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Changes in structure of solid pyrolysis residue during slow pyrolysis of rice husk
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The research provides the basis for development of a new environmental material with controllable characteristics,
suitable for producing of value-added carbon/silica containing materials. The subject of the study is to determine the
influence of the pyrolysis temperature on the specific surface area and porosity of charcoal obtained by slow pyrolysis
in the temperature range 250-700°C of acid leached rice husks.

The char’s structure was set out by the mercury porosimetry and Brunauer-Emmett-Teller method. The phase
composition of the solid residue after pyrolysis and carbon/silica ratio therein has been determined by thermal analysis
(TG/DTA/MS) and XRD. The morphology of the materials has been studied using scanning electron microscopy.

It was established that the slow pyrolysis in the investigated temperature range results in a solid residue with
predominantly macro-porous structure and pore size distribution between 50 and 200 pm. The sample obtained at 480°C
is characterized by the largest total pore volume and the largest average pore diameter. With increasing the pyrolysis
temperature C:SiO; ratio in the solid pyrolysis residue decreased from 1.38 to 0.85 and specific surface area increased

from 7.0 up to 440.0 m> g .
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1. INTRODUCTION

In recent years, in relation with the periodical
energy crises and the depletion of raw material
stocks, particular attention is paid to obtaining
energy and value-added products from renewable
agricultural wastes. The rice husks, a by-product of
the rice milling industry are produced in large
quantities as a waste. The limited applicability of
the rice husks as foodstuff for cattle is creating an
ecological problem, connected with the storage and
management of huge amounts of waste. On the
other hand the specific phase composition, structure
and properties of the husks renders them suitable
for preparing different C/SiO, containing materials
[1,2]. The rice husks possess, although a low,
caloric effect. So they can be considered also as a
renewable power source [3]. In recent years are
offered different methods associated with the
conversion of rice husks into the high-tech products
[4-6].

Between the thermo-chemical conversion
methods for processing of biomasses most often
used pyrolysis. The process is related to obtaining a
liquid phase, char and gaseous fractions (fuel
gases). There are two approaches for the conversion
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technology. So called conventional pyrolysis, is to
maximum the yield of pyrolysis oil and/or fuel gas.
The conditions are high temperature and high
heating rate. The second enhanced the char
production at the low temperature and low heating
rate. One of the possible applications of solid
pyrolysis residue is use it directly or after activation
as biosorbents [5,7]. They are biodegradable and
have high adsorption properties resulted from their
morphology and surface functionalities [8].There is
no need to regenerate them because of the low
production cost [5,9,10]. Their application is a good
practice and has received much attention in sorption
of various organic or inorganic pollutants from
aqueous medium [11,12].

The use of the solid pyrolysis residue as
adsorbent is related to obtaining of a material with
suitable porous structure, high specific surface area
and surface functionalities which providing a high
adsorption capacity and selectivity [13,14]. Ways to
get the carbon containing adsorbents with a
developed porous structure are the use of suitable
activating agents and/or controlling the pyrolysis
conditions [15-17].

There have been several reports on the pyrolysis
of rice husks which deal with the relation between
the pyrolysis conditions with char structure. The
development of advanced fast pyrolysis processes
for bio-oil production has gained much attention
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recently, because they offer a convenient way to
convert agriculture wastes into biofuels and
carbonaceous value-added products. That is why
the studies are related to determination the impact
of the temperature, heating rate and pressure on the
quantity, phase composition and morphology of
final products in fast pyrolysis. Hu et al. [18]
determined the pyrolysis reactivity’s of rice husk
char and the evolution characteristics of char
structure during rapid pyrolysis. Liou [19]
investigated the effect of heating rates on the
morphology and chemistry of the products from
carbonization of rice husks. Kumagai et al. [20] and
Bharadwaj et al. [21] also published data which
dealt with the relationship between the fast
pyrolysis conditions and char structure. The general
conclusion is that the fast pyrolysis is associated
with obtaining a small amount of solid pyrolysis
residue with predominantly microporosity and
narrow pore size distribution. These can be
explained by the very fast decomposition of lignin-
cellulose matter and evolution of volatiles during
rapid pyrolysis, thus leaving a highly microporous
structure.

It is reasonable to expect that the slow pyrolysis
will lead to other, different phase and structural
changes in solid pyrolysis residue.

In this study, the slow pyrolysis which provides
a high yield of solid residue was used in a fixed bed
induction heated reactor. In particular, the impact of
pyrolysis temperature at a constant heating rate and
retention time on the pore structure of rice husks
char was investigated. The effect of the pyrolysis
temperature on the carbon:SiO; ratio in solid
pyrolysis residue was also discussed.

The results indicated that the slow pyrolysis
temperature had an essential impact on the char’s
structure. The resulting solid pyrolysis products are
characterized by a varied in size porous structure.
The same is formed predominantly by meso- and
macro pores with a wide range of pore size
distribution. This fact is important when the solid
residue from thermo-cracking of rice husks will be
used as adsorbent [22-24].

2. EXPERIMENTAL
2.1 Materials

Rice husks (RH) were obtained by rice threshing
performed in 2010 from Pazardjik region, Bulgaria.
The husks with prevailing particle size above 5 mm
were initially washed several times with water to
remove any mechanical impurities. Determined
amount of ash in the raw rice husks is 21 wt.%.
Except the main quantity of amorphous silica, the

ash contains some other inorganic admixtures listed
in Table 1. To reduce the content of these
admixtures RH were treated with 12 N HCI, at
hydro-module 3:1, for 3 hours at the boiling
temperature of the acid. A reflux condenser was
used. The acidified sample was washed with
deionized water until pH 6.5 was reached and dried
at 110° C to a moisture content less than 5 wt.%.

2.2 Pyrolysis

A weighted amount of the so pretreated husks
were pyrolysed in a temperature interval 250-700°
C. The following series of samples, designated as
B1(250°C), B2 (350°C), B3

(480°C) and B4 (700°C) were obtained. The
fixed bed slow pyrolysis experiments were
performed in a vertical tube stainless steel
electrically heated reactor, equipped with
temperature controllers, under a residual pressure of
1.33 Pa. The reactor comprised a 240 mm (L) x 40
mm (ID) with 170 mm long heated zone. The liquid
products were collected in a trap between the
reactor and vacuum pump, maintained at the
temperature of 2-3° C. The temperature in the
reactor was increased linearly from room
temperature up to the value needed for pyrolysis
with a heating rate of 4° min' and temperature
retention for 4 hours. The time within which the
temperature is maintained constant, is defined as
“retention time”. The sample was taken out after
cooling the system down to room temperature, at
atmospheric pressure. The yields of the solid
pyrolysis residue were calculated based on the mass
of raw rice husks fed.

2.3 Samples characterizations

The carbon/SiO, weight ratio in the solid
pyrolysis residues has been determined applying
thermal analysis (TG/DTA) accomplished with a
SETARAM LabsysEvo device, in a corundum
crucible, at a heating rate of 10° min™! in air. A
mass spectrometer detector coupled to the device
was used for the evolving gas analysis. The signals
for mass numbers of 18 and 44 were continuously
detected.

The phase composition of the samples has been
carried out on the basis of the data, recorded by a
diffractometer Philips ADP 15 with Cu K,
radiation.

Area of the pores as well as the bulk density was
determined by mercury intrusion porosimetry on a
MICROMERITICS Auto-Pore 9200 apparatus.
Volume intrusion curves were obtained for every
sample from 0.01 up to 34.84 MPa pressure, which
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corresponded to a pore diameter range from 262.7
pum to 0.042 pm. Prior to

porosimetry analysis the samples were dried at
110° C for 48 h. The specific surface area was
assessed by BET nitrogen adsorption measured in a
static volumetric device Area Meter, Strolein.

The morphology of the surface of the raw rice
husks and pyrolyzed ones was observed with SEM
using JEOL- Superprobe 733 microscope, applying
the appropriate magnification.

The total ash content into the raw RH was
analyzed gravimetrically. The inorganic admixtures
were determined by flame atomic absorption
analysis (AAA) by spectrometer Solar M.

3. RESULTS AND DISCUSSION
3.1 Phase composition and morphology

The data of the inorganic admixture amount in
the raw RH before and after treatment with
hydrochloric acid evaluated by AAA are presented
in Table 1.

Table 1. Inorganic admixture amount in the raw RH
before and after acid treatment.

Table 3. Yield of the carbon-containing residue and C:
SiO, weight ratio as a function of the pyrolysis
temperature.

Sample Tpyrolysis, Yield, Ratio
°C wt.% C:Si0;

B1 250 58 1.38

B2 350 52 1.08

B3 480 49 0.96

B4 700 46 0.85

Element Amount, wt.%

Carbon 384
Hydrogen 43

Oxygen 36.08

The low content of inorganic admixtures in the
ash residue of leaching rice husks is reason
hereafter to talk about phase of silica in solid
pyrolysis residue.

The elemental microanalysis was used to
investigate the carbon/silica weight ratio in the acid
treated raw rice husks, Table 2. According to the
results obtained the carbon/silica weight ratio in the
acid leached raw rice husks amounted to 1.81
weight percent.

Table 2. Elemental composition of acid leached raw RH.

Element In raw RH, g g’ After lea(_:lhing,

ngg

K 580 62

Na 370 60

Fe 330 38

Ca 103 ‘BDL

Cu 12 BDL

Mn 10 BDL

Zn 7 BDL

Mg 5 BDL

“BDL, below detection limit.

On the basis of the thermogravimetric analysis
data, Fig. 1 (a) the weight C:SiO; ratio in the
samples B/-B4 has been determined. The effect of
pyrolysis temperature on the yield and carbon/silica
ratio of the chars is shown in Table 3.
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Actually the char represents a mixture of some
quantity undecomposed residues of the lignin-
cellulose material, highly carbonized rice husks and
silica. The change of the C/SiO;, ratio shows that
with increasing of pyrolysis temperature the solid
pyrolysis residue become increasingly less
carbonaceous in nature and vice versa for the silica.

The thermal effects (DTA) and gas formation
rates under conditions of linear temperature
increase, in air medium for samples BI/-B4 are
presented on Figures 1(b) and (c).

The rice husks as a lignocelluloses’ material is
composed of various type biopolymers containing
cellulose, hemicellulose, lignin and amorphous
SiO; [4]. The chemical nature of biogenic silica in
rice husks has discussed by a number of authors
[25,26]. Upon pyrolysis condition in rice husks start
some destruction processes. Hemicellulose started
its decomposition easily; cellulose pyrolysis takes
place at a higher temperature range while the lignin
decomposes at a slow rate in the entire operating
temperature interval [24]. The degradation
reactions include depolymerization, dehydratation,
decarboxilation and oxidation of  the
lignocelluloses’ matrix.

For example: sample B/, obtained at 250° C,
contains in itself not completely decomposed
residuals of cellulose and lignin. The exothermal
effect in the interval 210 - 370° C is associated with
the destruction of the remaining quantity of
cellulose, contained in this sample. The process is
accompanied by the evolving of the main quantity
of water and a small amount of CO,, as a
consequence of the decomposition of the nuclei of
the cellulose chain. The second exothermal effect
with a maximum at 440° C corresponds to the full
destruction of the lignin residuals and oxidation of
the char, completed at 540° C. As a result of the
decomposition of the condensed nuclei of the lignin
mainly CO» is liberated.

The results from TA/MS analysis of samples
B2-B4 confirmed the presence of undecomposed
part of the lignin-cellulose material in the solid
pyrolysis residue. According to the data of the TG
analysis, the moisture content in carbonized rice
husks amounted to 5 wt. %.
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Fig.1. TG curves (a); DTA curves (b); gas formation rates and products distribution (c¢) during the thermal analysis of
the samples in air atmosphere

The results from TA/MS analysis of samples
B2-B4 confirmed the presence of undecomposed
part of the lignin-cellulose material in the solid
pyrolysis residue. According to the data of the TG
analysis, the moisture content in carbonized rice
husks amounted to 5 wt. %.

The X-ray diffraction patterns of the samples are
presented in Fig. 2. The possible bonding of silicon
with monosaccharides in rice husks has already
been represented by Patel et al. [27]. The pyrolysis
causes a decomposition of the organic material and
breaking of the bonds between silicon and the
organic matrix. The Si-O groups become attached
to one another to produce a low form of cristobalite
and tridimite. The resulting material, containing a
mixture of amorphous silica and carbon show an
XRD pattern with a broad maximum. The results
also corroborate the formation of a porous network
in the samples. The halo observed at about 20 22°
corresponds to the presence of amorphous SiO»
[28], but also shows the typical turbostratic
structure with interlayer distances of graphenes
substantially higher than those in graphite. The halo
at 20 44° is typical for carbonized cellulose and
reflects the initial formation of (100) planes, related
to the graphite structure [29]. It becomes more

pronounced with increasing the temperature of
pyrolysis.

B4
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B2

B1
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Fig.2. XRD patterns of the pyrolyzed RH

The cellulose and hemicellulose under
conditions of  pyrolysis  degrade  under
cycloreversion and dehydration followed by
transglycosylation. The mechanism of

decomposition of lignin also occurs via dehydration
[30]. The process is accompanied by intensive
liberation of gases and liquid phase, containing
different hydrocarbon compounds, CO, CO, and
H,O. The rapid mass transfer from the inside of the
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Fig.3. Micrographs of raw RH (a), outer epidermis (b), cross-section (c) and inner epidermis (d) of rice husks
carbonized at 480° C.

particles to the surface caused structural evolution
and morphological changes of the solid residue.
Some part of fluids is being deposited on the char
surface, determining its surface functionalities.
Change in the morphology of rice husks in the
pyrolysis process, studied by means of scanning
electron microscopy, is demonstrated in Fig. 3.

A typical structure with granular formations
located linearly on the outer epidermis as well as
the fibrous structure of the inner epidermis can be
seen in Fig. 3(a). It was established that the silica is
concentrated predominantly in the outer surface and
in a less amount in the inner surface of the RH [31].
After carbonization the rice husks appear to be
cracked, Fig. 3(b). The size of small grains on the
outer epidermis is reduced. Nevertheless the
corrugated structure of the outer epidermis was kept
in the solid pyrolysis residue. This means that after
carbonization the solid pyrolysis residue retains
skeleton of lignocelluloses’ matrix, building the cell
walls in which remains dispersed amorphous silica.
After pyrolysis the lamellar inner epidermis
remains undestroyed, Fig. 3(d). Evaporation of
volatile matters creates in interior structure of the
pyrolyzed RH many pores of different size with
rough surface and irregular outlet, Fig. 3(c).

The increase of the pyrolysis temperature leads
also to a change in the specific surface area of the
obtained materials, varying in a range from 7 up to
440 square meters per gram, Fig. 4.
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Fig.4. Dependence between BET specific surface area of
the samples and the pyrolysis temperature.

3.2 The pore size distribution

The pore size distribution is a function of the
pyrolysis temperature and phase composition of the
lignocelluloses precursor. This is the most
important dimension for characterizing the
structural heterogeneity of the solid residue and is
closely related to kinetic properties of porous
materials [20].

The porosity characteristics of the samples,
determined by mercury porosimetry are depicted in
Table 4. The experimentally obtained data
demonstrate that the porosity, respectively the total
volume of the pores of samples B, B2 and B4 have
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similar values while the values for sample B3 are
higher with about 9%. The sample B3 is
characterized also by the greatest average pore
diameter and the lowest bulk density.

Table 4. Porosity characteristics of the samples
determined by mercury porosimetry.

Characteristics B1 B2 B3 B4
Total pore 0.898 0.814 1.053  0.778
volume, cm? g’!
Porosity, % 5238 52.04 57.09 5295

Total pore area, 6.652 6369 5869 5.164
m2 g—l
Average pore 0.540  0.511 0.718  0.603
diameter, pm
Bulk density, g 0.583  0.640 0.542  0.680
cm3

The differential curves of the pore volume
distribution with respect to diameter for the B/-B4
samples are exhibited in Fig. 5. All the porosity
diagrams have a similar appearance, which shows
that the analyzed samples possess pores with sizes
varying within a wide range of values. The main
share of all the pores belongs to the pores with
large volumes and diameters within the interval 50-
200 um.

The maximum peak in the differential
distribution curves for all four samples corresponds
to the percentage of the total pore volume, as
follows:

For BI - 14.9 %;

e ForB2-14.6%

e ForB3-24.0% and

e ForB4-18.0%.

0,28
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Fig.5. Pore volume distribution by pore diameter for
samples BI-B4.

The results demonstrate that the prepared
carbonized rice husks possess multi macroporous
structure. The presence of the such structure, as a
rule ensures high sorption ability of the material
[32].

The theory of mercury  porosimetry
conditionally accepts that the diameter, determined
by the integral dependence with respect to the pore
volume and pore surface area at which there starts a
steep increase is the value, dividing the pores in
two kinds: “micro” pores, with pores diameter less
than the value of the inflection point and “macro”
pores, Fig. 6.

It should be noted that in according to [UPAC
the classification of the pores as micro-, meso- and
macropores is subject to certain requirements for
the pore-width [33].

Table 5 represents the conditional dividing of
pores in view of their size in the prepared samples.

Table 5. Provisionally pore size distribution in the
pyrolyzed rice husks.

Characteristics B1 B2 B3 B4

Value of the 1.88 1.76 2.13 1.93
inflection point,
pm
Volume of
“micro” pores,
em’ gt

Percent of 40.9 45.9 32.5 454
“micro” pores,
%
Volume of
“macro” pores,
em’ ¢!

Percent of 59.1 54.1 67.5 54.6
“macro” pores,
%

0.3676 03731 0.3424 0.3530

0.5304 0.4406 0.7110 0.4252

The porosity characteristics of sample B3 can be
explained by the fact that the pyrolysis in this case
has been carried out at temperature, which
guarantees the destruction of all the components
building up the cell walls of the rice husks. The
volatile degradation products are in large amount
and should escape from the char without delay.
This leads to the obtaining of a material with a
maximum quantity of the so-called closed type of
pores. The temperatures lower than 480° C, cause
as a result only a slow thermal cracking of the
lignin-cellulose material, which does not ensure a
sufficient development of a porous structure of the
obtained composite. The increasing pyrolysis
temperature  enhances also the effect of
dehydroxylation via conversion of silanol groups to
siloxane bridges leading to opening of pores.
However the pyrolysis at 700° C leads to a
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Fig.6. Characteristic integrated distribution curves of the volume and the surface area by the pore diameter for samples
BIl-B4.

complete decomposition of the organic matrix,
associated with destroying of the organic-mineral
structure. On the other hand thermal treatment at
higher temperature causes modifications in the
textural and structural characteristics of the carbon
skeleton as a result of the sintering effects [34].

4. CONCLUSION

Summarizing, the results evidenced that in the
conditions of slow pyrolysis of rice husks the
pyrolysis temperature had a strong influence on the
char’s structure and phase composition.

The increasing pyrolysis temperature leads to
produce of composite materials, possess multi
porous structure in which main part occupies the
pores with size distribution between 50 and
200 pm. While the volume of pores with a diameter
less than 2.0 pm, for the investigated temperature
range remains almost the same. The pyrolysis
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HA OPU30BH JITOCIIN

C. Y3ynoga, /I. Aurenosa, b. Anues, 1. Y3ynos, A. ['urosa

! Xumuxomexwvnonozuuen u memanypauyen ynusepcumem, 1756 Cogpus
2 Hnemumyme no obwa u neopeanuyna xumus, Bvazapcka axademus na naykume, 1113 Cogus
3 Uncmumym no enexmpoxumus u enepeuiinu cucmemu, 1113 Cogus

IMomyuena Ha 17 centemspu 2012 r.; kopurupana Ha 12 despyapu 2013 r.
(Pesrome)

W3cnenBaHeTo AaBa OCHOBAaTa 3a pa3pabOTBAHETO HAa HOB EKOJIOTMYHO ChOOpa3eH MaTepuanl C KOHTPOJIUpPAHU
XapaKTePUCTUKH, MOAXOAAIIM 3a MPOU3BOJICTBOTO HA MAaTEpHald OT BTIVIEPOJ M CHIMIMEB IUOKCHI C mobOaBeHa
croifHocT. IIpeaMer Ha wu3ClieBAaHETO € JAa CE OMNpEleNaH BIMSHHETO Ha TEMIepaTypara Ha MHPOIH3a BBPXY
cnenuUIHATa TOBBPXHOCT ¥ TIOPHO3HOCTTA HA BBIJICHA, ITOMy4YeH IpH OaBHA MUPOJIN3A B TEMIIEPATypPHHUS WHTEPBAI
250-700°C Ha OpHW30BM JIIOCNIH, W3TYXKEHH ¢ KucennHa. CTpyKkTypara Ha BBIJIEHA € OIpeleleHa C >KUBayHa
noppo3uMeTpust u BET-meroma. ®a3oBusT cbhCTaB Ha TBBPAMA OCTaTBK CJ€J NHPOJIM3aTa W  OTHOIICHHETO
BBITICPO/I/CIITUIINEB THOKCU B HETO ca ompenesieHu upe3 repmudeH ananu3 (TG/DTA/MS) u XRD. Mopdonorusra Ha
Marepuala € U3y4eH 4pe3 CKaHMpaIla eJeKTPOHHA MUKPOCKOMUS. Y CTAHOBEHO €, ye OaBHATA ITUPOJIN3a B N3CIICABAHMS
TEMIIepaTypeH UHTEPBaJ 1aBa TBBPA OCTAaThK C MPEIMMHO MaKpO-IIOPhO3HA CTPYKTYpa M paslpeieHie Ha pa3Mepa Ha
mopute Mexay 50 u 200 pm. O6pasnure, momydern npu 4800C ce XapakTepu3upaT ¢ Haif-roisiMa o0y o6eM U Hai-
TOJISIM CpeJieH MaMeThp Ha nopute. C HapacTBaHE Ha TeMIlepaTypara Ha mupoinsa otHoureHneto C:SiO2 B TBbYpAMs
ocraTbk HamasiBa ot 1.38 10 0.85, a cieruduunaTa mopspxHocT HapacTsa ot 7.0 10 440.0 m2 g -1.
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