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Abstract: Three washing techniques namely water at room temperature, hot water, and hydrochloric acid were applied to rice straw to
remove the inorganic matters. The ash content and elemental composition of washed rice straw were examined in detail. Then, the
pyrolysis behaviors and gas formation rate during the pyrolysis of washed biomass were examined using TGA and TG-MS techniques.
It was found that water could easily remove alkali metal and CI, but water could not remove alkaline earth metals. On the other hand,
hydrochloric acid could significantly remove alkali and alkaline earth metals. However, silicon cannot be removed by washing because
of the strong bonding between amorphous silica and biomass matrix. Washing significantly affected the pyrolysis behavior of biomass.
The weight change curves during the pyrolysis of washed biomass increased by approximately 20°C in temperature. It was found that
the amount of tar produced during the pyrolysis increased significantly, whereas the amount of H20 decreased significantly by washing.

From these measurements, the effect of inorganic matters on the pyrolysis behavior of biomass was examined in detail.
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1. Introduction

Biomass is a promising renewable energy resource with
high potential. Rice straw is considered to be the most important
agricultural residue, particularly in Thailand, where massive amounts
of rice straw are generated. Rice straw can be converted to energy
by thermo-chemical conversion. Pyrolysis is a basic
thermochemical decomposition by heating organic matters in the
absence of oxygen, which produces gas, char and bio-oil [1-2].
Pyrolysis behavior demonstrates the typical decomposition of
components in the biomass. Each kind of biomass has a
characteristic pyrolysis behavior based on a mixture of cellulose,
hemicellulose, lignin, extractive and inorganic components [3].

Inorganic components, particularly K, Na, S and CI are
known to cause environmental and technological problems during
thermal processes such as fouling and slagging [4-6]. An
inorganic components act as a catalyst, which affect to pyrolysis
degradation and the yield of pyrolysis products [5, 7]. Several
washing pretreatment methods have been reported to effectively
remove ash and inorganic components. Washing with water is the
mildest washing technique that has the ability to remove some
elements such as K and Cl. Jenkin et al. [8] tested the removal of
inorganic elements by laboratory washing using many techniques
included spraying, flushing and soaking. The results showed that
some ash, K, Na and ClI are easily removed by washing. Soaking
seems to be a controllable techniques. Deng et al. [9] investigated
the effect of washing temperatures at 30°C, 60°C and 90°C and
found that the higher water temperature, the smaller sample size
and lower ratio of sample to water making inorganic elements and
ash removal more effective. Jensen et al. [10] suggested washing
with tap water and distilled water make no difference to element
removal and 3 hours was long enough to complete the elemental
extraction. However, it is difficult to remove Ca and Fe because
these metallic species dissolve only partially in water [11]. It is
well established from many research articles that acid washing is
more effective to remove ash [12]. The solutions for acid washing
include mainly inorganic acids (hydrochloric acid, HCI) [13-14]
and organic acids (acetic acid) [15].

Washing can remove a large part of ash, alkali and
alkaline earth metals. In addition, the chemical composition of
biomass would change after washing. Therefore, it is necessary to
study the pyrolysis behavior of washed biomass to investigate
their positive or negative influence during pyrolysis and gas
production. However, in the view point of the fundamental data,
there are few studies studying the effects of inorganic matters on
pyrolysis behavior and gas formation behavior during pyrolysis
by using the TG-MS technique. Therefore, these data are
attractive and may useful to the research community.

In this work, rice straw was washed by three techniques:
water at room temperature, hot water, and hydrochloric acid.
Then, the pyrolysis behaviors of washed rice straw were examined
by TGA technique. The gas formation rates during the pyrolysis
were examined by TG-MS method. The ash content, elemental
compositions of biomass after washing were analyzed. From
these measurements, the effects of inorganic matters on the
pyrolysis behavior of biomass were examined in details. The
fouling tendency of the washed biomass was calculated.

2. Experimental section

2.1 Sample

Rice straw (RS) was selected as a biomass sample. After
milling and sieving into size less than 250 um, the sample was
dried at 105°C for 12 hours before experimental use. Table 1
shows the results of solid yield, proximate and ultimate analyses
of the sample. The raw rice straw after drying was labeled as
Raw-RS.

2.2 Washing experiments

Three laboratory washing techniques were used in this
study namely water at room temperature (30°C), hot water (80°C)
and 1 molar of hydrochloric acid (HCI). Biomass about 5 g was
taken in a 250 ml of solution (biomass: solution = 1g: 50ml) and
stirred continuously for 1 hour as a control factor. The solid sample
was collected by filtration and washed by distilled water until pH
of solution become neutral. Then, washed samples were dried at
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110°C for 24 hours before analyses. The rice straw after washing
with water at room temperature, hot water and hydrochloric acid
were labeled as H:O-RT-RS, H20-HT-RS and HCI-RS respectively.

2.3 Pyrolysis behavior

Pyrolysis behavior of Raw-RS, H20-RT-RS, H20-HT-RS
and HCI-RS samples were analyzed by Thermo Gravimetric
Analyzer or TGA (PerkinElmer, Pyrisl). The flow rate of nitrogen
gas was 100 ml/min and about 5-10 mg was used for each run.
Samples were heated from room temperature (30°C) to 110°C
held 10 minutes to remove moisture content and heated again to
800°C with a rate of 10°C/min to examine the decomposition
behavior and decomposition temperature of the samples.

2.4 Analysis of gas formation rates during the pyrolysis

A mass spectrometer (Perkin-Elmer, Clarus 500MS)
coupled to the thermobalance (Perkin-Elmer, Pyrisl TGA) was
used for the evolved gas analysis. The 20-30 mg samples were
heated in a nitrogen atmosphere with a 10°C/min heating rate up
to the final temperature at 600°C. The transfer lines between TGA
and MS were heated to 200°C to avoid cold spots and also prevent
the condensation of the gaseous product. The signals for the mass
numbers of 2, 15, 18, 28 and 44 were continuously detected and
subsequently converted into concentrations of Hz, CH4, H20, CO
and CO: by referring to the calibration curve constructed using
the standard gases.

3. Results and Discussion

3.1 Chemical properties of washed rice straw

First, chemical properties of Raw-RS, H20-RT-RS, H20-
HT-RS and HCI-RS were analyzed. Table 1 shows the solid yields
and the proximate analyses are on dry basis, and the ultimate
analyses is on dry ash free basis. It was found that the solid yields
were slightly decreased to 85.97%, 83.15% and 81.50% after
washed with water at room temperature, hot water and HCI
respectively. The volatile matters of washed rice straw increased
significantly while the fixed carbon decreased. The results of the

ultimate analyses of washed rice straw were not significant
different to Raw-RS.

The ash content of washed rice straw decreased from
16.6% (Raw-RS) to 15.2% and 13.2% by water at room temperature
and hot water, hence 1.4% and 3.4% of this lost ash component is
water-soluble. After HCI was washed the ash content decreased
to 12.6%, and 3.9% of the lost ash component consisted of both
water-soluble and acid-soluble components. Ash reduction was
due to washing techniques extracts large amount of soluble
component which are alkali metals, chlorides, nitrates and sulfate
[16-17]. Hot water can remove more of ash than water at room
temperature, because increased temperatures led to increased
solubility in the washing medium [7]. It was well established from
many research articles that acid washing has high efficiency for
ash removal. Acid washing opens up or loosens the structure of
the biomass, which facilitates mass transfer and higher levels of
ash removal [12]. However acid washing not only removes water-
soluble and acid-soluble components but it also removes organic
components from biomass matrix [18] so the behavior of
pyrolysis is necessary for further study.

3.2 The elemental compositions of rice straw ash

Table 2 shows the elemental compositions in ash of Raw-
RS, H20-RT-RS, H20-HT-RS and HCI-RS which analyzed by
XRF technique. It was found that, SiO264.70%, K20 17.00% and
Cl 3.88% was three main elements of Raw-RS. After washing,
the amounts of K20, CI, SO3 and Na20 decreased greatly when
using water at room temperature and decreased even more after
using hot water and HCI. In general, the light metals (K and Na)
easily removed ash. The amount of ash removal is similar with
each tested washing solution. For example, K20 decreased
from17.00% to 4.04%, 2.74 and 0.44% after washing with water
at room temperature, hot water and HCI respectively. The types
of solutions used play a minor role, as light metals can be
efficiently removed by all washing solution. Heavy metals (Ca and
Mg) and SiO2 cannot be removed by water but they have a higher
solubility in acid solutions than water. These results agree with the
analysis of Jenkins et al. [8], Cen et al. [14] and Davisson et al. [19].

Table 1. Solid yield and chemical properties of raw and washed rice straw.

Washing techniques Solid yields Proximate analyses (wt%, d.b) Ultimate analyses (wt%,d.a.f)
[wt%, d.b] %VM %FC %Ash C H N O(diff)
Raw-RS 100.00 66.9 16.5 16.6 424 6.4 0.6 50.6
H20-RT-RS 85.97 724 12.4 15.2 42.6 6.4 0.6 50.4
H20-HT-RS 83.15 74.9 11.9 13.2 42.6 6.4 0.5 50.5
HCI-RS 81.50 76.0 114 12.6 435 6.4 0.6 49.5
Table 2. Elemental compositions of rice straw ash and fouling tendency.
Washing technigues
Raw-RS H20-RT-RS H20-HT-RS HCI-RS

Ash at 575°C 15.40 13.34 12.49 10.08
Elemental composition in ash (% ash at 575°C)
SiO2 64.70 83.50 82.50 93.30
K20 17.00 4.04 2.74 0.44
Cl 3.88 0.00 0.00 0.00
CaO 3.36 4.39 4.00 0.22
MgO 1.97 1.46 1.47 0.00
SO3 1.33 0.32 0.30 0.07
P20s 1.30 0.29 0.32 0.33
Na20 0.65 0.19 0.12 0.00
MnO 0.40 0.40 0.45 0.02
Al20s 0.17 0.23 0.22 0.18
Fe203 0.13 0.29 0.27 0.14
TiO2 0.00 0.00 0.00 0.00
Base-acid oxide (Rs/a) 0.36 0.11 0.10 0.01
Fouling tendency (Fu)* 6.29 (medium) 0.37 (Low) 0.30 (Low) 0.00 (Low)

* Fu< 0.6, low fouling inclination, 0.6 < Fu < 40 medium, Fu> 40 high [20]
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Ash of Raw-RS has a very high content of SiO2 about
64.70% and SiO2 increased to 83.50% after washing with water at
room temperature and increased to 93.30% after washing with HCI.
This occurs because water-soluble elements (K, Na and Cl) have
been removed from the biomass. RS maintain a strong bond
between amorphous silica and biomass matrix [9]. SiOz cannot be
removed by washing. Therefore it makes the proportion of SiO2
increase after washing.

Undesirable effects of biomass ash in thermal processes
include ash sintering, slagging and fouling. These side effects are
related to the concentration of K and Si in biomass ash [21-22].
One of the most common indicators that correlates with base-acid
oxide (Re/a) is calculated from Eq. (1) [23-24]. Fouling tendency are
calculated from Eq. (2) [23-24]. The fouling tendency of washed
rice straw was calculated and compared with Raw-RS as shown
in Table 2. (Slagging index was not calculated in this study)

_ Fe;03+€a0+MgO0+K,0+Na,0
Reja = $i0,+Ti0,+AL,0; @
fouling tendency = Rp/4 X (Na,0 + K,0) 2)

It was found that the fouling tendency decreased from
medium to low inclination range. The fouling tendency decreased
from 6.29 to 0.37 using water at room temperature, 0.30 with hot
water and 0.00 after washing with HCI. This result indicates that
HCI is the most effective technique to reduce thermal problems
by removing inorganic matters.
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Figure 1. () TG curves and (b) DTG curves of washed and Raw-RS.
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3.3 Pyrolysis behavior of washed rice straw

Figure 1 shows the weight change behavior (TG curves)
and rate of decomposition during the pyrolysis (DTG curves) of
washed rice straw compared with Raw-RS. TG and DTG curves
were demonstrated in dry-ash-free basis.

It was found that the weight change curve of Raw-RS
started to decrease at 200°C and char formation occurring at 800°C
was about 20%. After washing, the weight change behavior was
significantly different from the Raw-RS. The weight change curve
of washed rice straw started to decrease at higher temperature
approximately 20°C and char formation was reduced. It meant that
washed rice straw started to decompose at higher temperature. The
DTG curve demonstrated more obvious differences than the TG
curve. The maximum devolatilization rate of all washed rice straw
was faster than Raw-RS and HCI-RS demonstrating the fastest
devolatilization rate. It can be explained by alkali and alkaline
earth metals inherent in the main biomass components, which
acted as catalysts to promote volatile releases and char formation.
The catalytic elements have been removed by washing and the
main components of washed samples are more resistant to thermos-
chemical decomposition. Pyrolysis shifts can be found in washed
rice straw. Although HCI can remove more alkali and alkaline
earth metals than water, the pyrolysis of HCI-RS has no
significant difference to H.0-RT-RS and H20-HT-RS on TG and
DTG curves. It only found a small difference in DTG curves for
HCI-RS. Deng et al. [9] also found the similar results. The
biomass type and washing experiment in this work are probably
not intense enough to distinguish the difference from pyrolysis.
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Figure 2. TG curve, gas formation rate and product distribution during the pyrolysis of raw of Raw-RS and HCI.
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3.4 Gas formation rates during the pyrolysis of washed rice straw

The TG-MS technique was used to study the pyrolysis
behavior of biomass to gain more details than TG curve. Both the
weight change curve and the evolving rate of product gas during
pyrolysis of Raw-RS and HCI-RS are shown in Figure 2. The
integrated products and distributions of products are shown in the
figure. The amount of tar equated to the difference between the
weight loss and the sum of the evolved amounts of Hz, CH4, CO,
CO:z and H20. The weight loss curves are on dry basis. Cen et al.
[14] reported that washing by water had no obvious effect on the
mass Yyield of pyrolysis gas products. This study investigated on
HCI-RS and compared the result with Raw-RS. It was found that
weight loss curves and the evolving rate behavior of HCI washing
found clear differences from Raw-RS.

The major weight decrease of Raw-RS was observed at
250-300°C. The char yield at 600°C was 33% while the major
weight decrease of HCI-RS was observed at higher temperature
(270-350°C) and char yield decreased. As mentioned in section
3.2 and 3.3, acid washing can remove a large part of alkali and
alkaline earth metals. The pyrolysis shift will demonstrate the
weight loss curve and the peak of evolving rate. Gas formation
behavior during pyrolysis of H20, CO and CO2 were well
accompanied by the sharp decomposition seen in weight loss
curves. However, CH4 and Hz formation behavior was not
accompanied by any sharp decomposition. The H20 was a main
product formed for Raw-RS and HCI-RS. It started to evolve at
190°C for Raw-RS while HCI-RS started to evolve at 210°C. The
same result was found in other gases (Hz, CHs, CO, CO2) after
washing these gases started to evolve at higher temperature.

Figure 3 shows the yield products (Hz, CHa4, CO, COz,
H20 and tar) for Raw-RS and HCI-RS. Among condensable gases
such as Hz, CH4, CO, COg, it was found that CO2 and CO are
dominant gas products, while H2 and CH4 are minor products
during pyrolysis. These results agree with previous studies [2,
14]. The amount of COzand CO in Raw-RS was 0.207 g/g-sample
and 0.113 g/g-sample. After washing with HCI, the amounts of
COzand CO decreased to 0.143 g/g-sample and 0.061 g/g-sample
and both gas species CO and CO2 were released at shorter time.
Alkali and alkaline earth metals had remarkably different effects
on the yields of pyrolysis gas products. This occurred by altering
reaction pathways of main biomass components. These elements
acted as catalysts, which reacted with vapor during pyrolysis.
They also promoted ring opening reactions of carbohydrates [14,
17], resulting in the formation non-condensable gases. Since HCI
can remove high amount of alkali and alkaline earth metals, the
formation non-condensable gases decreased.
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Figure 3. Product yield (Hz, CH4, CO, COz2, H20 and tar) of Raw-
RS and HCI-RS.

The most significant difference from pyrolysis products
between the Raw-RS and HCI-RS was the amount of tar. Tar
increased remarkably from 0.069 g/g-sample to 0.226 g/g-sample
after washing with HCI. The amount of tar was related with the
amount of volatile matters in samples [25]. After washing with
HCI, the amount of fixed carbon decreased, while the amount of
volatile matters increased as shown in section 3.1. This same
phenomena was found in Blasi et al. [22] and Cen et al. [14].

4, Conclusions

The washing technique had a remarkable influence on
pyrolysis behavior and gas formation of rice straw. Among the
three  washing techniques, hydrochloric acid washing
demonstrated the highest removal efficiency for ash, alkali and
alkaline earth metals (especially K, Na and CIl) and further
reduced catalytic effects on pyrolysis. That resulted in the
pyrolysis behavior of washing rice straw shifting to a higher
temperature and a completely different weight change curve from
raw rice straw. In addition the pyrolysis of rice straw after
washing with hydrochloric acid has no significant difference to
rice straw after washing with room temperature water and hot
water. Gas formation was analyzed by using the TG-MS
technique. It was found that the amount of CO2 and CO decreased
after washing with hydrochloric acid. The most significant
difference in the pyrolysis product between the raw rice straw and
hydrochloric acid washing is the amount of tar. Tar increased
remarkably and tar production is related directly with the amount
of volatile matters present. Since hydrochloric acid washing
demonstrated the highest volatile matters that resulted in
increased tar production. Furthermore, acid washing can mitigate
thermal process problems in by reducing the ash content, alkali,
alkaline earth metals and by reducing the fouling inclination.

Acknowledgements

The authors acknowledge financial supports from the
Joint Graduate School of Energy and Environment (JGSEE),
Thailand.

References

[1] Demirbas, A. 2001. Biomass resource facilities and biomass
conversion processing of fuels and chemical, Energy
Conversion and Management, 42, 1357-1378.

[21 Worasuwannarak, N., Sonobe, T. and Tanthapanichakoon,
W. 2007. Pyrolysis behaviors of rice straw, rice husk, and
corncob by TG-MS technique, Journal of Analytical and
Applied Pyrolysis, 78(2), 256-271.

[3] Parparits, E., Brebu, M., Uddin, Md.A., Yanik, J. and
Vasile, C. 2014. Pyrolysis behaviors of various biomass,
Polymer Degradation and Stability, 100, 1-9.

[4] ‘Yaman, E. and Ozbay, N. 2018. Enhancing the phenolic
content of bio-oil by acid pre-treatment of biomass, Int.
Journal of Renewable Energy Development, 16, 163-169.

[5] Vamvuka, D. and Sfakiotakis, S. 2011. Effects of heating
rate and water leaching of perennial energy crops on
pyrolysis characteristics and kinetics, Renewable Energy,
36, 2433-2439.

[6] Said, N., Bishar, T., Garcia-Maraver, A. and Zamorano, M.
2013. Effect of water washing on the thermal behavior of
rice straw, Waste Management, 33, 2250-2256.

[7]1 Fahmi, R., Bridgwater, A.V., Darvell, L.I., Jones, J.M.,
Yates, N., Thain S. and Donnison, I.S. 2007. The effect of
alkali metals on combustion and pyrolysis of Lolium and
Festuca grasses, switchgrass and willow, Fuel, 86, 1560-1569.

[8] Jenkins, B.M., Bakker, R.R. and Wei, J.B. 1996. On the
properties of washed straw, Biomass and Bioenergy, 10,
177-200.

[9] Deng, L., Zhang, T. and Che, D. 2013. Effect of water

washing on fuel properties, pyrolysis and combustion

characteristics, and ash fusibility of biomass, Fuel

Processing Technology, 106, 712-720.

Jensen, P.A., Sander, B. and Dam-Johansen, K. 2001.

Removal of K and CI by leaching of straw char, Biomass

and Bioenergy, 20, 447-457.

[10]

94 Copyright @ 2019 By Journal of Sustainable Energy and Environment



Journal of Sustainable Energy & Environment 10 (2019) 91-95

[11]

[12]

[13]

[14]

[15]

[16]

(17]

Zhang, S.P., Dong, Q., Zhang, L., Xiong, Y.Q., Liu, X.Z.
and Zhu, S.G. 2015. Effects of water washing and
torrefaction pretreatments on rice husk pyrolysis by
microwave heating, Bioresoure Technol., 193, 442-448.
Stefanidis, S.D., Heracleous, E., Patiaka, D.Th., Kalogiannis,
K.G., Michailof, C.M. and Lappas, A.A. 2015. Optimization
of bio-oil yields by demineralization of low quality
biomass, Biomass and Bioenergy, 83, 105-115.
Wannapeera, J., Worasuwannarak, N. and Pipatmanomai,
S. 2008. Product yield and characteristic of rice husk, rice
straw and corncob during fast pyrolysis in a drop
tube/fixed-bed reactor, Songklanakarin J. Sci. Technol., 30,
393-404.

Cen, K., Zhang, J., Ma, Z., Chen, D., Zhou, J. and Ma, H.
2019. Investigation of the relevance between biomass
pyrolysis polygeneration and washing pretreatment under
different severities: Water, dilute acid solution and aqueous
phase bio-oil, Bioresource Technology, 278, 26-33.

Wang, S.R., Dai, G.X,, Yang, H.P. and Luo, Z.Y. 2017.
Lignocellulosic biomass pyrolysis mechanism: a state-of-
the-art review, Progr. Energy Combust. Sci., 62, 33-86.
Knudsen, J.N., Jensen, P.A. and Dam-Johansen, K. 2004.
Transformation and release to the gas phase of Cl, K, and
S during combustion of annual biomass, Energy Fuels, 18,
1385-1399.

Patwardhan, P.R., Satrio, J.A., Brown, R.C. and Shanks,
B.H. 2010. Influence of inorganic salts on the primary
pyrolysis products of cellulose, Bioresource Technology,
101, 4646-4655.

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

Eom, LY., Kim, K.H., Kim, J.Y., Lee, S.M., Yeo, H.M.,
Choi, I.G. and Choi, J.W. 2011. Characterization of
primary thermal degradation features of lignocellulosic
biomass after removal of inorganic metals by diverse
solvents, Bioresource Technology, 102, 3437-3444.
Davisson, K.O., Korsgren, J.G., Pettersson, J.B.C. and
Jaglid, U. 2002. The effects of fuel washing techniques on
alkali release from biomass, Fuel, 81, 137-142.

Liu, Z., KentHoekman, S., Balasubramanian, R. and Zhang,
F.S. 2015. Improvement of fuel qualities of solid fuel
biochars by washing treatment, Fuel Processing Technology,
134(2015), 130-135.

Baxter, L.L., Miles, T.R., Miles Jr.T.R., Jenkins, B.M.,
Milne, T., Dayton, D., Bryers, R.W. and Oden, L.L. 1998.
The behavior of inorganic material in biomass-fired power
boilers: field and laboratory experiences, Fuel Processing
Technology, 54, 47-78.

Blasi, C.D., Branca, C. and D’Errico, G. 2000. Degradation
characteristics of straw and washed straw, Thermochimica
Acta, 364, 133-142.

Teixeira, P., Lopes, H., Gulyurtlu, 1., Lapa, N. and Abelha,
P. 2012. Evaluation of slagging and fouling tendency
during biomass co-firing with coal in a fluidized bed,
Biomass and Bioenergy, 39, 192-203.

Pronobis, M. 2005. Evaluation of the influence of biomass
co-combustion on boiler furnace slagging by means of
fusibility correlations, Biomass and Bioenergy, 28, 375-383.
Caillat, S. and Vakkilainen, E. 2013. Large-scale biomass
combustion plants: an overview, Chapter 9 in Biomass
Combustion, Science, Technology and Engineering (pp.
189-224).

Copyright @ 2019 By Journal of Sustainable Energy and Environment 95


https://www.sciencedirect.com/science/article/abs/pii/S0040603100006341#!



