated in this work are presented in Table 1 and 

are given in [3].  

Fig. 3. Principle of roulette-wheel selection [2] 

Fig. 4. Principle of tournament selection [2] 

Fig. 5. Principle of the selection for replacement [2] 

In Table 2 the obtained results from the 

performed GA multi-parameter optimization can be 

seen, for the case of complex roots solution for 

derivative of σ1 in the objective function in eq. (12). 

For the case of real roots for ISS the alternative 

Mathematica optimization procedure was developed 

and solved with the same optimization criterion eq. 

(12). The results from Mathematica are presented in 

Table 3.  

Table 1. Input data 

Material Young modulus, 

 GPa 

Poisson 

ratio 

Graphene 1000 0.13 

MoS2 270 0.25 

PET 2.3 0.43 
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Table 2. Obtained results from GA (complex roots).

Solution No. 1 2 3 4 5 6 8 9 10 

Optimal load σ0 2.84E+09 3.60E+09 3.74E+09 5.61E+09 1.53E+09 5.78E+09 2.77e+08 5.86e+09 4.70e+08 

Optimal length l 1.76E-05 1.75E-05 1.73E-05 3.17E-05 1.87E-05 3.18E-05 7.49e-05 1.46e-05 4.48e-05 

Optimal h1 2.14E-09 3.05E-09 5.00E-09 3.82E-09 1.06E-09 4.49E-09 5.00E-09 4.81E-09 5.00E-09 

Optimal ha 1.00E-09 2.48E-09 1.00E-09 3.09E-09 3.61E-09 1.42E-09 6.83e-10 6.51e-10 6.65e-10 

Optimal h2 3.85E-04 4.15E-04 4.15E-04 8.70E-04 3.32E-04 8.81E-04 9.45e-04 4.64e-04 5.89e-04 

GA population 

samples, generation, 

numbers 

500 

200 

500 

500 

200 

500 

500 

200 

500 

500 

200 

500 

500 

200 

500 

500 

200 

700 

500 

200 

700 

500 

200 

700 

500 

200 

700 

Methods used 
in GA* 

TS, 
AC, 

NM 

RWS, 
AC, 

NM 

RWS, 
TPC, 

NM 

TS, 
BC,  

NM 

RS,  
BC,  

NM 

TS, 
OPC,  

NM 

TS, AC, 
NM 

TS, AC, 
NM 

TS, AC, 
NM 

* Tournament selection, Arithmetical crossover, Non-uniform mutation (TS, AC, NM);

Roulette wheel selection, Arithmetical crossover, Non-uniform mutation (RWS, AC, NM);

Roulette wheel selection, Two-points crossover, Non-uniform mutation (RWS, TPC, NM);

Tournament selection, Blend crossover, Non-uniform mutation (TS, BC, NM);

Rank selection, Blend crossover, Non-uniform mutation (RS, BC, NM);

Tournament selection, One-point crossover, Non-uniform mutation (TS, AC, NM).

Table 3. Optimal values of parameters from Mathematica optimization procedure for graphene/MoS2/PET (real 

roots) 

Solution* No. M2 M11 M12 M29 MLimit 

Optimal load σ0, MPa 1 1 0.182 1 0.95 

Optimal l, m 1e-05 1e-05 1e-05 1.5e-05 1e-05 

Optimal h1, m 0.35e-09 0.675e-09 0.675e-09 0.35e-09 1e-09 

Optimal ha, m 1e-10 1e-10 1e-10 1e-10 1e-10 

Optimal h2, m 1e-06 1e-06 5.5e-06 1e-06 1e-06 

* to differentiate the solutions in graphic results, these from Mathematica are noted with M

Fig. 6. Optimal solutions for 5 parameters from GA and Mathematica: complex roots CR (blue) and real roots RR (red) 

Results Eli, 12-04-24, Complex, Gr/MoS2/PET, USS=0.26 MPa
and results Alex, 16-04-24, REAL (red), Complex (blue)

0, Pa
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Fig. 7. Model Interface shear stress distribution calculated by the optimal values of parameters (complex roots) 

Fig. 8. Model interface shear stress distribution calculated at the optimal values of parameters (real roots) 

In Figure 6, the sets of optimal values of the 

parameters (load, length, thicknesses of the three 

layers) are presented along with criterion equation 

(12) from both optimizations. It can be seen that

along the ordinate each geometrical parameter

changes within certain limits (intervals) for each of

the two types of solutions (8) and (9) for ISS

included in the objective function. The limits of the

changes of the optimal thicknesses of PET h2 and of

the interface layer ha, for the cases of real and

complex roots, are particularly well differentiated.

The intervals of variation of l are almost similar for

both possible solutions (8) and (9). On the abscissa,

each different set of geometry data corresponds to a

particular mechanical load such that for each group

of five parameters criterion (12) is met or the model-

predicted ISS at these load and geometry values is 

equal to or below the critical USS value. 

In order to verify the obtained results, the 

following Figures 7 and 8 present a part of the 

distributions of the ISS along the length of the 

nanocomposite obtained at the optimal values of the 

parameters. As can be seen, for each type of solution, 

the optimal values of the studied parameters actually 

meet the criterion of not having delamination in the 

nanocomposite structure. Graphically, on Figures 7 

and 8, the ISS distribution for both cases does not 

exceed the straight horizontal line corresponding to 

the USS. 
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It turned out that the only data which can be 

compared with ours in the available literature, is the 

thickness of the interface layer – our common 

interval of obtained optimal values for ha is (1e-10 ÷ 

3.6e-09) for the investigated nanostructure. It is 

worth noting that the value obtained by Yu et al., 

2014 [4] (0.8 nm) for graphene/MoS2/Si is in the 

interval of the results obtained here, despite the 

different substrate used. 

CONCLUSIONS 

The multi-parameter optimization problem for 

three-layer nanostructure safety work (without 

delamination) is formulated and solved with genetic 

algorithms and Mathematica approach for axially 

loaded graphene/MoS2/PET nanocomposite. The 

analytical model criterion based on the model ISS 

limit (no delamination), is included in the 

optimization procedures. The minimization of the 

later criteria as an objective function allows 

determining of the optimal values for 5 parameters: 

layers’ thicknesses, length and mechanical loading 

for the considered nanocomposite. 

The obtained optimal solutions represent a set of 

different combinations of all 5 parameters, which 

vary within predefined boundaries, according to 

physical and technical prescriptions.  

The results show that at obtained optimal values 

of 5 parameters, the model ISSs confirmed and 

fulfilled the model criterion in graphene/MoS2/PET. 

The obtained optimal interval of values for ha 

coincides well with available literature data [4]. 

They could be used for predicting the optimal 

geometry design and load for any material 

combinations for three-layer nanocomposite 

structure, which satisfied the model assumptions [1]. 
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Н57/3/15.11.2021 with Bulgarian National Science 

Fund for the project “Optimal safe loads and 

geometry for layered nanocomposites under thermo-
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Nomenclature 

A - constant, solution of non-homogeneous ODE 

(1) of 4th order;

Ci, Mi - integration constants in the model

solutions, determined from the respective boundary 

conditions; 

E - Young modulus of layer material, Pa; 

1 2, ,ah h h - thickness of the 1st, middle and 2nd

layer in the nanocomposite, m ; 

ISS - model interface shear stress, Pa; 

l - length of the nanocomposite, m; 

x, y P - applied tension force to the substrate, 

N.m;

- coordinate system, m;

USS - ultimate shear stress of middle layer in

nanocomposite, Pa; 

Greek symbols 

i  - real roots of the characteristic equation

corresponding to 4th order ODE; 

 i   - complex roots of the characteristic 

equation corresponding to ODE of 4th order; 

 - Poisson number (ratio), - ;

0  - external loading stress, applied to substrate,

Pa; 

1 ,, a

x y  - model axial and shear stress, Pa;
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In this study, gold nanorods (Au NRs) were employed to modify a TiO2 semiconductor nanolayer for potential 

integration into dye-sensitized solar cells (DSSCs)' photoanode, aiming to enhance absorption in the visible to near-

infrared (NIR) spectral region and mitigate electron-hole recombination. Two aspect ratios of Au NRs were synthesized 

and their interaction with TiO2 was investigated. Both Au NR types show two distinct absorption peaks in the visible to 

NIR spectral region due to the surface plasmon resonance effect. The aspect ratios of the prepared Au NRs were 

determined using transmission electron microscopy. X-ray photoelectron spectroscopy measurements indicated electronic 

charge transfer from TiO2 nanoparticles (NPs) to Au NRs, evidenced by blue shifts in the Ti 2p and O 1s peaks. 

Photoluminescence (PL) analysis revealed decreased emission intensity in TiO2 NPs decorated with Au NRs, which is 

attributed to a formed Schottky barrier that reduces the electron-hole recombination process by acting as an electron sink. 

Notably, the PL intensity of TiO2 NPs decorated with the larger aspect ratio of Au NRs (4.93) is lower, compared to that 

decorated with the smaller aspect ratio (2.41). This result suggests superior electron trapping and charge carrier separation, 

leading to reduced electron-hole recombination rates.  

Keywords:  Au nanorods; TiO2 nanoparticles; dye-sensitized solar cells. 

INTRODUCTION 

Titanium dioxide (TiO2) nanomaterial is 

considered a highly promising semiconductor in 

various scientific fields such as photocatalysis, 

lithium-ion batteries, water splitting, and solar cells 

due to its unique characteristics [1-4]. Particularly, 

TiO2 has attracted the greatest attention as a potential 

photoanode for dye-sensitized solar cells (DSSCs) 

because of its large band gap, high surface area for 

dye adsorption, high chemical stability, lack of 

toxicity, and fast electron transfer rate [5, 6]. Despite 

the advantages of TiO2, it has low electron diffusion 

coefficients because of defects, surface states, grain 

boundaries, and other structures that act as electron 

trapping sites. This results in a decrease in charge-

carrier mobility, a decrease in charge-carrier 

separation lifetime, and an increase in the rate of 

electron-hole recombination, which subsequently 

limits the efficiency of DSSCs [7, 8]. The most 

common approach for suppressing the charge 

recombination process in TiO2, is structural 

modification with metal nanoparticles, non-metals, 

semiconductor coupling, and hybridization with 

carbon materials [9-13]. Moreover, the surface 

plasmon resonance effect (SPR) of plasmonic metal 

nanostructures provides an enhancement of visible 

light absorption.  The shape of a metal nanostructure 

has an impact on the performance of DSSCs. In 

particular, rod-shaped Au nanostructures have a 

greater photovoltaic efficiency than Au 

nanoparticles (Au NPs) because they further boost 

light harvesting in the near-infrared (NIR) spectral 

region. Furthermore, the Au nanorods (Au NRs) 

provide higher carrier recombination resistance and 

faster charge carrier transportation compared to Au 

NPs [14].  

In this study, we modified TiO2 nanolayers by 

preparing nanocomposites with Au NRs of varying 

aspect ratios, aiming at potential application as 

photoanodes in DSSCs. The morphology and size of 

the Au NRs were determined through transmission 

electron microscopy while X-ray photoelectron 

spectroscopy was utilized to analyze the deposition 

of Au NRs onto TiO2 nanomaterial. We observed a 

substantial enhancement in optical absorption within 

the visible (Vis) and NIR spectral regions for the 

new materials. The photoluminescence spectra 

indicate a large reduction in the electron-hole 

recombination process as a result of efficient 

electron trapping. These TiO2/Au NRs 

nanocomposites hold promise in enhancing light 

harvesting from the solar radiation, while facilitating 

interfacial charge transfer when employed as 

photoanodes in DSSCs. 

* To whom all correspondence should be sent:

E-mail: abouzied@squ.edu.om
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MATERIALS AND METHODS 

Synthesis of Au NRs@TiO2 nanocomposites 

The two aspect ratios of Au NRs were 

synthesized using a seed-mediated method 

following the procedure outlined by Feng et al. [15]. 

The aspect ratio was controlled by using different 

volumes of AgNO3 (50 and 105 µL) in the growth 

solution. The nanocomposite was prepared by 

mixing 0.2 g of TiO2 (P25), 0.4 ml of 24% NH3, 0.8 

ml of mercaptoacetic acid, and 6.8 ml of H2O. The 

solution mixture was vigorously stirred for a 

duration of 24 h. Subsequently, 8 ml of the 

previously prepared Au NRs was added to the 

solution and maintained at the same stirring speed 

for additional 24 h. Purification of the 

nanocomposite involved removing the 

mercaptoacetic acid and repeated washing of the 

precipitate with water. The nanocomposite was then 

centrifuged for 10 min at a speed of 7,000 rpm, and 

the resulting precipitate was redispersed in deionized 

water before being allowed to completely dry at 

room temperature. 

Characterization techniques 

The morphology of the prepared samples was 

examined using field emission transmission electron 

microscopy (FE-TEM, JEOL JEM-2100F). The 

optical absorption and photoluminescence properties 

were determined at room temperature using Agilent 

8453 spectrophotometer and Perkin Elmer LS55 

fluorescence spectrophotometer, respectively. X-ray 

photoelectron spectroscopy (XPS) (Scienta 

Omicron, Germany) utilizing Al-k (h = 1486.6 eV) 

at a working voltage of 15 kV under 10-8 Pa was 

employed to investigate the elemental composition. 

RESULTS AND DISCUSSION 

Absorption spectra of Au NRs 

The Vis–NIR absorption spectra of Au NRs 

were recorded to investigate their optical 

characteristics. Electronic excitation causes the Au 

NRs to have two SPR modes [16], transverse SPR 

(TSPR) due to electron oscillations in the Au NRs' 

transverse direction, and longitudinal SPR (LSPR) 

associated with electron oscillations in the Au NRs' 

longitudinal direction. The former appears as an 

absorption band in the 510–530 nm region, while the 

latter absorption peak is modulated from Vis to NIR 

by changing the aspect ratio [15, 17]. 

The Vis–NIR absorption spectra of the two 

different aspect ratios of Au NRs prepared here are 

displayed in Fig. 1. The terminology in the figure 

(Au NR (n)) is based on the amount of AgNO3 in the 

growing solution, where n is the concentration of 

AgNO3 in micromoles (μM). The Au NRs show 

significant LSPR bands at 634 nm and 819 nm as the 

AgNO3 concentration increases, and weak TSPR 

bands around 509–513 nm. As shown in the figure, 

the absorption wavelength of the LSPR band 

changes with the AgNO3 concentration while that of 

the TSPR band is fixed. For the remainder of the 

paper, we will designate the two different NRs as Au 

NRs 634 and Au NRs 819. 

 
Fig. 1. Normalized absorption spectra of Au NRs 

prepared with different concentrations of AgNO3 as 

follows: (a) 50 µM (Au NRs 634), (b) 105 µM (Au NRs 

819). 

Morphology and dimensions of Au NRs 

Fig. 2 displays the TEM images of the prepared 

Au NRs. Both samples have a nanorod-shaped 

morphology with few nanosphere particles formed. 

The high yield of Au NRs is due to the presence of 

the Ag+ ions, whose concentration is proportional to 

the aspect ratio of the Au NRs (Table 1). It is clear 

from the table that the higher the concentration of 

Ag+ the larger is the aspect ratio of the nanorods. 

From the TEM images, the two aspect ratios of the 

Au NRs were estimated to be 2.41 and 4.93. 
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Fig. 2. TEM images of Au NRs with two aspect ratios: (a) Au NRs 634, (b) Au NRs 819. 

Table 1. Average aspect ratios, lengths, and widths of the Au NRs. 

 Au NRs 634 Au NRs 819 

Average width 

Average length 

Aspect ratio 

14.07 

33.72 

2.41 

10.64 

51.60 

4.93 

 
Elemental composition of Au NRs@TiO2 

The elemental composition of the 

nanocomposites was confirmed using XPS analysis, 

which was also used to examine the chemical shifts 

and the nature of the chemical bonds in the surface 

region. Fig. 3(a) shows the high-resolution XPS 

spectra of Ti 2p peaks for TiO2 and Au NRs@TiO2. 

The Ti 2p spectrum for TiO2 NPs exhibited two 

peaks at 457.8 eV and 463.6 eV which corresponds 

to the binding energies of the Ti 2p3/2 and Ti 2p1/2 

core levels, respectively, due to the presence of the 

Ti(IV) state [4, 9]. Moreover, the high-resolution 

spectra of the O 1s energy state for both TiO2 and the 

nanocomposite are depicted in Fig. 3(b). The binding 

energy of the O 1s state for the samples was 

identified at 529.5 eV, corresponding to the bulk 

oxides (O2-) within the P25 lattice of TiO2 [4]. 

Decorating Au NRs on TiO2 NPs leads to a blue shift 

of the Ti 2p and O 1s peaks. This shift is attributed 

to the interaction between TiO2 NPs and Au NRs, 

which suggests that the increased binding energies 

of Ti 2p and O 1s are due to an electronic charge 

transfer from TiO2 NPs to Au NRs. Furthermore, the 

Au 4f spectrum of the nanocomposite contains two 

peaks at 82.9 eV and 86.5 eV, representing binding 

energies of the Au 4f7/2 and Au 4f5/2 core levels, 

respectively. This result indicates the presence of Au 

in its metallic state [4]. 

 

  
Fig. 3. High resolution XPS spectra: (a) Ti 2p, (b) O 1s, and (c) Au 4f for TiO2 and Au NRs@TiO2 
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. 

Photoluminescence of TiO2 nanoparticles 

The PL spectra of TiO2 NPs decorated with the 

two different aspect ratios of Au NRs are presented 

in Fig. 4. The PL spectrum of pristine TiO2 is 

included for comparison. Within the 385-530 nm 

range for Au NR 634@TiO2 and Au NR 819@TiO2, 

five peaks are detected. Among these, a single peak 

appears in the ultraviolet region at 386 nm (3.21 eV), 

which is approximately equal to the bandgap energy 

of TiO2. In the visible range, the spectrum includes 

four peaks at 420 nm (2.95 eV), 444 nm (2.79 eV), 

483 nm (2.57 eV), and 530 nm (2.34 eV). These 

visible peaks are caused by defect states in the TiO2 

NPs, which introduce new electron trap energy 

levels. 

Fig. 4. Photoluminescence spectra of TiO2 

nanoparticles coated with two different aspect ratios of Au 

NRs. λex = 310 nm. 

Deposition of Au NRs onto TiO2 NPs causes 

significant decrease in the emission intensity. This 

demonstrates that the efficiency of electron-hole 

recombination was decreased in TiO2 NPs coated 

with Au NRs, which can be attributed to relocation 

of the excited electrons in the conduction band to the 

surface of Au NRs, thus reducing electron-hole 

recombination. This is primarily related to the 

formation of a Schottky barrier at the contact 

between Au NRs and TiO2 that effectively traps the 

electrons by acting as an electron sink [4, 18-20]. 

Furthermore, the intensity of the PL peaks of Au NR 

819@TiO2 is lower, compared to that of Au NR 

634@TiO2. This suggests that the larger aspect ratio 

of Au NRs achieves the highest electron trapping 

and charge carrier separation along with the lowest 

rate of electron-hole recombination. 

CONCLUSION 

This study investigates the utilization of Au NRs 

to modify the TiO2 semiconductor nanolayer for 

potential integration into DSSCs as photoanodes. 

The objective is to improve absorption in the visible 

to NIR spectral region and alleviate electron-hole 

recombination. Two different aspect ratios of Au 

NRs were synthesized, and their interaction with 

TiO2 was examined. Both types of Au NRs exhibit 

distinct absorption peaks in the visible to NIR 

spectral range owing to the surface plasmon 

resonance effect. The aspect ratios of the synthesized 

Au NRs were determined by transmission electron 

microscopy. X-ray photoelectron spectroscopy 

measurements indicated electronic charge transfer 

from TiO2 NPs to Au NRs, as evidenced by blue 

shifts of the Ti 2p and O 1s peaks. PL analysis 

revealed a decrease in the emission intensity of TiO2 

NPs decorated with Au NRs, as a result of the 

formation of a Schottky barrier that reduces electron-

hole recombination by serving as an electron sink. 

Remarkably, the PL intensity of TiO2 NPs decorated 

with Au NRs of larger aspect ratio (4.93) is lower 

compared to those decorated with Au NRs of smaller 

aspect ratio (2.41), suggesting superior electron 

trapping and charge carrier separation, resulting in 

reduced electron-hole recombination rates. 

Acknowledgement: The authors would like to 

acknowledge the financial support provided through 

the International Research Collaboration Co-

Funding Program (IRCC) from Sultan Qaboos 

University and Qatar University, with Grant 

reference number CL/SQU-QU/SCI/24/01. 

REFERENCES 

1. M. Farzadkia, E. Bazrafshan, A. Esrafili, J. K. Yang,

M. Shirzad-Siboni, J. Env. Health Sci. Eng., 13, 35

(2015).

2. A. A. Kashale, K. P. Gattu, K. Ghule, V. H. Ingole,

S. Dhanayat, R. Sharma,J.-Y. Chang, A. V. Ghule,

Compos. B, 99, 297 (2016).

3. N. Kunthakudee, T. Puangpetch, P. Ramakul, K.

Serivalsatit, M. Hunsom, Int. J. Hydrogen Energy,

47, 23570 (2022).

4. S. P. Lim, Y. S. Lim, A. Pandikumar, H. N. Lim, Y.

H. Ng, R. Ramaraj, D. C. S. Bien, O. K. Abou-Zied,

N. M. Huang, Phys. Chem. Chem. Phys., 19, 1395

(2017).

5. L. G. Devi, K. M. Reddy, Appl. Surf. Sci., 257, 6821

(2011).

6. H. Wei, J.-W. Luo, S.-S. Li, L.-W. Wang, J. Am.

Chem. Soc., 138, 8165 (2016).

7. S. Nakade, Y. Saito, W. Kubo, T. Kitamura, Y.

Wada, S. Yanagida, J. Phys. Chem. B, 107, 8607

(2003).

350 400 450 500 550
0

200

400

530 nm

2.34 eV

483 nm

2.57 eV

444 nm

2.79 eV

420 nm

2.95 eV

In
te

n
s
it

y
 (

a
.u

)

Wavelength (nm)

 TiO2

 Au NR 634@TiO2

 Au NR 819@TiO2
386 nm

3.21 eV



Z. B. Al-Ruqeishi, O. K. Abou-Zied: Influence of gold nanorods on the structure and spectroscopic properties of TiO2 … 

332 

8. P. Roy, D. Kim, K. Lee, E. Spiecker, P. Schmuki,

Nanoscale, 2 , 45 (2010).

9. S. P. Lim, A. Pandikumar, N. M. Huang, H. N. Lim,

RSC Adv., 4, 38111 (2014).

10. J. M. Macak, F. Schmidt-Stein, P. Schmuki,

Electrochem. Commun., 9, 1783 (2007).

11. T. Ohno, M. Akiyoshi, T. Umebayashi, K. Asai, T.

Mitsui, M. Matsumura, Appl. Catal. A, 265, 115

(2004).

12. H. L. Meng, C. Cui, H. L. Shen, D. Y. Liang, Y. Z.

Xue, P. G. Li, W. H. Tang, J. Alloys Comp., 527, 30

(2012).

13. L. Zhang, H. Fu, Y.-F. Zhu, Adv. Funct. Mater., 18,

2180 (2008).

14. P. S. Chandrasekhar, P. K. Parashar, S. K. Swami, V.

Dutta, V. K. Komarala, Phys. Chem. Chem. Phys., 

20, 9651 (2018). 

15. L. Feng, Z. Xuan, J. Ma, J. Chen, D. Cui, C. Su, J.

Guo, Y. Zhang, J. Exp. Nanosci., 10, 258 (2015).

16. R. Takahata, S. Yamazoe, K. Koyasu, T. Tsukuda, J.

Am. Chem. Soc.,  136, 8489 (2014).

17. Y. Okuno, K. Nishioka, A. Kiya, N. Nakashima, A.

Ishibashi, Y. Niidome, Nanoscale, 2, 1489 (2010).

18. J. Yu, L. Yue, S. Liu, B. Huang, X. Zhang, J. Colloid

Interface Sci., 334, 58 (2009).

19. G. Žerjav, M. Roškarič, J. Zavašnik, J. Kovač, A.

Pintar, Appl. Surf. Sci., 579, 152196 (2022).

20. N. Bagheri, J. Hassanzadeh, Z. B. Al-Ruqeishi, N. S.

Abdul Manan, H. A. J. Al Lawati, O. K. Abou-Zied,

Phys. Chem. Chem. Phys., 25, 19230 (2023).



Bulgarian Chemical Communications, Volume 56, Issue 3 (pp. 333-341) 2024  DOI: 10.34049/bcc.56.3.TP-SR 

333 

Multi-parameter optimization of layered hBN/PMMA nanocomposite under 

mechanical loading 

T. Petrova1*, E. Kirilova1, R. Vladova1, A. Apostolov1, B. Boyadjiev1, A. Moravski2

1

Institute of Chemical Engineering, Bulgarian Academy of Sciences, Acad. G. Bonchev Str., Bl. 103, 1113 Sofia, 

Bulgaria 

2Faculty of Mathematics and Informatics, Sofia University "St. Kliment Ohridski”, 5 James Bourchier Blvd., 1164 
Sofia, Bulgaria 

Received June 3, 2024;Accepted: August 17, 2024 

In the present study, a methodology is proposed to find the optimal safe values for the geometry and the magnitude of 

the axially applied mechanical load for hBN/PMMA nanocomposite, so as to avoid the possibility of its 

delamination/fracture, by using Genetic Algorithms. First, the analytical solutions for the interface shear stress in the 

middle layer of the considered nanostructure are obtained, based on the application of the 2D method of the stress 

function and the minimization of the strain energy. Second, the theoretical criterion for no delamination in the 

interface layer, based on the model ISS is formulated, including the structure geometry and loading as parameters. The 

multi-parameter optimization problem involving this criterion is then defined and solved by the GA. By 

varying all parameters simultaneously, their safety intervals (without delamination) in the considered nanocomposite 

structure are obtained. The magnitude of the applied load was found to mainly affect the magnitude of the ISS. Layer 

thicknesses mostly affect the type of ISS solution, especially the substrate thickness. The effect of layer length on ISS 

is weaker than that of layer thickness at fixed load. The obtained results can be used for fast delamination prediction 

and appropriate design in such nanostructured devices to ensure their safe operation. 

Keywords: Multi-parameter optimization, hBN/Interface/PMMA nanocomposite, interface shear stress, delamination 

INTRODUCTION 

Boron nitride nanosheet (BNNS)-polymer 

composites are one of the important classes of 

materials with a wide range of applications: 

automotive, aerospace, energy storage [1], medicine, 

electronic engineering, etc. Properties of the 

hBN/polymer nanocomposites mainly depend up on 

filler size and dispersion, mixing conditions and type 

of interaction between polymer matrix and the nano 

filler [2]. Boron nitride (BN) nanomaterials have 

superior fracture strength (165 GPa), high Young’s 

modulus (0.8 TPa), high thermal stability (up to 800 

°C in the air), excellent thermal expansion 

coefficient (−2.72 × 10−6 K−1), and outstanding 

thermal conductivity (300–2000 Wm−1 K−1) [3]. 

Among the abovementioned BNNS properties, in 

this review work [3], the fundamental parameters 

that control the molecular interactions of BNNSs 

with polymer matrices have been considered in 

detail. The authors take into account two groups of 

factors influencing the hBN/polymer 

nanocomposites properties – non-interfacial and 

interfacial factors. The latter ones show a strong 

effect on the stress-transfer efficiency of this kind of 

nanocomposites and include: covalent and non-

covalent interactions at the interfacial surface area, 

and at the BNNS-polymer interface. A transitional 

zone is created, termed as „interphase“, which is the 

origin of property changes in polymer 

nanocomposites. Interphases have a vital role in 

transferring mechanical stress, thermal heat, and 

electrical load from one phase into another.  

At the moment, scientists still do not have a direct 

method to experimentally measure and determine 

the properties and geometrical characteristics 

(thickness, length, etc.) of such an interphase zone 

not only for (BNNS)-polymer, but also for the 

recently widespread nanocomposites of other 2D 

materials (graphene, MoS2, WS2, Mxenes, etc.) and 

different substrates [4-6]. There are several 

theoretical developments that attempt to fill this lack 

of information about the interphase zone. In the 

dissertation of Kochetov [7], the Lewis-Nielsen 

model was used with a third phase (interface) added 

to the other two – spherical/platelet nanoparticles of 

BN and an epoxy matrix, to explain the Kapitza's 

resistance of an interphase boundary phenomenon 

and its influence on thermal conductivity. Kochetov 

has  proved  that  such  a  phase  must  exist,  since 

accounting for it yields realistic thermal conductivity 

values compared to experimental data, unlike the * To whom all correspondence should be sent:

E-mail: t.petrova@iche.bas.bg
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case of only two phases in the model. Kochetov's 

model yielded the following values for the width of 

the interface zone: 1.6÷2.5 nm. This author also 

mentioned that for a polymer/nanoclay the width of 

this zone is 5÷15 nm and for PVA/Si 

nanocomposites it is 5÷10 nm. 

Later, the scientists’ interest to hBN/polymer or 

other nanocomposites, as well as to the interface 

zone between them, increased: hBN/epoxy [8], 

hBN/Si [9], hBN/PDMS [10], BNNT/PMMA [11], 

hBN/PMMA [12], hBN/PVA [13], and 

hBN/sapphire [14]. But only in [8], [9] and [11], the 

interface area has also been considered and studied. 

In [11], the load transfer characteristics of boron 

nitride nanotube (BNNT)/PMMA interfaces by 

using a micromechanic shear-lag model that takes 

into account the elastoplastic properties of polymer 

matrices, have been investigated. Closed-form 

analytical solutions of the interfacial shear stress 

distribution profile are derived. The failure of the 

nanotube–polymer interface and the pull-out force 

are analyzed using this strain-hardening model based 

on recently reported nanomechanical single-

nanotube pull-out experiments. The BNNT/PMMA 

interface is found to possess a maximum interface 

shear strength (IFSS) of 71 ± 2 MPa that is predicted 

using the strain-hardening model, as compared to 

236 ± 11 MPa that is predicted using the elastic 

model. The thickness of interface matrix layer is 

fixed in this model as 8.05 nm. In the paper of Yi et 

al. [9] on hBN/Si, the maximum IFSS is 1.25 GPa, 

unlike much lower values of IFSS in the literature 

for BNNT/PMMA – 219 MPa and for BNNT/epoxy 

– 323 MPa. In [9] the thickness of interface layer is

8.1 nm, which is very close to the value in [11].  In

contrast to the latter one, in [9] the authors have

obtained the interphase thickness of hBN/epoxy to

be 0.6 Å (0.06 nm) and IFSS 9.5 MPa. When the

surface of hBN is functionalized with additional

groups (4 and 8), the IFSS increased from 13.9 to

17.7 MPa. Their results indicate that the interface

region of BNNS/EP is composed of three regions,

namely, compact region, buffer region, and normal

region. As a conclusion, one might say that there are

no papers, which discussed the influence of

geometry and material properties of interface layer

(zone) on the value of ISS in the available literature.

Also, there are no studies, in which an optimization

of the hBN/polymer nanocomposite geometry is

done, in order to obtain the best stress transfer 

without failure /delamination. Our contribution to 

the researches on the above topic has been reported 

recently [15]. The most important parameters, which 

influenced the value of ISS, have been theoretically 

determined by parametric analysis: the magnitude of 

external load, the thicknesses of the layers and the 

length of nanocomposite structure 

hBN/Interface/PMMA. The analytical model results 

for strain in hBN and ISS are validated successfully 

in the elastic zone of external loads with 

experimental data of [12]. After this short literature 

analysis, it is well established that the reinforcement 

of polymers by hBN nanofillers is controlled by 

stress transfer from the matrix to the reinforcement. 

Also, it is obvious that the existence and 

consideration of the interface is essential to the stress 

transfer between the two other phases. One of the 

most important requirements from the industry 

applications of the nanostructures is to assure their 

safe design and loading.  

The aim of this work is to find the optimal values 

of geometry (length and thicknesses of all three 

layers), as well as the maximal value of external load 

at the example of hBN/Interface/PMMA 

nanocomposite under mechanical loading, without 

delamination in it. Combining 2D stress-function 

model predictions for interface shear stress [16] and 

Genetic Algorithm optimization procedure [17], 

different optimal sets of geometry configurations of 

the layers (length and thicknesses of all three layers) 

and maximal load in the considered nanocomposite 

structure, have been obtained. The objective 

function in GA multi-parameter problem is the 

criterion for “no delamination” in the structure, 

requiring ISS to be less or equal to ultimate shear 

stress at the interface layer. The novelty of the 

present work is to find all optimal values of 

geometry and load parameters simultaneously, 

which becomes possible by the metaheuristic GA 

approach used. 

MATHEMATICAL MODEL 

The formulation and derivation of analytical 

solutions for stresses (and strains) in a 3-layer 

nanocomposite structure (Fig. 1) by 2D stress-

function method were already published in detail in 

[16]. Here only the most important formulas will be 

given.  
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Fig. 1. Representative volume element (RVE) of a 3-layer hBN/Interface/PMMA nanocomposite structure. 

According to the model assumptions, all axial 

stresses in the layers are functions of axial 

coordinate x only. Also, the axial stress in the 

interface layer is set negligible in respect to the same 

ones in the other two layers. Applying the 2D stress-

function method, one can obtain a 4th order 

differential equation (ODE) with constant 

coefficients, with respect to the unknown axial stress 

function σ1 in the first layer (nanolayer). Two types 

of analytical model solutions for the axial stress σ1 

in the nanolayer are derived, with coefficients 

depending from the geometry of the three-layer 

nanocomposite, its material properties and external 

load: 
σ1(x) = C1 exp(λ1⸳x) + C2 exp(λ2⸳x) + C3 exp(λ3⸳x) + 

C4 exp(λ4⸳x) – A     (1) 

σ1(x) =exp(-ax)[M1cos(βx) + M2 sin(βx)] + 

exp(ax)[M3cos(βx) + M4 sin(βx)] – A (2) 

In eqs. (1) and (2) the constant A  is the solution 

for non-homogeneous ODE and depends on the 

external static load (
0 2P h  ), and Ci and Mi are the 

integration constants in the model solutions, 

determined from the respective boundary conditions 

[16]. All other stresses in the layers, including the 

interface shear stress (ISS), are expressed by eqs. (1) 

or (2) and its derivatives. Eq. (2) is the solution for a 

case of 4 complex roots ±(α ± iβ), while eq. (1) 

corresponds to the case of 4 real roots λi. It is worth 

noting [16] that the type of roots depends on the 

chosen geometry of the nanocomposite structure 

(layers’ thickness and length). 

The model criterion for no interface 

delamination in the nanostructure was defined, 

where USS is the ultimate shear stress of interface 

(adhesive) layer: 

   ( ) '

1 1

aa

xy USSx h              (3) 

Graphically, if exists, the delamination starts at 

both ends of the nanostructure and represents the 

intersection of the ISS model curve with the straight 

horizontal line corresponding to the USS. 

MULTI-PARAMETER OPTIMIZATION 

PROBLEM 

The genetic algorithm (GA) known as BASIC 

GA [17] was employed to tackle the formulated 

below multi-parameter optimization problems. Here, 

only a short overview on the working steps for GA 

application is presented.  

In the initial iteration called "a generation" in 

terms of the genetic algorithms, BASIC GA 

initializes a “population” (set) comprising randomly 

generated solutions (vectors of values for the control 

variables), called "chromosomes" or "individuals". 

The GA operates with a constant, predefined 

population size that remains unchanged within the 

searching process. The solutions are represented by 

their genotype and the search is performed in the 

continuous space. Through the application of so 

called “morphogenesis” functions, solutions are 

transformed (coded) from their genotype to their 

“phenotype”. The latter is needed to compute the 

values of both the objective functions (OF) of the 

chromosomes and their “fitness” functions. The 

fitness function represents a normalized objective 

function. Following this, genetic operators are 

applied to the individuals from the population. These 

operators are "selection for reproduction 

(crossover)”, "reproduction (crossover)," 

"mutation," and finally, "selection to replacement" 

as in which the old individuals (from the previous 

generation) are replaced with the newly created 

"offspring" (for details see [17).  

At first, a selection for reproduction is carried 

out. Subsequently, the mutation operator is applied. 

In the final stage, selection for replacement is carried 

out to generate a new population for the next 

generation. A morphogenesis function is applied to 

the offspring to derive the solutions in their 

phenotype. Then, the objective functions of all 

solutions in the pool are computed. The best-value 

solution for the OF is selected to pass into the new 

generation. The replacement selection applied is 

unbiased, meaning the next generation of solutions 

is augmented to the specified number with solutions 

randomly selected from the pool. At the conclusion 
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of this final stage, the number of generations 

increases. As a criterion for stopping the search, 

BASIC GA uses reaching a predefined number of 

generations. 

The BASIC GA encompasses various types of 

genetic selection operators for reproduction, 

crossover, and mutation, offering users the 

flexibility to choose among them to address a 

specific optimization problem. Moreover, the 

BASIC GA is designed to handle constrained 

optimization problems by employing penalty 

functions. 

For the considered nanocomposite 

hBN/Interface/PMMA structure, the goal is to find 

simultaneously the optimal values of the control 

variables (length, thicknesses of layers h1, ha, h2 and 

external load σ0), at which the OF – eq. (3) has the 

minimum value, less or equal to USS. The control 

variables are in preliminary defined boundaries 

(upper and lower) which are physically and 

technologically correct. The so formulated multi-

parameter optimization problem (MPOP) is solved 

by GA approach for various combinations of 

selections methods, type of recombination and 

mutation used. Also, the number of populations, 

samples and generations are varied too during the 

optimization procedure. The results can be seen in 

Table 1. As a stop criterion the number of 

generations (iterations) is used.  

Meanwhile, an alternative optimization 

procedure was developed especially for the case of 

real roots solution – eq. (1) for ISS in the OF. During 

the optimization, the GA proved to be more suitable 

for finding the optimal values of the control 

variables in the case of OF (or ISS) calculated for 

complex roots - eq. (2). For real roots case for ISS 

(eq. (1)), the strong requirement for equality in 

minimization of OF (eq. (3)) makes finding of 

optimal values of variables in some cases yet 

impossible or needs too many efforts and computing 

time. That’s why the alternative optimization 

procedure in Wolfram Mathematica 13.0.1 has been 

developed (Fig. 2(a)) which offers a solution of the 

abovementioned problem. Here, different sets of 

geometry are included in the optimization cycle for 

the external load, checking if OF is fulfilled or not 

at the current values of parameters; it’s repeated as 

many times as needed by the user up to reaching 

close to the optimal solutions. The important model 

assumption that the axial stress in the interface layer 

is negligible in respect to the same ones in the other 

two layers, is additionally checked (Fig. 2(b)). The 

obtained results are presented in Table 2.  

Table 1. Optimal values of control variables from GA for hBN/Interface/PMMA (complex roots) 

Solution 

No. 

Optimal 

load σ0, 

(Pa) 

Optimal 

length l, 

(m) 

Optimal 

h1, 

(m) 

Optimal 

ha, 

(m) 

Optimal 

h2, 

(m) 

GA 

population, 

samples, 

generations 

numbers 

Methods and 

schemes used 

in GA* 

1 5.52E+09 2.42E-05 2.83E-09 3.31E-08 6.61E-04 300/100/100 TS, AC, NM 

2 4.92E+09 2.73E-05 1.95E-09 9.15E-09 7.17E-04 300/100/500 TS, AC, NM 

3 4.55E+09 2.13E-05 4.10E-09 1.51E-09 5.44E-04 500/100/500 TS, AC, NM 

4 1.73E+09 2.55E-05 1.69E-09 3.17E-08 4.71E-04 500/200/500 RS, AC, NM 

5 1.73E+09 2.55E-05 1.69E-09 3.17E-08 4.71E-04 500/200/500 RS, AC, UM 

6 3.20E+08 8.31E-05 2.80E-09 4.40E-09 8.62E-04 500/200/500 RWS, TPC, NM 

7 3.30E+08 8.31E-05 1.46E-09 3.51E-09 8.62E-04 500/200/500 RWS, UC, BMD 

8 3.25E+08 8.31E-05 1.46E-09 4.16E-09 8.57E-04 500/200/500 RWS, BC, PBMD 

9 5.57E+09 2.25E-05 5.00E-09 1.00E-09 6.14E-04 500/200/500 RWS, OPC, NM 

10 3.29E+08 8.31E-05 1.46E-09 4.27E-09 8.61E-04 500/200/500 RWS, UC, PBMD 

11 2.07E+09 3.18E-05 5.57E-10 9.66E-08 7.87E-04 500/200/500 RWS, UC, PBMD 

12 1.60E+09 2.04E-05 3.03E-09 3.18E-08 4.22E-04 500/200/500 RWS, UC, PBMD 

13 1.71E+09 2.13E-05 1.54E-09 3.21E-08 4.32E-04 500/200/500 TS, AC, NM 

* Tournament selection, Arithmetical crossover, Nonuniform mutation (TS, AC, NM);

Rank selection, Arithmetical crossover, Nonuniform mutation (RS, AC, NM);

Rank selection, Arithmetical crossover, Uniform mutation (RS, AC, UM);
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Roulette wheel selection, Two-points crossover, Nonuniform mutation (RWS, TPC, NM);

Roulette wheel selection, Uniform crossover, Parameter based mutation Deb (RWS, UC, PBMD);

Roulette wheel selection, Blend crossover, Parameter based mutation Deb (RWS, BC, PBMD);

Roulette wheel selection, One-point crossover, Nonuniform (RWS, OPC, NM);

Roulette wheel selection, Uniform crossover, Parameter based mutation Deb (RWS, UC, PBMD).

(a) (b) 

Fig. 2. Schemes of optimization algorithm - (a), and checking of model assuptions for the axial stress in the interface 

layer - (b). 

Table 2. Optimal values of parameters from Mathematica optimization procedure for hBN/Interface/PMMA (real 

roots) 

Solution** No. M2 M6 M10 M14 

Optimal load σ0, MPa 209 113 209 113 

Optimal l, m 1e-05 1e-05 2e-05 2e-05 

Optimal h1, m 3.5e-10 1e-09 3.5e-10 1e-09 

Optimal ha, m 1e-08 1e-08 1e-08 1e-08 

Optimal h2, m 1e-06 1e-06 1e-06 1e-06 

** to differentiate the solutions in graphic results, these from Mathematica are noted with M 

RESULTS AND DISCUSSION 

The material properties: Young modulus E, (Pa) 

and Poisson ratio , (-) of the considered 

nanocomposite structure (Fig. 1) 

hBN/Interface/PMMA are taken from [12] as: 

E(hBN)=600 GPa, E(Interface) = 3.5 (GPa), 

E(PMMA) = 3.5 GPa, v(hBN) = 0.21, v(Interface) = 

0.25, v(PMMA) = 0.35. Each of the control variables 

is fixed in preliminary boundaries (intervals) for 

optimization procedures. 

For the model ISS and GA optimization 

calculations authors’ programs in Mathcad Prime 

v.6.0 (for complex roots case) and in Wolfram

Mathematica 13.0.1 (for real roots case), have been

created. The figures are prepared in Sigma Plot,

v.13.0.
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In Fig. 3, the optimal values of the parameters 

(load, length, thicknesses of the three layers) 

obtained in the two optimizations carried out with 

criterion equation (3), are plotted by two distinct 

colors symbols. It can be seen that along the ordinate 

each parameter changes within certain limits 

(intervals) for each of the two types of solutions (1) 

and (2) for ISS included in criterion (3).  

The limits of the changes of the optimal 

thicknesses of PMMA h2 and of the interface layer 

ha, for the cases of real and complex roots, are 

particularly well differentiated (see the ellipses in 

blue and red in Fig. 3). The intervals of variation of 

h1 (triangles down) and l (circles) are almost similar 

for both possible solutions (1) and (2). On the 

abscissa, each different set of 4 geometry data 

corresponds to a unique mechanical load such that 

for each group of five parameters criterion (3) is met 

or the model-predicted ISS at these load and 

geometry values is equal to or below the critical USS

value. 

In order to verify the obtained results, the 

following Figures 4 and 5 present a part of the 

distributions of the ISS along the length of the 

nanocomposite, obtained at the optimal values of the 

parameters. As can be seen, for each type of solution, 

model ISS, calculated at the optimal values of the 

studied parameters actually meet the criterion of not 

having delamination in the nanocomposite 

structure. For the case of ISS, calculated by 

Mathematica for real roots eq. (1) (Fig. 5), it is 

worth noting that these optimal values assure that 

ISS is far from USS, e.g., this geometry and load 

assure more safety design in comparison with the 

case ISS for complex roots (Fig. 4). 

Given the fact that there are no known 

experimental ISS data to compare with in the 

available literature, when such data become 

available in the future, it will be possible to further 

validate the results obtained here.  

The only data which can be compared, is the 

thickness of interface layer – our common interval of 

obtained optimal values for ha (m) for both cases of 

model ISS (real and complex) is (1e-09 ÷ 9.6e-08). 

Fig. 3. Optimal solutions for 5 parameters from GA and Mathematica: complex (incrementing) and real roots (Cian) 

15-04-24
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Fig. 4. Model interface shear stress distribution calculated by the optimal values of parameters (complex roots) for 

considered nanocomposite. 

Fig. 5. Model interface shear stress distribution calculated at the optimal values of parameters (real roots) by 

Mathematica 

It is worth noting that the values obtained by 

Gou et al. 2019 [11] (8.05 nm) and by Yi et al., 2019 

[9] (8.01 nm), as well as these of Kochetov [7]

(1.6÷2.5 nm), are all within the range of the obtained

here optimal results for interface thickness ha, no

matter that different substrates are used in

combination with hBN.

CONCLUSIONS 

Here, the 2D stress-function model, combined 

with GA approach, was successfully applied for the 

first time to find, optimize and predict the safety load 

and geometry design of hBN/Interface/PMMA 

nanocomposite subjected to a static extension load.  

The analytical model criterion without 

delamination in the considered nanocomposite, was 

used as an objective function in two formulated 

multi-parameter optimization procedures for 5 

parameters – 4 geometrical and 1 for mechanical 

loading. The five-parameter optimization problem 

for nanostructure safety work (without 

delamination) was formulated and solved with GA 

approach and Mathematica for 

hBN/Interface/PMMA.  

The possible optimal solutions from GA and 

Mathematica represent sets of different 

combinations of all 5 parameters, which vary within 

predefined boundaries, according to physical and 

technical prescriptions. The results show that at the 

obtained optimal values of parameters the model 

ISSs confirmed and graphically fulfilled the model 

criterion of no delamination in the 
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hBN/Interface/PMMA nanocomposite. The 

obtained here results for the interval of optimal 

thickness for the interface layer ha are in very good 

coincidence with available literature data for 

interface thickness in hBN/substrate 

nanocomposites.  

The here proposed methodology for determining 

and predicting the optimal geometry design and load 

can be applied to any material combinations for 

three-layer nanocomposite structures, which satisfy 

the model assumptions [16].  
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Н57/3/15.11.2021 with Bulgarian National Science 

Fund for the project „Optimal safe loads and 
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Nomenclature 

A constant, solution of non-homogeneous 

ODE of 4th order in [16]; 

Ci, Mi integration constants in the model 

solutions, determined from the respective 

boundary conditions [16]; 

E Young modulus of a layer material, Pa; 

1 2, ,ah h h  thicknesses of the 1st, interface and 2nd 

layers in the nanocomposite (Fig. 1), m ; 

ISS model interface shear stress, eq. (3), Pa; 

l length of the nanocomposite (Fig. 1), m; 

P applied tension force to the substrate 

(Fig. 1), .N m ; 

x, y coordinate system (Fig.1), m; 

USS ultimate shear stress of interface layer in 

nanocomposite, Pa. 

Greek symbols 

i  complex roots of the characteristic 

equation, corresponding to ODE of 4th 

order in [16]; 

i real roots of the characteristic equation, 

corresponding to ODE of 4th order in 

[16]; 

 Poisson number (ratio), -;

0 2P h  external loading stress applied to 

substrate (Fig. 1), Pa; 

1 ,, a

x y  model [16] axial and shear stress in eqs. 

(1), (2) and (3), Pa. 

Abbreviations 

BN/BNNS  Boron nitride/Boron nitride nanosheet; 

BNNT Boron nitride nanotubes; 

GA genetic algorithm; 

hBN hexagonal boron nitride; 

ISS/USS Interface/Ultimate shear stress; 

IFSS Interface shear strength; 

M2, M6, optimal solutions from the 

M10, M14 optimization procedure in  

Mathematica, (Table 2); 

ODE ordinary differential equation; 

OF objective function [17]; 

PDMS Polydimethylsiloxane, silicone polymer; 

PMMA Poly(methyl methacrylate), plexiglas or 

acrylic; 

PVA  Polyvinyl alcohol, synthetic polymer. 
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Transdermal patch drug delivery systems deliver the drug to the body through the skin and provide a controlled release. 

The present study aims at developing transdermal patches for Alzheimer's treatment and to improve the penetration 

characteristics of transdermal patches. Donepezil hydrochloride drug active substance selected in this study is commonly 

used to treat Alzheimer's disease. HEC (hydroxyethyl cellulose) and CHI (chitosan) were used as polymer-based matrix 

and natural additives as penetration enhancers for the transdermal patches. The effectiveness of the patches prepared using 

different plasticizer materials was investigated. Synthesized films under in vitro conditions were characterized by UV 

spectrophotometry, SEM, FTIR and Zetasizer. The drug release kinetics were determined using the zero-order, first-order, 

Higuchi and Korsmeyer-Peppas kinetic models by analyzing samples taken at certain time intervals using a UV 

spectrophotometer. 

The results in this study confirm that synthesized films can be potential materials for developing treatments for 

Alzheimer's disease. This project aims to contribute to the healthcare sector by developing unique patch formulations 

with high stability in order to provide solutions to the problems encountered in the oral treatment of Alzheimer's disease, 

reducing the negative effects of existing commercial patches and improving their features. 

Keywords: Drug delivery; Transdermal patch; Donepezil hydrochloride; Penetration; Alzheimer 

INTRODUCTION 

Alzheimer's disease is a progressive condition 

affecting memory, thinking and behavior. 

Alzheimer's, which affects millions of people 

worldwide, creates a significant social and economic 

burden and requires effective treatment strategies 

[1]. Existing oral medications for Alzheimer's 

disease have limitations, including issues with 

adherence, absorption and side effects, highlighting 

the need for alternative treatment methods and 

innovative therapeutic approaches, such as 

transdermal drug delivery systems [2]. 

Transdermal drug delivery is a method of 

administering drugs through the skin for systemic 

distribution [3]. The drug penetrates through the skin 

layers to reach the systemic circulation, providing a 

controlled release of the drug [4]. Transdermal patch 

systems are designed to deliver therapeutically 

effective amounts of drugs, providing controlled and 

sustained drug release [5]. Transdermal drug 

delivery system types are reservoir, matrix and 

microneedle patch systems. Reservoir systems 

consist of a drug reservoir that is surrounded by a 

rate-controlling membrane. The drug is released 

from the reservoir through the membrane at a 

controlled rate, ensuring consistent delivery over 

time. Advancements in nanotechnology, 

microneedle patches, and transdermal systems hold 

promise for further enhancing Alzheimer's treatment 

options. The non-invasive nature of transdermal 

patches enhances patient compliance and comfort, 

particularly in the context of chronic conditions like 

Alzheimer's [6]. 

Donepezil is a cholinesterase inhibitor that works 

by increasing the levels of acetylcholine in the brain, 

a neurotransmitter that is crucial for memory and 

learning. The traditional oral formulation of 

donepezil presents challenges such as 

gastrointestinal side effects and consistent dosing 

difficulties, which may impact treatment efficacy 

[7]. The development of a transdermal patch for 

delivering donepezil addresses the limitations of the 

oral formulation and offers a new approach to 

enhancing treatment outcomes for individuals with 

Alzheimer's disease. 

Challenges in transdermal drug delivery require 

the use of penetration enhancers. Penetration 

enhancers play a significant role in improving drug 

permeation through the skin, minimizing the 

limitations posed by the skin's natural barriers, and 

thus increasing the efficiency of transdermal drug 

delivery [8-11]. Penetration enhancers work with 

disrupting the skin's barrier function, facilitating 

drug permeation through mechanisms such as lipid 

extraction, protein denaturation and alteration of 

intercellular  lipids.  Penetration  enhancers   should  
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increase drug permeation by biocompatible and 

sustainable substances that minimize skin irritation 

and adverse effects [12]. 

The present study aims at improving the 

penetration properties of the synthesized 

transdermal patches by developing a transdermal 

formulation for the controlled release of donepezil, 

one of the important active ingredients in the 

treatment of Alzheimer's disease. 

MATERIALS AND METHOD 

Materials 

The list of purchased chemicals used in this study 

is given in Table 1. In films prepared based on HEC 

and CHI polymer, propylene glycol and glycerine 

are used as plasticizers; natural oils as a penetration 

enhancer and donepezil HCl which is widely used in 

Alzheimer's patients, as a drug. 

Transdermal patch preparation 

Transdermal patches were prepared by the solvent 

casting method. All chemicals in the formulation, 

penetration enhancers and donepezil HCl were 

dissolved in distilled water and mixed by a magnetic 

stirrer until they became homogeneous to ensure 

proper dissolution and uniformity. The formulation 

of the transdermal patches is summarized in Table 2. 

To obtain patches, the solution was poured onto Petri 

dishes and left to dry at room temperature. 

Drug permeation studies using the Franz diffusion 

cell 

Franz diffusion cell consists of  a  donor  and  a 

receptor chamber separated by a membrane 

mimicking the biological barrier, enabling the 

measurement of drug permeation.  

Experimental setup: The cell is designed to 

maintain physiological conditions, including 

temperature, pH and ionic strength to simulate the in 

vivo environment. This ensures that the drug release 

behavior closely resembles its performance in real-

life applications. 

Membrane selection: The choice of membrane in 

the Franz diffusion cell is critical, as it determines 

the relevance of the in vitro results to in vivo 

scenarios. Factors such as permeability, selectivity, 

and compatibility with the drug are essential 

considerations in membrane selection. 

After the patches dried, drug release studies were 

started in the Franz diffusion cell. Transdermal patch 

samples were placed on the lid of the Franz cell. 

Cellulose acetate membrane filters, with a diameter 

of 47 mm and a pore size of 0.45 µm, were prepared 

and placed in pH 7.4 buffer solution to mimic the 

skin. The prepared patches were placed on the 

cellulose acetate membrane filter in the section 

between the diffusion cell cover and the receiver 

chamber. The top of the Franz cell was covered with 

parafilm to prevent evaporation and foreign objects. 

The Franz diffusion cell, shaking at 110 rpm, was 

kept at 37°C to represent body temperature. Drug 

release was achieved in the Franz cell for 24 h. 

Samples were collected at specific time intervals and 

analyzed using a UV-vis spectrophotometer. SEM, 

FT-IR and zeta potential analyzes were performed 

for the selected patch. 

Table 1. Materials and supplier companies 

Materials Supplier  

Hydroxyethyl cellulose Dafmed Company 

Propylene glycol Genesus Company 

Glycerine 

Donepezil HCl 

Tekkim Chemical Company  

Abdi İbrahim Medicine Company 

Table 2. Formulation of the transdermal patches 
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RESULTS AND DISCUSSION 

 

Fig. 1. Images of the transdermal patches 

Kinetic behavior of drug release 

Images of the transdermal patches are shown in 

Fig. 1. Drug release kinetic behavior graphs provide 

information about the drug release mechanism and 

kinetics. Understanding drug release kinetics is 

significant in predicting the in vivo behavior of the 

formulated drug. Different kinetic models can be 

used to fit experimental data and interpret drug 

release kinetics. The choice of carrier material 

significantly influences drug release kinetics. 

Factors such as porosity, surface area and 

degradation rate of the carrier material play a crucial 

role in determining the release profile of the drug. 

The morphology of the carrier, including its shape, 

size and internal structure can impact the diffusion 

and release of the drug. The kinetics of donepezil 

HCl drug release were determined using the zero-

order, first-order, Higuchi equation and Korsmeyer-

Peppas equation. The equations of the kinetic 

models are given in Table 3. 

Table 3. Release kinetic models 

Release Kinetics Modeling 

Zero-order Model Q=Qo+k*t 

First-order Model Q/Qo =1-e(-k*t) 

Higuchi Model Q=k*t 1/2 

Korsmeyer-Peppas Model Q/Qo  =k*t n 

Q is the amount of drug dissolved over time, Q0 

is the initial amount of drug in solution, k is the zero-

order release constant expressed in units of 

concentration/time. R2 regression coefficient values 

were found using kinetic model equations. 

The highest R2 regression coefficient values were 

observed in Korsmeyer-Peppas and Higuchi release 

kinetics. In conclusion, it was determined the 

patches fit the Korsmeyer-Peppas model and the 

release mechanism was examined through this 

model. The results are shown in Table 4. 

Table 4. Regression coefficient values  

Film 

No 

Zero-

order 

Kinetic 

Model 

First-

order 

Kinetic 

Model 

Higuchi 

Kinetic 

Model 

Korsmeyer 

– Peppas 

Kinetic 

Model 

1 0.9833 0.8388 0.9454 0.991 

2 0.9887 0.8179 0.9861 0.988 

3 0.9827 0.8016 0.9787 0.9778 

4 0.9754 0.7835 0.9834 0.9834 

5 0.9724 0.7715 0.9899 0.9843 

6 0.9908 0.8129 0.9875 0.9946 

The controlled release behavior of donapezil was 

characterized by the Korsmeyer-Peppas equation. 

The emission exponent (n) values obtained from the 

slope of the log % emission plot against log t show 

that the release mechanism is working. Table 5 

presents the (n and k) values of the films obtained 

using the Korsmeyer-Peppas model equation.  

Table 5. Korsmeyer-Peppas release kinetic values 

Film No n k 

1 0.5841 0.0079 

2 0.6313 -0.1787 

3 0.5956 -0.0546 

4 0.587 -0.0463 

5 0.657 -0.2535 

6 0.6723 -0.2984 

The graphs are shown in Figs. 2, 3, 4 and 5. Film 

formulations exhibit a non-Fickian mechanism, as 

indicated by their n release exponent values falling 

within the range of 0.45<n<0.89.  

Non-Fickian release kinetics are characterized by 

a release rate that is not solely dependent on the 

concentration gradient, as observed in Fickian 

diffusion. Instead, the release mechanism may be 

influenced by factors such as swelling, erosion, or 

other complex drug release processes. Non-Fickian 

release kinetics enable the development of 

controlled release formulations that can modulate 

the drug release rate over an extended period. This 

has implications for improving patient compliance 

and therapeutic efficacy. 

Zeta potential analysis 

Zeta potential analysis indicates the stability of 

the dispersion and the potential for interactions with 

other particles or surfaces. Changes in pH and ionic 

strength can significantly impact the zeta potential of 

nanoparticles, influencing their stability and drug 

release properties. Among six films, film 1 has the 

highest drug release percentage. The zeta potential 

analysis result for film 1 is shown in Figure 6. 
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Fig. 2. Zero-order kinetic model 

 

Fig. 3. First-order kinetic model 

 

Fig. 4. Higuchi kinetic model 

 

Fig. 5. Korsmeyer-Peppas kinetic model 
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Fig. 6. Zero potential graph for film 1 

 

Fig. 7. FTIR analysis for film 1 

  

  

Fig. 8. FTIR analysis for film 1 
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FTIR (Fourier transform infrared) spectroscopy 

analysis 

FTIR analysis provides information on drug-

polymer interactions, diffusion processes, and the 

influence of environmental factors on drug release, 

aiding in the design of optimized drug delivery 

systems and this technique allows real-time 

monitoring of drug release. The FTIR analysis for 

film 1 is shown in Figure 7. 

SEM (scanning electron microscopy) analysis 

Scanning electron microscopy (SEM) is a 

powerful imaging technique that uses a focused 

beam of electrons to generate high-resolution images 

of the surface of a sample. It provides detailed 

information about the topography, morphology, and 

composition of materials at the nanoscale (Fig. 8). 

CONCLUSION 

In this thesis study, six different transdermal 

patches were successfully synthesized by adding 

different types and amounts of plasticizers, 

substances and penetration enhancers in varying 

ratios. Different release rates were achieved with the 

added plasticizers, flexibility and pore structure were 

observed to be different and the characterization 

results confirmed these. Drug release rates of all 

patches were examined in a pH 7.4 environment for 

24 h. As a result of analyses using UV spectroscopy; 

the film with the highest release rate is film number 

1 with 78.89%. In general, it can be said that the 

amount of drug release increases due to the increase 

in the amount of plasticizer in the patch. The drug 

release rates for other patches are 67.24% for film 2, 

70.58% for film 3, 67.18% for film 4, 64.38% for 

film 5 and 68.25% for film 6. These findings 

establish a correlation between the substances in 

varying ratios and the resulting drug release rates, 

emphasizing the importance of formulation 

optimization for transdermal patches. 

Scanning electron microscopy (SEM) analyses 

were also carried out at different magnification rates 

and scales.  Accordingly,  the  most  homogeneous 

structure of the films and the pore structure in the 

films containing St. John's wort oil were clearly 

seen. 

Stability studies performed with the Zetasizer 

device showed that there was no significant change 

in films kept at room temperature.  

According to the analysis results obtained with 

the FTIR device, the polymers in the films accurately 

meet the wavelengths specified in the literature. This 

reveals that the synthesized patches are mostly 

homogeneously distributed which is confirmed by 

analysis.  
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Lamination process of automotive glasses can be created through either sag bending or press bending. Especially front 

windshield glasses that are manufactured by sag bending process, must maintain low melting degrees, possess strong 

chemical and physical properties, and exhibit low UV transmittance, indicating high optical density. Automotive glass 

enamels meeting these criteria are composed of low-melting bismuth ingredient-based frit, CuCr2O4 black inorganic 

pigment, and an organic vehicle. All those components affect the final properties of cured glass paint characteristics. This 

study examines how different brands of black CuCr2O4 pigments, used in glass enamel paint, impact physical properties 

such as color, gloss, optical density and chemical properties. 

Keywords: Laminated glass, enamel, paint glass-ceramics, pigment  

INTRODUCTION 

Owing to increasing mobility and individual 

vehicle usage rates in recent years, vehicle sales have 

shown significant increases on both global and 

domestic markets. Consequently, there has been an 

acceleration in the demand for glass and processed 

glass used in vehicles. Especially in the automotive 

sector, laminated and tempered glasses are processed 

through sag bending or press bending processes and 

used on different surfaces of the vehicle [1, 2].  

Front glasses, referred to as the 4th surface, use 

black enamel paints with high opacity, high 

chemical and mechanical resistance. The tempering 

temperatures, durations, and final customer test 

methods for these paints vary depending on the 

usage location and production processes. Black 

automotive glass paints consist of three main 

components [3-5]: a frit containing bismuth, 

CuCr2O4 black pigment, and an organic medium 

(vehicle) (Figure 1). 

Figure 1. Automotive black glass enamel paint 

composition 

The types of these components significantly 

affect the final paint properties. All these factors 

affect the color, gloss, optical density, chemical 

resistance, surface abrasion, and rheological 

properties that need to be controlled from both 

surfaces of the glass [6]. 

In this study, the effects of pigment on the paint 

properties of glass enamel applied on 10 cm×10 

cm×4 mm glass substrate by using the screen-

printing method were examined. The most suitable 

pigment option for the recipe and process were 

determined by characterizing it through XRF, XRD, 

PSD, BET, color measurement (L, a, b), gloss 

measurement, optical transmittance measurement, 

and chemical analysis tests. It was observed that 

when the pigment type, crystal structures in the 

pigment and particle size distribution changed, the 

color properties get greyish and acid resistance was 

negatively affected. 

EXPERIMENTAL AND MATERIALS  

Automotive glass enamel paints contain 4 main 

constituents: a bismuth-based frit (Akcoat, Turkey), 

PBK-28 group CuCr2O4 inorganic black spinel 

pigment of 3 different brands (Shepherd, Belgium, 

solvent- and water-based organic media (Akcoat, 

Turkey), additives and surface modifiers (Evonik, 

Germany).  

Glass frit was produced in a rotary kiln. The 

standard procedure can be outlined as follows. Glass 

frit was melted to 1200 ◦C in a rotary kiln as bismuth 

has high density and settles downs in a continuous 

kiln. It is quenched in cold water (25-35 ◦C) to 

ensure amorphous structure. The frit is dried and 

ball-milled up to particle size of D90 value 75 µm. 

Fine milling was done in  bed  type  high  air  speed  

* To whom all correspondence should be sent:  

E-mail: kucuk@yildiz.edu.tr © 2024 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 
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pressured pilot type jet mill. Final particle sizes were 

adjusted to a D90 value of 6-8 µm. Schematic 

presentation of bismuth glass frit powder production 

approach is seen in Figure 2. Frit glass powder 

should have a melting zone of 640-660 ◦C defined 

by hot-stage measurement. Pigment was added to the 

medium in a high-speed mixer; glass powder, 

additives were added in the last stages of the recipe 

process to make an efficient dispersion of all dense 

materials. All samples were roll-milled three times 

before silk screen printing (Figure 3).  

RESULTS AND DISCUSSION 

XRF, PSD (Malvern Mastersizer 3000) and BET 

surface area (Quantachrome TouchWin) results of 

three different brand pigments are shown in Table 1. 

XRF provides insight into the chemical components 

of pigment recipe. The analysis by PSD and BET, as 

seen in Table 1, reveals differences in particle size 

distribution and surface total area. The acceptance 

limits of Cr2O3 should be as high as possible for less 

contamination. The higher the D90, the bigger are 

the pigment particles. BET analysis confirms that the 

particles are smaller, with larger surface which can 

easily and effectively be covered and coated by the 

medium.  

XRD (Bruker D8 Advance Eco) tests were made 

to characterize the crystal phases of similar 

pigments. 

Table 1. XRF, PSD comparisons of pigment samples 

Oxides 
Pigment 

A 

Pigment 

B 

Pigment 

C 

Cr2O3 65 69.3 70 

CuO 35 30.5 29.6 

Fe2O3 0.2 0.05 0.12 

Al2O3 0.1 - 0.08 

D (10) µm 0.158 0.053 0.02 

D (50) µm 1.88 1.57 0.06 

D (90) µm 4.32 4.46 0.29 

Surface area 

(m2/g) 2.13 2.24 2.62 

Figure 2. Flow diagram of the bismuth glass frit powder production 

 

Figure 3. Schematic presentation of the glass enamel preparation and firing method 
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Figure 4. XRD analysis of pigments A, B, C 

Table 2. Physical color, gloss and optical density measurements, ΔE values 

Experiment L a b Gloss O.D ΔL Δa Δb ΔE  

Reference 21.75 -0.02 -1.86 32 0.74 * * * * 

Pigment A 21.50 -0.12 -1.86 37 0.73 -0.25 -0.10 0 0.27 

Pigment B 21.62 -0.20 -2.04 39 0.70 -0.13 -0.18 -0.18 0.29 

Pigment C 23.81 0.01 -1.58 31 0.66 2.06 0.03 0.28 2.08 

As seen in Fig. 4, pigments A and B consist of 

100% Cu2CrO4 while pigment C also contains 11.2 

% eskolaite phase. 

Color L, a , b values were measured according to 

ASTM E-1164 standard with colorimetric 

instrument (Konica Minolta CM-700 D); gloss 

values were measured with glossmeter (TQC-Sheen 

GL0030-20◦/60◦/85◦) and 60◦ values were recorded, 

optical density results were obtained by optic 

densitometer (X-rite 361 T) and ΔE values of the test 

samples were calculated by the equation given 

below. 

∆𝐸 ∗= √(𝐿2 − 𝐿 ∗)2 + √(𝑎2 − 𝑎 ∗)2 +

√(𝑏2 − 𝑏 ∗)2                                                             (1) 

Optical density deviation from standard D: ± 

0.2D and gloss values G: ± 5 from the reference 

values are in the range of acceptance. Experimental 

results can be seen in Table 2. 

When the pigment ratio is constant depending on 

the pigment XRF results itself, the brightness value 

increases from 21.5 to 23.81, indicating higher L 

values. However, color with a ΔE value of 2.08 

indicates less firing, which causes a greyish surface 

color. Also pigment C causes lower gloss which 

means higher matness of the surface and supports 

that there is less firing on the glass enamel paint. 

Pigment B gives a higher gloss value of 39 compared 

to the reference glass paint. ΔE lower than 0.5 can 

be acceptable. Pigment C lowers the optical density 

the most which is unwanted condition for the UV 

protective automotive front glass enamels.  

Chemical durability tests of samples were done 

according to ASTM C724-91. A drop of acid was 

applied to the enamel area of the fired glass and the 

stained area was covered with watch glass. The 

sample was washed with distilled water after 15 min 

and detection range was determined between 1-6. In 

this range, 1 indicates high acid resistance quality 

without leaving stains, while 6 indicates complete 

removal of glass enamel from the surface. Chemical 

stability of samples is given in Table 3.  

Table 3. Chemical stability of samples 

 STD D1 D2 D3 

Chemical  

stability 

1 1 1 2 
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Chemical stability results show that the different 

types of pigments display different chemical 

resistance. Pigment C has the  lowest result with 2. 

When melting level is lower, chemicals attack the 

open pores on the glass enamel and react with 

pigment particles causing them to deform and 

change the color to the greyish side.   

CONCLUSION 

The glass ceramic coating composition consists 

of glass frit, a complex inorganic pigment and 

organic medium. The current study was designed by 

keeping frit type, medium and additive type and % 

ratio, pigment % ratio as constants and changing 

only the pigment type.  

The study shows that the composition, particle 

size distribution and crystal structure of the pigment 

and its derivatives have an impact on the physical 

properties such as color, gloss, and optical density.  

Pigments A and B can be chosen as an alternative 

depending on color properties, gloss and optical 

density with the help of BET and PSD analysis. 

Chemical durability can be affected by pigment type. 

As a result, we believe that the suggested methods 

show a good result in the production of black 

automotive glass enamel depending on the material 

choice upon recipe contents. All components’ ratios 

and types should be studied thoroughly by 

controlling all critical methods and factors.  
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Petroleum-containing packaging materials have created serious ecological problems for the environment due to their 

resistance to biological degradation. In this context, the use of biodegradable films as alternative to packaging materials 

is gaining importance. Among various biopolymers, poly(lactide) (PLA) is an effective and durable material. However, 

the mechanical strength of PLA polymer is low. In addition, its vapor permeability is high, which limits the use of this 

material. Biochar (BC) is an additive that can be produced from many wastes and acts as a fertilizer in the soil. Adding it 

to the PLA material makes the packaging film completely compostable and improves its properties. In this study, biochar 

was synthesized from olive pruning waste by the slow pyrolysis method. Biochar was added to the PLA films in different 

ratios (5, 10, 15, 20 wt.%). The packaging properties of the films were investigated. Specific surface area (BET), biochar 

yield, and ash content, as well as tensile strength, swelling, water vapor permeability, and opacity of the films were 

determined. Owing to the high lignin rate and low volatile matter in the olive branch, biochar was produced with a yield 

of 29.75%. When the BC concentrations of the films increased, the water vapor permeability capacity gradually decreased 

from 4.43% to 1.36%. The maximum tensile strength value was obtained as 14.91 MPa for 5 wt.% biochar-loaded PLA 

films. 

Keywords:  polylactic acid packaging, biochar, composite films 

INTRODUCTION 

The increasing environmental problems and 

depletion of petroleum resources have led to an 

increase in the usage of renewable resources in the 

manufacture of biodegradable food packaging 

materials [1]. Traditionally used plastics are 

obtained by processing raw materials obtained from 

fossil resources such as oil, natural gas, and coal. 

The non-degradability of plastics in the environment 

has significantly increased waste accumulation. 

Disposal and recycling of waste have become the 

primary problems for waste management [2]. 

In recent years, the general trend in food 

packaging has been towards the use and 

development of biodegradable packaging. 

Biodegradable plastics are environmentally friendly 

plastics that can be used instead of traditional ones 

[3]. Biopolymers, also known as green polymers, are 

naturally occurring polymers derived from biomass, 

that can be broken down into their constituent parts 

by ambient microbes [4]. In nature, there are many 

different polymers in the structure of various plant 

and animal resources (trees, leaves, fruits, seeds, 

animal skin and bones, etc.). Although these 

polymers are environmentally friendly materials, the 

high water solubility of most of them is a significant 

disadvantage for applications that require long-term 

use. The most widely used resources in the 

production of biodegradable packaging materials are 

cellulose and starch [5].  

An aliphatic polymer belonging to the poly(α-

hydroxy acid) family, polylactic acid (PLA) is 

derived from sustainable and natural sources such as 

sugar cane, corn, and starch [4]. Lactic acid (LA) and 

ring-opening polymerization are the two processes 

used in industry to produce PLA [6]. PLA films are 

suitable for injection molding and vacuum forming 

and have low moisture permeability. When used as 

a food packaging material, PLA films have a high 

barrier property in preventing the loss of the aroma 

of the product. The disadvantage of unmodified PLA 

packaging is its fragility and limited use in hot 

product applications due to its degradation 

temperature of around 60 °C [4]. The advantages of 

PLA include strong sealing properties, low-

temperature adhesion, heat sealability to paper or 

cardboard, stability, transparency, thermoplasticity, 

and easy processing. It has been reported that PLA 

packaging is used in products such as beverage cups, 

fresh pasta, bread and salad bags, thermoformed 

containers for bakery products, agricultural covers 

and boxes [4]. In addition, PLA is preferred in bread 

and bakery products because it does not fog [7].  

Biochar is a black coal-like substance formed by 

the thermochemical conversion of various 

biomasses in an inert atmosphere [8]. Biomass loses  

its volatile matter content at high temperatures (400-

500℃) and biochar remains [9]. Biochar is a porous, 

* To whom all correspondence should be sent:  
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carbon-rich material with large specific surface area, 

containing a lot of aromatic carbon and functional 

groups (-OH, -COOH, C=O, and C-O) [10] and has 

unique physical, chemical, and biological properties 

[11]. 

In recent years, biochar applications have 

received considerable attention in the fields of 

environment, agriculture, and industry. Biochar acts 

as a carbon sink in the soil, slowing down the 

chemical oxidation and reduction of biomass and 

preventing the release of carbon into the atmosphere 

[12]. Biochar-doped polymer composites take 

advantage of the porous structure of biochar. The 

polymer fills the pores in the biochar by flowing into 

them, thus creating a mechanical bond between the 

polymer and biochar. In addition, the large surface 

area of biochar aids particle dispersion within the 

polymer matrix. By imparting mechanical properties 

to polymer composites, biochar provides flame 

resistance to the composite due to its natural carbon 

content, stable C-C covalent bonds, and aromatic 

ring content [9]. There are several studies using 

biochar as an additive in different polymers such as 

polyamide, polycarbonate, polyvinyl alcohol, 

polyethylene, polypropylene, and epoxy [13]. In the 

literature, there are limited studies on the use of 

different source-based BC in the PLA matrix. Aup 

Negoen et al. [14] prepared carbon-rich biochar 

(CRB) samples of cassava rhizome, durian peel, 

pineapple peel, and corn cob BC by using a simple 

pyrolysis method. They used PLA as the matrix, 

added biochars in different proportions and 

examined the thermal and mechanical properties. 

They found that the cassava root composite, which 

has a higher carbon content, has a better elastic 

modulus and impact resistance. Huang et al. studied 

the physical and chemical properties of biochar 

produced from vine leaves by adding it to the PLA 

matrix. The strength and stress were found to be 

much higher in samples with biochar added, and 

their strength increased [15]. Kane et al. prepared 

biochar at 900 ℃ and added it into PLA and recycled 

high-density polyethylene (HDPE) in different 

ratios. The addition of biochar affected the 

properties of HDPE and PLA differently, but the key 

finding of the study was that food waste-derived 

biochar suffered almost twice a mass loss after 40 

days in the subsoil in high biochar-loaded samples 

compared to pure PLA. In other words, the 

biodegradation of the film increased with the 

addition of biochar [16]. 

In this study, biochar-incorporated PLA films 

were produced and their potential for use as 

packaging was investigated. BC was produced from 

olive tree branches by the slow pyrolysis method. 

The surface area, efficiency, and ash content were 

measured. Characterization tests of PLA films with 

5-20% BC loading were carried out and water and 

moisture retention, opacity, and mechanical strength 

were tested. 

EXPERIMENTAL 

Materials 

Olive branches were collected from Çanakkale, 

Türkiye. Hydrochloric acid (HCl) and K2CO3 were 

obtained from Sigma Aldrich. PLA polymer 

(2003D) was purchased from NatureWork. 

Chloroform and N,N- dimethyl formamide (DMF) 

were obtained from Merck Chemicals, Türkiye. 

Methods 

 BC preparation. Olive tree branches were

cut to ≈5 mm and dried in an oven at 60℃ for 24 h. 

The dried olive branches were converted into 

biochar in a pyrolysis furnace. For this, dried olive 

branches, potassium carbonate (K2CO3), and pure 

water were mixed in a ratio of 1:2:4 and kept at room 

temperature for 24 h. Olive branches were removed 

by filtration and dried overnight in an oven at 105℃. 

The dried olive branches were pyrolyzed in a tube 

furnace at 650℃ in N2 atmosphere with a flow rate 

of 5 L/min at a temperature of 650℃, a temperature 

rise rate of 10℃/min, and a cooking time of 2 h. The 

product was washed with 10% HCl solution by mass 

and washed with distilled water until the pH value 

was about 7. The washed product was dried in the 

oven at 105℃ for 24 h and kept in a desiccator. The 

BC yield and ash content were calculated as shown 

in Equation 1 and Equation 2, respectively [17]: 

BC Yield (%) =
Mf (g)

Mi (g)
∗ 100  (1) 

Ash content (%) =
𝑀𝑟 (g)

Mf(g)
× 100   (2) 

where Mi and Mf are the weights of biomass and 

biochar before and after pyrolysis, respectively. Mr 

is the ash content of BC after it was kept at 850 C in 

an ash oven for 4 h.  

JEOL JSM-7100-F scanning electron microscope 

(SEM) was used to study the BC's structure. 30 kV 

was used for the SEM analysis. The pore 

characterization of BC was performed with the 

Quadrasorb SI Brunauer-Emmett-Teller (BET) 

equipment. The samples were vacuum-sealed and 

degassed for an hour at 200 °C. Nitrogen gas 

adsorption was used. 

 Film preparation. The polymer solution

containing 10% PLA by mass, 90% chloroform and 

10% DMF by volume was stirred at 40 °C until 

completely dissolved. Separately, 0-20% biochar 

(by mass of polymer) was dissolved in 5 ml of DMF 



F. Uğur Nigiz et al.: Improved packaging performance of olive tree-based biochar-loaded poly(lactic acid) films

354 

and dispersed by mixing with a homogenizer for 30 

min. Then it was added to the PLA-DMF-

chloroform solution and mixed at room temperature 

for 2 h, the mixture was poured into a glass Petri dish 

and the films were immersed in a water bath to 

complete the phase separation. Then, the films were 

removed and dried at 60 °C in the oven.  

 Film characterization. The swelling test is

used to determine the water resistance of films or the 

porosity of films, i.e. how much water they can trap 

in water. To test the swelling properties of the films, 

each sample was soaked in 25 mL of deionized water 

for 24 h and the values before (Wi) and after (Ws) 

water retention were recorded. The swelling degree 

calculation is given as Equation 3: 

SD (%) =
Wi−Ws (g)

Wi (g)
∗ 100     (3) 

Water vapor uptake values (WVU) of the film 

samples were determined by the ASTM E96-95 

standard method. Using permeation cups, the 

obtained films were exposed to pure water vapor 

without contact for 24 h at 25°C. The vapor uptake 

values of the films were determined by weighing the 

final (Wf) and initial (Wi) of the films, respectively.  

WVU (%) =
Wf−Wi (g)

Wi (g)
∗ 100        (4) 

The opacity, i.e. light transmittance, of the films 

was determined using a UV-Vis spectrophotometer 

(Shimadzu-1280). After being prepared, the films 

were cut into rectangular strips and put on the 

spectrophotometer cell's two outer surfaces. A 

wavelength of 600 nm was used to measure the 

absorbance (A) value. The opacity was calculated 

per thickness of film (l) as shown in Equation 5: 

Opacity =
A

l
   (5) 

Tensile strength and elongation at break values of 

the films were determined by a Universal Testing 

Machine (Ankarin) with ASTM D882 standard. 

After the width and thickness of the prepared films 

were measured, they were placed between two 

clamps, and the distance was measured. The test 

started and the strength values were measured. 

RESULTS AND DISCUSSION 

In this study, biochar was synthesized by the slow 

pyrolysis method and then added to the PLA matrix 

at different rates, and its film properties were 

examined. When the efficiency of the produced 

biochars was analyzed, its value was found to be 

29.75%. It has been observed that this value 

generally varies between 20-35% depending on the 

lignin and cellulose structure in the biomass content 

[10, 11, 17-19]. Efficiency also decreases, especially 

at high pyrolysis temperatures. However, in this 

study, although the temperature was 650 °C, nearly 

30% efficiency was achieved. In this case, highly 

efficient BC can be obtained from olive pruning 

waste. The ash content was found to be 3.37%. This 

value is similar to that in the literature [20, 21]. 

One of the most important characteristics in BC 

synthesis is the porous and morphological structure 

of BC. In this way, the film properties of PLA can 

be improved. When SEM images are examined for 

BC, it is seen that BC has a uniform pore structure. 

The activation process contributes to enhancing the 

homogeneous pore structure as shown in Figure 1. It 

can be said that K2CO3 is distributed in the cellulosic 

structure on the surface and inside of the olive 

branch. The resulting metallic potassium increases 

porosity through intercalation through carbon layers 

[21].  

Fig. 1. SEM analysis of the BC 

The increase in surface area provides many 

advantages depending on the usage area of BC. 

Increasing surface area increases the performance of 

BC, especially in important experimental studies 

such as moisture retention, water retention, and gas 

permeability. Therefore, a high surface area is an 

expected and desired result. In this study, the 

activation process was applied to increase the 

surface area of BC. The surface areas of non-

activated BC and K2CO3-activated BC were 

obtained as 1.44 m2/g and 659,255 m2/g, 

respectively. Activation increases the specific 

surface area of biochar by increasing the number of 

mesopores.  

Another important factor for preparing 

composites is the homogeneous distribution of fillers 

in the polymer matrix. This depends on both the size 

of the particles and the polymer-particle 

compatibility. The BC used in this study has a meso-

structure. For this reason, especially in cast-film 

preparation, it can provide a more durable structure 

by allowing the polymers to fill the pores. However, 

on the other hand, the inhomogeneity of the particle 

size may cause a decrease in mechanical strength. 

BC distribution in PLA was observed by an optical 
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microscope (SOIF-BK5000) (Figure 2). At a low 

loading rate (wt. 5% and 10 %), a homogenous 

distribution can be clearly seen. As the biochar 

concentration increased, agglomeration increased, as 

seen from the microscope images. Although 

biochars were distributed in an ultrasonic mixer and 

stirred in a magnetic stirrer, a heterogeneous 

appearance was obtained at the high loading rate 

[22]. According to these results, it was predicted that 

mechanical strength may also decrease, especially at 

high additive rates. 

Additionally, it was observed that biochar 

particles had a circular shape. As a result of the 

distance measurements of the particles, the highest 

distance was measured as 4.8 µm in the 5% BC-PLA 

packaging film, while this value was measured as 

17.0 µm for the PLA packaging film containing 20% 

BC. This situation is due to the concentration 

difference [23]. 

The efficiency of packaging as a barrier against 

food deterioration, nutrient loss, and flavor 

degradation when exposed to visible and ultraviolet 

light depends on its optical qualities. Foods are long-

lasting and shielded from light in this way. The 

opacity results of the films are given in Figure 3. It 

is observed that as the BC ratio in PLA films 

increases, their opacity increases. This result is 

attributed to the light absorption capacity of BC. The 

reason for this is higher than that of PLA films. 

Depending on the increasing particle size, this 

increase is normal, although not very regular [24]. 

Fig. 2. Optical microscopy analysis of the BC loaded PLA films 

Fig. 3. Opacity results of BC-PLA films 

The swelling test provides information about the 

water solubility of the film. However, it is not 

desired that this value be too high. Otherwise, they 

will lose their properties in contact with water during 

use. In this study, PLA was used as the matrix and 

this polymer is quite rigid and has high water 

resistance. It has no solubility in water. However, in 

this case, it takes a long time for it to become 

biodegradable after use. For this reason, BC additive 

increases its affinity for water and provides a 

structure that is durable in use and easily degradable 

after use. Biochar is a hydrophilic material due to the 

presence of hydrophilic groups [24]. Therefore, it 

has the ability to absorb water. It is expected that the 

swelling ratios of the formed PLA films increase as 

the BC concentrations increase. Figure 4 indicates 

the swelling degree of the films. According to the 

swelling test results, it was observed that the 

swelling ratio increased as the BC concentration 

increased. It was found that the swelling rate of the 

PLA packaging film containing 0% BC was 1.29%, 

while it was 10.10% in the film containing 20% BC. 

According to the results, it is clear that the water 

solubility of packaging films in the soil is improved 
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by BC addition [25]. This shows that the films are 

biodegradable in nature and will decompose faster 

than other petroleum-derived plastics [26]. 

Fig. 4. Swelling degree results of BC-PLA films 

Another important feature of the packaging film 

is the water vapor permeability or water vapor 

uptake. The water vapor barrier properties of a 

physically or chemically biodegradable packaged 

product are related to moisture balance and are of 

great importance in preserving or extending its shelf 

life [27]. The movement of water between food 

goods and their surroundings has a direct impact on 

how long they last on the shelf. For the packaging to 

have greater durability, the films' water transfer 

capacity should be minimal [28]. Vapor permeability 

is an undesirable feature in the case of vapor 

transport from outside to inside because it causes 

deterioration of food inside the package. On the 

other hand, vapor permeability from inside to 

outside is desired because it ensures that the food 

remains dry in the package. Therefore, it is quite 

difficult to characterize these two features. In this 

study, water vapor uptake (WVU) was calculated 

instead of permeability. During this test, the films 

were naturally exposed to water vapor at room 

temperature. Figure 5 shows the WVU values of the 

films with and without BC. According to the test 

results, the water vapor permeability capacity of the 

films gradually decreases as BC concentrations 

increase. The reason for this is that the biochar in the 

films absorbs water and restricts the passage of water 

vapor through the film. This is a desired result [24]. 

It was also related to the fact that the biochar slows 

down the diffusion of water vapor and makes pores 

in composite films more tortuous [29]. 

Another important feature desired in a packaging 

film, regardless of the purpose it is used for, is its 

mechanical strength. Mechanical strength preserves 

the shape and rigidity of films during transportation 

and packaging. 

Fig. 5. Water vapor uptake results of BC-PLA films 

However, if a polymer film is used for transport 

purposes, this value becomes more important. For 

use only for packaging purposes, lower mechanical 

strength is acceptable. Food packaging can typically 

take the shape of an elastic film for various uses or a 

non-deformable material to guarantee structural 

integrity or reinforce the food structure [27]. Tensile 

strength depends on film content, film thickness, 

moisture content, and additives. Figure 6 shows the 

mechanical test results of films with and without BC. 

Fig. 6. Mechanical test results of BC-PLA films 

As seen in the figure, mechanical strength 

increased compared to pure film at 5% loading rate. 

This result is attributed to the equal load transfer 

between the PLA and BC. During the film 

preparation, PLA solution fills the BC pores. 

According to the rule of mixture phenomena, the 

strength of PLA increased. However, after this 

loading rate, the mechanical strength began to 

gradually decrease. Although the strength achieved 

at 10 wt.% loading rate is lower than that at 5 wt.%, 

it is higher compared to the pure PLA. It may be 

acceptable to use. However, the strength obtained at 

15 wt.% and 20 wt.% loading rates is lower than that 

of pure PLA film, which indicates that the material 

structure is deteriorated. As confirmed from 

microscopic analysis, particle distributions and sizes 

were not homogeneous at high loading rates. This 

shows that the load transfer within the film was not 

distributed properly and adhesion problems occurred 
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between the polymer and BC [14, 22]. Therefore, no 

matter how much the other properties improve, it is 

not appropriate to use these ratios in the PLA matrix. 

CONCLUSION 

In this study, biochar was obtained from olive 

branch waste, characterized, and added to PLA to 

obtain a natural packaging material. The usability of 

the composite material obtained was investigated by 

performing some of the tests required for packaging. 

According to the swelling test results, it was 

observed that the swelling ratio increased from 

1.29% to 10.10% when the BC enhanced from 0 

wt% to 20 wt.%. This result allows to conclude that 

the BC additive increases the solubility of the 

composite material in nature. It was observed that 

the BC improves the vapor resistance. The increased 

ratio decreased the water vapor uptake from 4.43% 

to 1.36%. BC also significantly increased the 

mechanical strength of the films. However, the 

strengths decreased, especially after 10 wt.% 

loading. This shows that BC loading above 10% is 

not suitable for packaging. Based on all these results, 

it may be concluded that converting olive branches 

into biochar enables the acquisition of a very 

important additive material, and the use of this 

material in packaging is very beneficial. 
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Propolis is a resinous product collected by bees from specific plant sources.There are more than 300 compounds in 

the structure of propolis. The main ones are phenolic compounds (flavonoids and phenolic acids), benzoic acid and its 

derivatives, cinnamic alcohol, cinnamic acid and its derivatives, monoterpenes, diterpenes, triterpenes and sesquiterpenes 

and their alcohol and benzaldehyde derivatives, other phenolic acids and derivatives, alcohols, sugars, ketones, 

heteroaromatic compounds, aliphatic hydrocarbons, minerals, steroid hydrocarbons and amino acids. Studies have 

reported that propolis has anti-inflammatory, antihepatotoxic, anticancer, antiviral and antibacterial activities. The 

concentrations of Na, Mg, K, Ca, P, Fe, Cu, B, Mn, Zn and Al were determined in commercial propolis drop products by 

ICP-OES. For microwave digestion method, 1 mL of propolis samples in reaction vessels directly, added to each flasks 

9 mL concentrated HNO3. The method was validated according to the parameters of accuracy, precision, linearity, 

recovery, LOD and LOQ. The recovery percentages were obtained to be between 69.67 to 104.05% in propolis samples. 

Keywords: Propolis; Microwave digestion; ICP-OES, Food supplement, Spectroscopy 

 

INTRODUCTION 
Bee products such as honey, pollen, royal jelly 

and propolis have been used since the early ages of 
mankind for nutrition, health protection and 
treatment of diseases. Propolis is a sticky substance 
collected by honey bees from bark, leaves and plant 
secretions [1]. Propolis, which contains many 
phenolic compounds such as phenolic acids, esters 
and flavonoids, is also rich in biological and 
pharmacological properties. These compounds in the 
chemical structure of propolis give propolis many 
biological activities such as antibactеriyеl, antiviral, 
antifungal, antitumor, anti-inflammatory and 
antiulcеr. Propolis, which has many different effects, 
was first discovered and widely used by the Greeks 
as a natural antibiotic due to these properties [2]. In 
addition to this, it is nowadays used versatile in the 
food sector, apitherapy centers, dermatological and 
cosmetic applications as well as medicine. In recent 
years, especially during the coronavirus (covid-19) 
pandemic, interest in propolis, which is a unique 
mineral, has increased considerably since it is known 
to strengthen the immune system and increase body 
resistance.  

Raw propolis contains many different structures 
and has a mixed composition. Propolis contains 
resin, vegetable balsam, wax, essential and aromatic 
oils, pollen, other organic compounds and minerals 
[3]. Other components consist of other compounds 
such as vitamins, minerals and elements [4-5]. 
Deficiency can cause health problems and excessive 
amounts can have toxic effects [6-8]. Determination 

of elemental amounts is important for human 
survival and ecological cycle. Therefore, it is 
important to make chemical measurements of the 
elements in dietary supplements. 

Macro and micro (trace) elements play a role in 
many important functions of the organism. 
Regulation of biological functions of vitamins, 
enzymes and hormones, oxygen transport, 
elimination of free radicals, and their use as building 
and support materials are examples of these 
functions [6]. In our country and in the world, there 
are studies on the quantitative analysis of some 
phenolic compounds and elements in propolis, but 
there is no study on the quantitative determination of 
commercial propolis elemental content by ICP-OES. 
ICP-OES is one of the most frequently used 
techniques in metal determinations due to its wider 
working range compared to AAS (Atomic 
absorption spectroscopy), its ability to determine 
many elements at the same time (even if their 
concentrations are very low and different), and its 
more sensitive results in the determination of 
refractory elements [9]. 

In this study, we investigated the multielement 

contents in commercial propolis drop products by 

ICP-OES. For elemental analysis, samples were 

solubilized by microwave and then analyzed by ICP-

OES. 

EXPERIMENTAL 

Instrumentation 
ICP-OES (Spectro/ Spectroblue) and MarsXpress 

(CEM) were used for measurements and microwave 
digestion.  Rf power was 1.4 kW,  nebulizer gas flow 

* To whom all correspondence should be sent:  
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was 1.0 L min−1,  plasma-Ar flow was 12 L min−1  
and auxiliary gas flow was 1.0 L min−1. 

 
Reagents and standards 

Nitric acid (65% ) and Hydrogen peroxide (35%) 

were supplied from Sigma-Aldrich, Steinheim, 

Germany. and Nitric acid and Hydrogen peroxide 

were  used for digestion procedure. Concentration 

ranges of standard solutions prepared by dilution 

from 1000 µg/mL stock solution 1.25 - 25 µg/mL for 

Na, 5-100 µg/mL for Mg, 15-300 µg/mL for Ca, 15-

300 µg/mL for K, 25-1000 ng/mL for P, Fe, Cu and 

B, respectively. Standard stock solutions were 

supplied from the Merc  k (Darmstadt, Germany). 

The stock solution and working standards were 

diluted in HNO3.  

Preparation of samples 

Commercial propolis samples were purchased in 

Turkey. The brand names of the propolis drop 

samples were labeled to A, B and C.  A, B and C 

brands were used water, ethyl alcohol and glycol-

water mixture as solvent, respectively. 

Microwave digestion procedure 

1 mL of commercial propolis drop samples and 

9 mL of HNO3was added in digestion vessels. For 

microwave digestion, commercial propolis samples 

were kept at 200°C for 45 minutes. After cooling 

processes, 3 mL of digested samples were took and 

were diluted to 20.0 mL with ultrapure water. 

Analyzes were repeated 3 times. 

Recovery 

Percentage recovery values were calculated with 

the standard addition method. Percent recovery 

value was calculated using the formula Cs-Ct/Ck 

x100, where Cs is element concentration of the 

spiked sample, Ct is element concentration of the 

blank target sample, Ck is known spike 

concentration. 

RESULTS AND DISCUSSION 

The elemental contents of commercial propolis 

drop samples dissolved in three different solvents 

were investigated. Microwave digestion procedure 

was used because solubilization using a closed 

system microwave oven for solubilization of 

samples process is fully realized and evaporation 

losses are eliminated. Na, Ca, Mg, K, Al, B, Cu, Fe, 

Mn, P, and Zn were investigated in propolis samples. 

Analytical parameters are presented in Table 1.  

LOD and LOQ were analysed according to 3xσ 

and 10xσ. %RSD values were below 5 %. All 

experiments were performed in triplicate and the 

results expressed as mean ± SD. The concentrations 

(µg/mL) of Na, Ca, Mg, K, Al, B, Cu, Fe, Mn, P, and 

Zn in commercial propolis samples are given in 

Table 2. 

Table 1. Values of LOD and LOQ 

Element LOD, 

ng/mL 

LOQ, ng/mL 

Na 159.1 530 

Ca 19.3 64 

Mg 28.7 96 

K 129.2 431 

Al 0,4838 1,613 

B 2,949 9,830 

Cu 0,0619 0,206 

Fe 0,6769 2,253 

Mn 0,6791 2,264 

P 7,937 26,457 

Zn 0,6433 2,144 

 

Table 2. Element concentrations of commercial propolis 

samples 

 A , µg/mL B , µg/mL C, µg/mL  

 

Na 68.40±1.77 57.28±3.34 3144.02±35.76 

Ca 391.15±2.70 9.28±0.08 5.53±0.20 

Mg 40.40±1.54 10.08±0.05 2.40±0.07 

K 670.03±4.67 209.92±4.45 131.0±2.22 

Al 24.11±0.77 16.15±0.10 1.19±0.03 

B 5.51±0.12 0.70±0.03 0.00±0.00 

Cu 0.79±0.04 0.00±0.00 0.00±0.00 

Fe 19.45±0.33 48.14±0.18 4.36±0.19 

Mn 4.71±0.05 0.76±0.02 0.14±0.01 

P 127.57±1.30 29.59±0.37 2.40±0.25 

Zn 8.86±0.16 2.09±0.01 0.12±0.01 

The order of the element levels after application 

of microwave digestion procedure was determined 

to be C>A>B for Na,  A>B>C for Ca,  A>B>C for 

Mg, A>B>C for K, A>B>C for Al, A>B>C for B, 

A>B=C for Cu, B>A>C for Fe, A>B>C for Mn, 

A>B>C for P and Zn.  The highest mean 

concentrations were obtained for A, and the lowest 

concentration was obtained for C in commercial 

propolis samples. Na  was found as the highest 

element concentration (3144.02 µg/mL) in C 
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sample. K was observed as the second highest 

element concentration (670.03 µg/mL) in A sample.  

Ca was found as the third highest element 

concentration in A sample.  Cu and B  were found as 

the lowest element concentration (0 µg/mL) in C 

sample. Zn was observed as the second lowest 

element concentration (0.12 µg/mL) in C sample.  

Zn was found as the third lowest element 

concentration (0.12 µg/mL) in C sample. The 

highest element concentration (24.11 µg/mL) of Al 

was found in A sample. All Al concentrations are 

acceptable levels by Turkish Food Codex. Recovery 

results of commercial propolis samples are given in 

Table 3. Currently, in analytical procedures, 

recovery percentages in the range from 69.67 to 

101.94%. 

Table 3. Recovery results of commercial propolis samples 

Element    A,%    B,%    C,% 

Na 95.6 97.7 100.9 

Ca 87.75 89.44 89.31 

Mg 102.3 104.05 94.06 

K 69.67 97.39 92.61 

Al 91.61 91.41 88.24 

B 101.94 101.84 102.2 

Cu 101.22 101.92 97.52 

Fe 94.15 98.6 90.99 

Mn 96.05 95.23 89.65 

P 96.36 100.1 98.8 

Zn 98.78 97.52 91.44 

Korn and et al. found Zn, Fe,  Mn and Cu 

concentrations in natural propolis samples by ICP-

OES. Zn, Mn Fe and Cu concentrations were higher 

than our results for all propolis samples [10]. 

Ferreira et al. analyzed the elemental content of 

geopropolis after microwave solubilization method 

by ICP-OES. Zn, Mg, K, Mn and Cu concentrations 

were higher than our results for all samples and Na 

concentrations were lower than our C samples and 

Fe values were lower than our A and B samples. 

[11]. Tosic and et al. were investigated macro and 

microelements in Serbian propolis samples by ICP-

OES. Cu, B, Mn and Fe values were higher than our 

results for all samples [12]. Matuszewska and et al 

were analyzed bee pollen, propolis, and royaljelly 

collected in west-central Poland by ICP-OES. Cu , P 

and Fe  were higher than our results for all samples 

[13].Liben and et al. were investigated elemental 

contents in honey and propolis samples in Ethiopia. 

Total phenolic and flavonoid contents were analysed 

in propolis but element contents of propolis weren’t 

investigated [14].  

When we consider the results of the analysis of 

commercial propolis drop samples in general, it was 

observed that all the elements (Ca, Mg, K, Al, B, Cu, 

Mn, P and Zn) except Fe and Na were more abundant 

in A samples. The elemental concentrations found in 

studies on natural propolis samples in the literature 

are very similar to the analysis results of propolis 

samples with water as solvent in our study. The 

results obtained as a result of the study show that 

water is a better solvent for commercial propolis 

samples, as it was found that the elemental contents 

of commercial propolis drop samples using water as 

a solvent are closer to the elemental contents of 

natural propolis samples in the literature. Calcium is 

an essential element for enzyme activation and bone 

development. Sodium plays an important role in the 

functioning of muscle and nerve cells in our body. 

Potassium is involved in the functioning of enzymes, 

cell division and growth, and the regulation of blood 

pressure. Potassium deficiency can cause heart 

problems. High doses of copper damage the liver and 

kidneys, while deficiency causes fatigue and anemia. 

Iron is found in red blood cells called hemoglobin, 

which is responsible for blood production and 

transports oxygen from the blood to the tissues. The 

most important functions of manganese in our body 

are to contribute to the formation of carbohydrate 

and fat metabolism and to regulate blood sugar. Zinc 

is an important trace element involved in protein and 

DNA synthesis. Daily intake doses for calcium, 

magnesium, sodium and potassium are 1000-1200 

ppm; 320-420 ppm; 1300-1500 ppm; 2000-2300 

ppm, respectively [15].  

CONCLUSION 

The concentrations of sodium (Na), magnesium 

(Mg), potassium (K), calcium (Ca), phosphorus (P), 

iron (Fe), copper (Cu), boron (B), manganese (Mn), 

zinc (Zn) and aluminum (Al) in commercial propolis 

samples were investigated. This the first study in 

propolis samples using microwave digestion by ICP-

OES. Ca, Mg and K values were below RDA levels 
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so the findings indicate all propolis samples are not 

good source of essential elements but Na were above 

RDA in propolis drop samples dissolved in ethyl 

alcohol. Fe and Mn values in all propolis samples 

were above RfD and TDI values but Cu and Zn 

values in propolis samples dissolved in water were 

above for RfD and TDI values. 
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