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ARTICLE INFO ABSTRACT

Keywords: This study investigated biomass blending and water washing to improve product quality from two-step pyrolysis
TGA of rice straw. Rice straw (RS) was mixed with groundnut shells (GNS) and wheat straw (WS) in different weight

Kinetic coefficients ratios. Blending RS with GNS/WS in a 1:1 ratio increased the total bio-oil yields by 7-9% and reduced the py-

;:’fg:;‘;i: rolysis gas and char yields by 5-7% and < 2%, respectively. RS was washed with water separately to examine the
Washing effect of removing water-soluble ash elements. The optimum washing duration was 60 min; the ash removal

efficiency was then 26%. The bio-oil yields from washed straw increased by 4% over unwashed straw, and
pyrolysis gas yields decreased. Combining the washing and blending processes increased the levoglucosan yield
by 1.6-2.1 times compared to unwashed RS, and the water content in bio-oil was reduced by ~ 10%.
Moreover, the biochar samples obtained after pyrolysis of washed biomass blends had potential fuel appli-
cations owing to low fouling or slagging propensity. They also had possible use in the soil for adsorption of soil
contaminants and increasing acidic soil pH, with likely stability of ~ 1000 years in the ground. These results

Co-pyrolysis

provide a promising alternative for efficiently converting rice straw to multiple value-added products.

1. Introduction

Rice straw is a potential feedstock in the bio-economy since rice is
among the most important grain crops globally, with production
reaching 755.5 million tons (MT) in 2019 (FAO, 2021). China (211.4
MT) and India (177.6 MT) account for 51.5% of the total production
(FAO, 2021). The straw-to-grain proportion of rice ranges from 0.7 to
1.4 (Directorate of Economics & Statistics, 2020). Thus, 600-1000 MT of
rice straw is produced globally every year, with about 90% produced in
Asia. However, in India, due to the low bulk density of straw, short
collection time between cropping cycles, and poor transportation
infrastructure, these residues are burnt in open fields (Singh et al.,
2021).

Integrated biorefineries that combine decentralized pyrolysis and
centralized refinement of bio-oil have been proposed as a solution. A
decentralized unit may treat straw on-farm site, and bio-oil (denser than
rice straw) may be transported to a refinery for chemical production
(Fytili and Zabaniotou, 2018). Evaluating pyrolysis-based biorefineries
using rice straw is also essential due to the prospect of producing both
bio-oil and biochar. Bio-oil is an excellent chemical feedstock for fine
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and platform chemicals (Mohan et al., 2006), while biochar can be used
as a fuel or adsorbent or enhance soil productivity (Klinar, 2016).

A challenge for the pyrolysis of rice straw is its high ash content (up
to 18%), which comprises primarily of alkaline and alkaline earth metals
(AAEMs) and silica (Raveendran et al., 1995). AAEMs heterogeneously
catalyze vapor-phase reactions, promoting pyrolysis gases over bio-oil
(Huang et al., 2020). The catalytic effects of these AAEMs have been
reviewed in great detail by Wang et al. (2017) to provide insights into
the interaction between biopolymers and AAEMs during pyrolysis.
Specifically, Na and K catalyze levoglucosan cracking via dehydration
reactions (Eom et al., 2013), which is undesirable since it is a high-value
chemical. K also reduces selectivity toward monophenols (one hydroxyl
group on an aromatic ring) and increases selectivity toward polyphenols
(multiple hydroxyl groups on an aromatic ring) and short-chain alde-
hydes (Zhang et al., 2017). Mg and Ca, which are strong Lewis acids,
increase the dehydration of cellulose, forming furfural (Li et al., 2020).
Polyphenols, short-chain aldehydes, and other products of dehydration
reactions are highly reactive and change the properties of bio-oil over
time. This process is called “aging” (Czernik et al., 1994), which results
in increased bio-oil viscosity and water content and reduced yields of
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value-added chemicals.

Furthermore, over 95% of all ash content is sequestered in the char
after pyrolysis (Leijenhorst et al., 2016), which reduces the calorific
value and the adsorption capacity of biochar (Ghodake et al., 2021).
Therefore, reducing the ash content in rice straw can significantly
improve the quality of both bio-oil and biochar.

In the past decade, multiple research studies have explored the
alteration of pyrolysis pathways to enhance the production of value-
added chemicals (e.g., levoglucosan and vanillin) and minimize the
formation of low-quality products, such as pyrolysis gases. One of these
pathways is stepwise pyrolysis, which involves heating the feedstock in
discrete temperature steps to achieve a gradual release of volatiles and
the collection of bio-oil in separate fractions (de Wild et al., 2009).
Stepwise pyrolysis exploits the differences in the thermochemical sta-
bility of biopolymers (hemicellulose, cellulose, and lignin). Hemicellu-
lose breaks down between 200 °C and 300 °C to form acetic acid,
furfural, and hydroxyacetaldehyde (Peng et al., 2012). Cellulose breaks
down between 280 °C and 400 °C to give anhydrosugars and oligosac-
charides (Caballero et al., 1997). Lignin depolymerizes gradually be-
tween 200 °C and 900 °C to yield substituted phenols such as guaiacol,
syringol, and catechol (Mante et al., 2016). Bhatnagar et al. (2020) re-
ported that two-step pyrolysis of rice straw enhanced the separation of
organic acids, anhydrosugars, and carbonyl compounds from un-
branched phenolic compounds, reducing the complexity of bio-oil. This
separation ensured that bio-oil was more stable over four weeks than
bio-oil obtained in a single step (Bhatnagar et al., 2021). In a preliminary
economic assessment, Bhatnagar et al.(2020) also estimated that the
cumulative value of bio-oil from two-step pyrolysis was 2-2.5 times
higher than that of bio-oil from single-step pyrolysis for crop residues.

This study used two-step heating in combination with pretreatment
and co-pyrolysis to further reduce the impact of rice straw ash content
on the quality of bio-oil and biochar. An overview of recent studies using
these strategies is provided in Table S1. These studies have shown that
incorporating tires (Alvarez et al., 2019), coal blends (He et al., 2018),
and synthetic polymers (Ozsin and Piitiin, 2018) into biomass improves
the aromatic content and stability of bio-oil while decreasing its oxygen
content. Chen et al. (2017) also reported the co-pyrolysis of bamboo and
microalgae (Nannochloropsis sp.). The bio-oil yield was 61 wt% in
samples without microalgae and 66.6 wt% in samples with microalgae.
Notably, the content of long-chain fatty acids in bio-oil obtained from
samples with microalgae was up to 50.9% higher than that obtained
from samples without microalgae. Abnisa and Wan Daud (2014)
reviewed biomass co-pyrolysis as a method for improving bio-oil quality
and found that the success or failure of co-pyrolysis depended on the
extent to which the blended feedstock influenced the pyrolytic reactions.
In the case of rice straw, co-pyrolysis with locally abundant crop resi-
dues has not been sufficiently explored despite its practical relevance.
Two such residues that could be used are wheat straw and groundnut
shells since they grow in the same regions as rice straw. Besides, India’s
annual wheat straw production is 110 MT, while groundnut shell is 12
MT (Devi et al., 2017), making them abundantly available. The ash
content in these residues is 4-9% (Raveendran et al., 1995). Their
availability and composition suggest their suitability for co-pyrolysis
with rice straw in a decentralized biorefinery.

Furthermore, biomass washing with acids (HF, HNO3 and acetic
acid) or water also reduces the concentration of AAEMs (Eom et al.,
2013; Mourant et al., 2011; Singhal et al., 2021; Zhang et al., 2017).
These inorganic elements are present in biomass as water-soluble ions
(Na™, K*, Ca®*, Mg?") in biomass fluids or covalently bonded with the
organic biomass structure (S04% and PO,>). It has been shown that
washing with water for 10-15 min reduces the K content in wheat straw
(Singhal et al., 2021) and rice husk (Bandara et al., 2020) by > 50%.
Further reduction in AAEMs can be achieved by washing with inorganic
acids (Eom et al., 2013) and the acetic acid-rich aqueous phase of bio-oil
(Chen et al., 2019). Eom et al. (2013) reported that washing rice straw
with 3% HF at 30 °C for 1 h reduced the ash content from 9.7% to 0.64%.
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As shown in Table S1, acid-washing reduces the biochar yields and in-
creases the bio-oil yields. Dilute acid washing of macroalgae (Enter-
omorpha clathrata) prevents the formation of oxygenated chemicals and
acids in bio-oil due to the removal of Ca (Cao et al., 2019) and also
improves the bio-oil yield from torrefied biomass (Zhang et al., 2018).
Water washing before torrefaction can be used to improve the com-
bustion properties of straw and grass-like biomasses (Abelha et al.,
2019). Although, acid leaching provides higher bio-oil and sugar yields
from biomasses than water washing (Chen et al., 2019; Wang et al.,
2021), it is more energy and resource-intensive than water washing due
to the requirement of biomass neutralization before pyrolysis and
treating acidic wastewater generated in the process. Therefore, in a
scenario with limited resource availability, such as a decentralized py-
rolysis unit in India, water-washing of rice straw can be more easily
optimized than acid-washing.

Although the specific effects of co-pyrolysis and washing on
improving pyrolysis product quality by reducing the ash content have
been reported, their integrated effect on the two-step pyrolysis of
biomass has not been investigated. Since two-step pyrolysis is an effec-
tive method for pyrolyzing residues while minimizing the effect of ash
on bio-o0il composition, it is crucial to fill this knowledge gap. Two-step
pyrolysis has an additional advantage for a decentralized unit since the
operational requirements for residue management on farms are reduced
by controlling the pyrolysis temperature rather than including
temperature-controlled condenser units. Hence, this work investigated
the effects of the co-pyrolysis of rice straw with groundnut shells and
wheat straw before and after water washing on pyrolysis kinetics,
product yields, and bio-oil and biochar compositions. The results can
help valorize rice straw to make multiple value-added products while
preventing open burning.

2. Material and methods
2.1. Biomass source characterization

Rice straw (RS), groundnut shells (GNS), and wheat straw (WS)
samples were provided by Valmet Technologies Oyj, Finland. These
samples were shredded and sieved to a particle size of 0.2 mm for
composition analysis. ASTM standards were used for estimating the
moisture (ASTM E1358), volatile (ASTM E872), and ash (ASTM E1755)
content in biomass, and fixed carbon was calculated by difference. The
CHNS/O content of oven-dried (at 105°C for 2 h) biomass samples was
assessed using a Thermo Scientific™ Flash Smart™ Elemental Analyzer
with a thermal conductivity detector. The gross calorific value (GCV)
was obtained from the composition (Channiwala and Parikh, 2002).

The ash composition was estimated using inductively coupled
plasma mass spectrometry (ICP-MS, Thermo Scientific™ iCAP™ RQ).
Dried biomass (0.5 g) was heated in a muffle furnace at 600 °C for 2 h,
and the obtained ash was digested with 10 ml of ultrapure concentrated
HNO3 (65% solution) and 1 ml HF (38% solution) before analysis. A
detailed method is provided in Bhatnagar et al. (2021).

2.2. Optimizing co-pyrolysis and washing pretreatment

Rice straw was mixed with WS and GNS separately in the proportion
of 1:1, 1:2, 1:3 (w/w) to determine the optimum mixing ratio (particle
size: 0.2 mm). The composition of the blended biomass was analyzed
using methods described in Section 2.1. Thermogravimetric analysis
(TGA) was performed for individual biomasses and their blends. The
synergistic effect (%) of GNS and WS on RS was determined by calcu-
lating the deviations of the observed behavior of the blends from the
predicted behaviors using Equations (1) and (2).

®

Ppreq = Xgs X Prs + Xgns/ws X Pons/ws

Synergisticeffect(%) = Pops — Pprea @
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Here, Poys is any observed property of the blended sample, and Ppq is
the predicted value of the blended sample, xzs and xgns/ws indicate the
fraction of RS, GNS, and WS in the blended sample, and Pgs and Pgns/ws
are the observed values for individual RS, GNS, and WS samples. The
synergistic effect refers to the influence of mixing two biomasses, and a
positive value implies the observed values were higher than predicted.

The RS samples (0.2 mm size) were washed for 30, 60, and 120 min
in another set of experiments. Each washing experiment was performed
twice. Approximately 2 g of RS samples and deionized water were added
to air-tight glass bottles (RS to water = 1:20). The samples were placed
in an incubator shaker and heated to 40 °C at 100 rpm. Afterward, the
leachate was separated from the washed feedstock, and the wet samples
were squeezed to remove residual water. Then, samples were oven-dried
at 65 °C for 12 h and stored overnight before weighing. Lower drying
temperature was chosen to prevent the loss of volatiles before mass
yields were calculated. The detailed washing procedure is described in
(Singhal et al., 2021). The effect of washing was determined from
sample composition (methods described in Section 2.1), TGA, mass
yields (Equation (3)), and removal efficiency of ash content and AAEMs
(Equation (4)).

Massyields(%) = (mw X Rw) x 100% 3
m{) >< 0
- m, X R,
Removalefficiency(%) = (1 - » > x 100% 4

Here, m,is the weight of the unwashed sample, m,,is the weight of the
sample after washing, R,is the ash or AAEM content in unwashed sample
and R,, is the ash or AAEM content in the washed sample.

Both GNS and WS were washed for the optimized time (as per results
of RS washing) before blending with RS in the optimized ratio to eval-
uate the combined effects of pretreatment with co-pyrolysis in the batch
reactor study using stepwise heating (see Section 2.4).

2.3. Thermogravimetric analysis and non-isothermal kinetic analysis

Thermogravimetric analysis (TGA) was performed to evaluate the
effects of each treatment strategy on the thermal breakdown of rice
straw, and the results were used for non-isothermal kinetic analysis.
TGA of unwashed RS samples, RS-GNS blends, RS-WS blends, and
washed RS samples was performed using 20 mg samples in a Linseis
Simultaneous Thermogravimetric Analyzer (PT1600). Oven-dried
(105 °C for 2 h) samples were heated during TGA from 20 °C to
600 °C at 5 °C/min with N, purge gas (200 ml/ min). The influence of
co-pyrolysis and washing on volatile release was compared using the
devolatilization index or D; (Equation (5)).

_ DTGpeak X DTGmemt

()
TiTpeak ATy 2

D; (Wt%mirf2 ° C’3>

Here, DTGpeq is the maximum mass loss rate (Wt%,/min), DTGmeqn (Wt
%/ min) is the mean mass loss over the entire duration of analysis, T;(°C)
is the pyrolysis onset temperature, Ty (°C) is the temperature of
DTGpeqr, and ATy (°C) is the temperature interval when DTG/DTGyeqx
equals %.

The non-isothermal kinetic analysis for each case was performed
using Coats-Redfern methods (Equations (6) and (7)). The detailed
derivation of the equation is shown (Cai and Bi, 2008).

I-(1—a)™ AR E,

P i S WG P forn # 1

ey ) T g, " 2aRr O ©)
In(1 - a) AR E,

P i S} G P forn = 1

e ) =gy s appiom )

Here, f(a) is a function associated with the pyrolysis reaction model.

The conversion (a) of the samples was V‘;’;’:M”ff, where w, is the initial
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weight, w is the weight at any instant during the reaction, and wy is the
terminal weight of samples. For a constant heating rate p (K/min), A is a
pre-exponential factor (min 1), E, is the apparent activation energy (kJ/
mol), Ris the gas constant (8.314 J/ mol/K), and Tis the absolute

1-(1—a)' ™ In(1-a)
T2(1-n) )orlg(—"r

linearly regressed. The E, value was calculated from the slope of the
plot, which was divided into parts based on the TGA curves obtained.
The thermal degradation of biomasses was reported in detail by Cabal-
lero et al. (1997). It initiated at T; and the first shoulder peak was
attributed to the hemicellulose component. At Tp.q the rate of cellulose
breakdown peaked. Beyond the peak, the thermal decomposition was
attributed to lignin. Depending on the amount of hemicellulose in
biomass, conversion was ~ 40% of the initial biomass weight, and after
the cellulose breakdown, it was ~ 80% of the initial biomass weight.

temperature (K). A plot of Ig( ) against 1/T was

2.4. Stepwise slow pyrolysis experiments in a batch reactor

After optimizing the mixing ratio and washing duration, a batch
reactor was used to perform two-step slow pyrolysis experiments to
obtain bio-oil and biochar. The experimental setup has been described in
detail in Bhatnagar et al. (2020). The reactor was operated under a
continuous nitrogen supply (20 L/ min) for the entire duration of py-
rolysis. The sample size for each experiment was 500 g, and a larger
particle size of 8-10 mm was used for batch experiments to reduce en-
ergy consumed for size reduction. For pyrolysis of the biomass blends,
250 g of each sample was used. The samples were heated from 20 °C to
340 °C in the first step and 340 °C to 600 °C in the second step. The
heating rate in both steps was 5 °C/ min. The temperature was main-
tained at 340 °C for 15 min to collect the bio-oil from the first step, but
no isothermal step was required for the second step. The choice of these
temperatures was based on the DTG/TGA curves of biomasses. Biochar
was collected at the end of the batch run. The gases were not collected in
this setup. The yields (y,, wt%) of the biochar and bio-oil were obtained
using Equation (8), and the yield (wt%) of pyrolysis gases was calculated
by difference (%Gas = 100 — %bio-oil — %biochar).

O

Wsamp]e

(8)

Here, w, is the weight (in grams) of char or bio-oil fractions collected
after the reaction and W, is the initial weight (in grams) of the in-
dividual washed/unwashed biomass sample or the optimized biomass
blends.

2.5. Biochar and bio-oil characterization

Biochar composition was determined using the methods described in
Section 2.1. The pH of char samples was measured in the supernatant of
aqueous solution (char to water = 1:10, w/v) using a Metronohm 780
pH Meter. Biochar samples were analyzed using a Jeol JSM-IT500
scanning electron microscope (SEM) equipped with an energy-
dispersive X-ray spectrometer (EDS) to characterize the effect of pyrol-
ysis on the biomasses.

The water content of the bio-oil fractions was measured by Karl
Fisher titration using Hydranal titrant and Hydranal solvent. The
chemical composition was analyzed using gas chromatography with
mass spectroscopy (GC/MS), and high-pressure liquid chromatography
(HPLC). The detailed analytical procedures are described in Bhatnagar
etal. (2021). Each analysis was performed in triplicate, and the standard
deviations have been reported. Based on the analysis, 13 chemicals with
the highest peak areas were quantified: levoglucosan, acetic acid,
furfural, y-butyrolactone, 2-(5H)-furanone, 2-hydroxy-3-methyl-2-
cyclopenten-1-one (cyclotene), phenol, 2-methoxy phenol (guaiacol),
4-methyl-2-methoxy phenol (p-methyl guaiacol), 1,2-dihydroxybenzene
(catechol), 4-ethyl-2-methoxy phenol (p-ethyl guaiacol), 4-hydroxy-3-
methoxybenzaldehyde (vanillin), and 4-propenyl-2-methoxy phenol
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Table 1

Composition of biomass and biomass blends with a standard deviation.
Blending ratio RS RS-GNS (1:1) RS-GNS (1:2) RS-GNS (1:3) GNS RS-WS (1:1) RS-WS (1:2) RS-WS (1:3) WS
%Moisture (ar*) 6.6 + 0.4 6.3+04 6.0+ 0.3 6.1 +£0.3 54+0.3 5.3+0.3 4.0+0.3 4.6 +£0.3 4.6 +£0.2
%Ash (ar*) 16.0 + 0.5 9.9+04 82+04 6.2+ 0.4 2.6 +£0.4 12.8 + 0.6 11.3+ 0.6 9.1+09 7.7 £ 0.6
%Volatile (ar*) 62.1 + 0.9 66.3 = 1.9 68.7 + 0.2 67.4 + 2.4 62.1 + 2.9 65.7 + 1.0 67.2+1.1 65.7 + 0.3 67.9 £ 0.1
%Fixed Carbon® (ar*) 16.2 + 0.6 17.5+ 0.5 17.2+ 0.5 20.3 £ 0.5 23.8+0.4 16.2 + 0.4 175+ 0.4 20.6 +£ 0.5 20.2 £0.3
% C (dry) 37.7 £ 0.1 43.2 +0.1 45.0 £ 0.1 459 £ 0.1 48.6 £ 0.1 40.4 £ 0.1 41.9 £ 0.1 42.7 £ 0.2 44.3 +£ 0.1
% H (dry) 6.5 £ 0.2 6.7 £0.3 6.7 £0.3 6.7 £0.3 6.8 £0.3 6.0 +£0.2 6.3 +0.1 6.0 £ 0.7 5.8+ 0.1
% N (dry) 0.7 £ 0.0 0.8 +0.0 0.8 +£ 0.0 0.9 + 0.0 0.9 £ 0.0 0.5+ 0.0 0.5+ 0.0 0.6 + 0.8 0.5+0.0
% 0P (dry) 39.1 £0.3 395+ 04 39.3+0.4 40.3 £ 0.4 41.0 £ 0.4 40.4 £ 0.2 40.1 £0.1 41.7 £ 0.5 40.7 £ 0.1
% Na (dry) 1.5+0.1 0.8 £0.01 0.6 + 0.02 0.5+ 0.01 0.2 £0.01 0.8 +0.1 0.6 £ 0.0 0.5+0.8 0.1 £0.0
% Mg (dry) 0.2 + 0.002 0.2 +£0.05 0.1 + 0.009 0.1 + 0.005 0.1 + 0.002 0.2 + 0.001 0.1 + 0.004 0.1 +£0.2 0.1 +£0.04
% K (dry) 1.8+0.1 1.4+0.2 1.3+0.2 1.2+0.2 1.0+ 0.3 1.7 +£0.1 1.6 £0.1 1.6 £ 0.4 1.5+0.1
% Ca (dry) 0.4 £ 0.0 0.4 +£0.1 0.4 +0.1 0.4 +0.1 0.4 +0.1 0.3+0.1 0.3+0.1 0.3 +0.4 03+0.1

* as received; *%Fixed carbon (ar) = 100- %Volatile (ar)- %Ash (ar)- %Moisture (ar); LI7%6) (dry): 100- %C (dry)- %H (dry)- %N (dry)- %0 (dry)- %Ash (dry).
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Fig. 1. a) Relative mass loss of RS-GNS blends, b) Derivative mass loss (Wt%,/min) of RS-GNS blends, c¢) Deviation % for RS-GNS blends, d) Relative mass loss of
RS-WS blends, e) Derivative mass loss (wt%,/min) of RS-WS blends, f) Deviation % for RS-WS blends.

(isoeugenol). The concentration of these chemicals has been reported

based on dry biomass in Fig. 4. These were obtained by adding the

concentration of each chemical in both bio-oil fractions. The composi-

tion (mg/kg bio-oil) and water yield (wt% in bio-oil) of individual bio-
oil fractions are provided in the supplementary file.

3. Results and discussion

3.1. Determining the effect of biomass blending

Table 1 shows the composition of RS compared to WS and GNS and

Table 2

Parameters of thermal analysis and activation energy (‘Synergistic effect (%) from predicted values shown in parenthesis).
Sample T; (°C) Tpeak (°C) DTGpeak (Wt%,/min) Dif (x107, Total volatile yield' (%) Ea|, 2 < 0.4 E./, 0 < 0.8

wt%?2 min~2°C~%) (kJ/mol) (kJ/mol)

RS unwashed 226.1 310.5 3.7 5.9 62.1 46.4 90.3
RS-GNS (1:1) 224.2 312.2 3.5 6.5(+0.43) 66.3(+1.1) 33.8(-4.9) 87.5(+2.5)
RS-GNS (1:2) 229.5 321.8 3.4 6.5(+0.38) 68.7(+2.5) 35.6(-0.6) 87.6(+4.4)
RS-GNS (1:3) 223.8 318.1 3.5 6.5(+0.35) 67.4(+0.8) 34.2(-0.7) 88.0(+5.7)
GNS unwashed 223.2 312.1 3.5 6.2 68.2 31.1 79.6
RS-WS (1:1) 222.7 306.4 3.7 6.5(-0.03) 65.7(+0.7) 42.7(-5.5) 90.1(-5.5)
RS-WS (1:2) 229.5 305.1 3.9 6.7(-0.09) 67.2(+1.2) 43.7(-5.1) 99.0(+1.7)
RS-WS (1:3) 226.9 306.7 3.5 6.0(-0.87) 65.7(-0.8) 50.4(+1.3) 86.6(-11.5)
WS unwashed 229.4 305.3 4.1 7.2 62.1 50.0 100.8
RS (30 min) 224.4 325.4 3.8 9.3 67.3 68.8 97.9
RS (60 min) 232.0 328.4 4.3 10.3 62.8 72.0 112.1
RS (120 min) 233.6 329.0 4.5 10.8 66.3 79.4 116.4
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Fig. 2. Effect of washing on a) removal efficiency (%) of ash, b) composition and HHV of RS after washing, ¢) TGA curves of washed and unwashed RS.

their blends. The ash content of RS was 16.0%, while those of GNS and
WS were 2.6% and 7.7%, respectively. Consequently, the ash contents in
RS-GNS and RS-WS blends were 6-10% and 2-6% lower than in RS,
respectively (absolute difference). A comparison of the distributions of
C, H, and O in the blended samples (N < 0.5%) showed that compared to
RS, the C content increased by 6-8% (absolute increase) upon adding
GNS and by 2.7-5.0% upon adding WS. Conversely, the O content was
reduced in both the RS-GNS and RS-WS blends compared to RS.

Moreover, the ash content steadily declined with an increasing
amount of GNS or WS. The Na content in the RS-GNS blends were
43-65% lower than in RS, and the K content was 23-35% lower than in
RS. As shown in Fig. 1 (TGA/DTG curves) and Table 2, the changes in
biomass composition influenced the overall thermal breakdown.
Blending RS with GNS and WS increased the total volatile yields (ab-
solute difference) by 3-6% due to the higher volatile contents of GNS
and WS compared to RS. Devolatilization also increased through
blending, as indicated by the blends’ higher D; values compared to RS.

Fig. 1a-b shows the TGA/DTG curves of RS-GNS blends, and Fig. 1c
shows the synergistic effect on their overall thermal degradation. Before
reaching 340 °C, the synergistic effect was positive in all co-pyrolysis
experiments with GNS blends. In contrast, Fig. 1f shows that in
RS-WS, it was positive only for 1:1 blends. Beyond the 1:1 ratio, the ash
and lignin contents in these blends may negatively affect the pyrolysis
product yield. This was evident in their activation energy (E;) values
(Table 2). The E, values did not follow a uniform trend with the addition
of GNS, although they were between the values observed for RS and GNS
separately. However, with an increase in WS in the blends, the E, values
followed the same trend as the volatile yields, and at 1:3, they increased
compared to RS. The deviations between the predicted and observed
E,values were governed by the same synergistic effect observed in the
volatile yields (in Fig. 1).

Based on the TGA/DTG curves and biopolymer distribution in the
three biomasses, a mechanism of synergistic effect may be speculated.
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GNS typically contains 30% lignin, 18% hemicellulose, and 35.7% cel-
lulose. In contrast, RS and WS have 13-16% lignin, and 23-29%
hemicellulose, and 31-37% cellulose (Raveendran et al., 1995). The
holocellulose (hemicellulose + cellulose) content is in the order of WS >
RS > GNS. As mentioned in Section 1, the lignin component degrades
over a wide temperature range during pyrolysis, while the holocellulose
component breaks down at < 400 °C (Caballero et al., 1997). Hence, the
first stage of thermal breakdown depends on the lignin macromolecule
and holocellulose cracking. Despite the similar values obtained for T;
(Table 2), GNS broke down faster than RS and at a lower temperature
(Fig. 1a) due to the higher lignin content. This cracking of GNS pro-
moted RS breakdown, yielding more volatiles than predicted, which led
to a positive value of the synergistic effect below 340 °C (Fig. 1c). This
was also observed by Mallick et al. (2018) in the pyrolysis of 1:1 blends
(w/w) of sawdust and rice husk. The rapid breakdown of sawdust pro-
moted holocellulose breakdown in rice husk. In turn, the high ash
content (19.7%) in rice husk enhanced sawdust cracking. As the tem-
perature increased, lignin became more recalcitrant, and due to the
higher holocellulose content in RS-WS blends, a higher DTGpea was
observed in RS-WS blends than in RS-GNS blends. Beyond 340 °C, the
lignin content and composition came into play. The lignin macromole-
cule contains syringyl and guaiacyl units connected by ether bonds
(Asmadi et al., 2011). Syringyl units crack more easily than guaiacyl
units. Since GNS had the highest lignin content and highest volatile
yields beyond 340 °C, it is likely that it contained more syringyl units,
leading to higher (than predicted) total volatile yields in RS-GNS than
RS-WS blends at higher temperatures.

These results were used to optimize the blending ratio for co-
pyrolysis. Beyond the 1:2 ratio, the thermal behavior did not show sig-
nificant improvement. However, the synergistic effect observed during
mass loss had the highest positive deviation for 1:1 blends. Hence, 1:1
blends were used for pyrolysis studies in the batch reactor (see Section
3.4).
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% Char -0.9 -0.3 -0.4 -0.5
% Gas -3.7 -3.7 +0.5 +0.1

Fig. 3. Yields (%) of pyrolysis products obtained from batch reactor studies.

3.2. Comparison of the effects of the washing duration on composition

The subsequent experiments aimed to investigate the effect of
washing on RS composition. Fig. 2 and Table 2 and S2 show the results of
the washing pretreatment. The washing time played a significant role in
removing Na and K from RS. After washing for 120 min, the total ash
removal efficiency was 26.8% (Fig. 2a), while the real mass yields
ranged from 88.2% to 88.7% (Table S2). The high removal efficiency of
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ash contents (15-41%) has also been reported in other RS washing
studies (Deng et al., 2013; Yu et al., 2014). The mass yields indicated
that during washing, some organic components of RS leached out. Pre-
vious washing studies have shown that this is inevitable in washing pre-
treatment due to the removal of water-soluble compounds, such as
organic acids (acetic acid, formic acid, and lactic acid), sugars (arabi-
nose, glucose, mannose, and xylose), waxes, and phthalic acid esters
(Long et al., 2020; Yu et al., 2014).

mRS-WS (1:1)

Catechol vanillin

Guaiacol

p-methyl guaiacol p-ethyl guaiacol Isoeugenol

m RS-WS (1:1_60 min)

Guaiacol p-methyl guaiacol Catechol  p-ethyl guaiacol vanillin Isoeugenol

Fig. 4. Bio-oil compositions obtained from (a) unwashed samples, (b) washed samples with standard deviations from three replicates.
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After washing, the AAEM removal efficiency was in the order of Na
(73.6-83.8%) > Mg (42.4-78.2%) > K (42.7-50.1%) > Ca
(19.4-32.2%). Most Na and K were removed within 30 min because
these alkali metals exist as water-soluble compounds in the crop resi-
dues, such as NaCl, KCl, K5SO4, KNO3, NaNOs, NaySO4, and K3PO4 (Niu
et al., 2016; Vassilev et al., 2012). The Na and K removal efficiency
plateaued after 60 min. Conversely, the alkali earth metals (Ca and Mg)
showed continuous removal (up to 9%) upon prolonging the washing
time from 60 to 120 min. The organic compounds in the leachate
facilitated this additional removal. Since Ca and Mg constitute a
considerable part of the biomass structure and are more strongly bound
to the organic matrix than K and Na, they do not leach out with water
alone (Hawkesford et al., 2012). However, the organic acids and sugar
present in the leachate facilitated the leaching of Ca and Mg compounds.
This was most prominent with longer washing durations (>30 min) and
has also been observed in the washing of wheat straw (Singhal et al.,
2021). Apart from removing ash and AAEMs, increasing the washing
duration led to a continuous increase in C and H contents and reduced N-
content (Fig. 2b). The N content reduction resulted from removing
water-soluble ions, such as NH4" and NOs~ from RS (Vassilev et al.,
2012). Due to this change in composition, the GCV values increased by
2.9 MJ/kg—that is, by 17.5%— after 120 min of washing compared to
unwashed RS.

The TGA curves in Fig. 2¢ also show that washing improved the
resolution of peaks at 260-280 °C, indicating a higher hemicellulose
breakdown, and at 310-330 °C, indicating a higher cellulose break-
down. As the washing duration increased, the total volatile yields
increased by up to 5% (Table 2), with a corresponding improvement in
the D; values. However, an increase in the washing duration led to a rise
in the E, values. This may have been caused by reducing the water-
soluble structures due to pretreatment and ash, such as Na and K,
which promote biomass cracking (Wang et al., 2021; Zhang et al., 2017).

Since mass loss and removal efficiency improvement beyond 60 min
of washing were marginal, the batch reactor pyrolysis study was con-
ducted using samples washed for 60 min. As mentioned in Section 2.2,
GNS and WS were washed for 60 min and blended in a 1:1 ratio (w/w)
with RS to study the combined effects of washing and co-pyrolysis. The
compositions of washed GNS and WS are shown in Table S2.

3.3. Pyrolysis product yields

Next, the effects of blending and washing were compared in bio-oil
and biochar yields using two-step pyrolysis in a batch reactor. Fig. 3
shows the product yields and synergistic effect values for biomass
blends.

Unwashed RS produced the lowest total bio-oil (25%) and highest
biochar (38.2%) yields. After blending, the total bio-oil yields increased
to 34.0% for RS—-GNS (1:1) and 31.9% for RS-WS (1:1). The difference
between unwashed blends’ predicted and observed bio-oil yields was
nearly 4% (Fig. 3). These results were consistent with the increased
volatile yields observed in the TGA/DTG curves (Section 3.1). Further-
more, the bio-oil yield at < 340 °C was 5-7% higher in the blends than in
RS and only 2% higher at < 600 °C owing to a higher holocellulose
breakdown in the first step. Moreover, co-pyrolysis resulted in reduced
gas yields for both unwashed blends. The observed gas yields were lower
than predicted values due to the synergistic effect of GNS on RS and the
reduced AAEM content after blending, which inhibited bio-oil cracking
to form gases (as mentioned in Section 3.1). However, the observed char
yields were comparable to the predicted yields due to multiple coun-
teractive char-forming reactions. Below 300 °C, char formation is linked
with the aromatization of xylan—a building block of hemicellulose (Le
Brech et al., 2016). Above 350 °C, the thermal cracking of lignin gen-
erates radicals that create aromatic macromolecules, leading to “retro-
gressive char formation” (Toor et al., 2018).

Improvements were seen in the bio-oil yields of washed biomasses
and their blends compared to unwashed RS. The bio-oil yields of RS,
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GNS, and WS washed for 60 min increased by 4-7% compared to the
unwashed RS, GNS, and WS. For all washed samples, the gas yields were
lower than for unwashed samples. Moreover, the char amounts in
washed and unwashed samples were nearly equal in all cases. However,
the difference between the predicted and observed bio-oil yields for
washed blends was < 1%, indicating that the AAEM leaching altered the
synergistic effect of GNS/WS on RS after leaching.

In line with these observations, Wigley et al. (2016) and Mourant
et al. (2011) reported that bio-oil yields from water-washed biomasses
improved marginally (up to 4%), with a corresponding reduction in gas
yields. This may be explained by comparing the roles of water-soluble
and acid-soluble ions in the biomass. Since the acid-soluble ions, such
as Ca, are present as carboxylates in the biomass matrix, the removal
efficiency through water washing is limited. Hence, they form a chem-
ical bridge between cellulose, hemicellulose, and lignin, preventing
depolymerization at higher temperatures (Mourant et al., 2011).
Therefore, bio-oil and biochar yields cannot be the only indicators of
pyrolysis performance. A detailed evaluation of the quality of the py-
rolysis products is presented in Sections 3.4 and 3.5.

3.4. Bio-oil characterization

The bio-o0il compositions are shown in Fig. 4. Table S3 shows the
chemical yields in individual bio-oil fractions obtained from the two-
step pyrolysis studies. The differences between predicted and observed
yields due to the synergistic effect are shown in Table S4.

The bio-oil fractions obtained had high water contents due to the
slow heating rate used in this study, which increased the vapor residence
and promoted condensation reactions in bio-oil vapors (Czernik et al.,
1994). As shown in Table S3, biomass blending did not reduce the water
content; conversely, washing reduced it from 57% in unwashed RS to
48% in RS washed for 60 min. Similarly, the water content in bio-oil
from washed blends was 8-9% lower than that from unwashed blends.

Comparing the chemical yields from bio-oil (in grams per kilogram of
biomass) showed that the unwashed RS samples produced lower total
yields for almost all quantified chemicals than the RS-GNS and RS-WS
blends (Fig. 4). Specifically, RS—-GNS (1:1) blend yielded more levoglu-
cosan than both RS and RS-WS (1:1). However, the phenolic yields were
lower for the RS-GNS blend than for the unwashed GNS. This was due to
the higher lignin content of GNS (Raveendran et al., 1995), which was
depolymerized to yield more catechol in pure GNS-derived bio-oil than
the blend.

Conversely, all chemical yields (except furfural) were lower in the
RS-WS (1:1) blend when compared with pure WS. Furfural is generated
from hemicellulose breakdown (see Section 1) in the first step of py-
rolysis. However, at higher temperatures, it may be a by-product of the
dehydration of levoglucosan due to the catalytic effects of AAEMs.
Hence, the difference in furfural content may have been due to the
higher K content of the RS-WS blend (1.7%) compared to WS (1.5%) and
the lower K content of the RS-GNS (1:1) blend (1.4%) compared to GNS
(1%). K increases furans in the bio-oil by converting anhydrosugars to
linear aldehydes, furfural, and 5-hydroxymethyl furfural (Zhang et al.,
2017).

A further comparison between the furfural yields of WS and RS-WS
(1:1) showed that the higher furfural yields were not proportional to the
lower levoglucosan yields. The higher furfural yields may have caused
hemicellulose breakdown (Peng et al., 2012) in the RS-WS (1:1) blend.
As shown in Table S4, the observed levoglucosan yields for RS-GNS
were higher than predicted, which may have been due to a reduced ash
content after blending.

Fig. 4b shows that levoglucosan yields improved in RS, GNS, and WS
washed for 60 min compared to the unwashed biomasses. While all
other quantified chemicals also increased in RS and GNS washed for 60
min, the observed yields were lower for all chemicals except levoglu-
cosan and acetic acid in WS (60 min). The yields improved because the
Na and K contents decreased, which promoted levoglucosan formation
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Table 3
Biochar composition from pyrolysis studies in a batch reactor with a standard deviation.
Biochar from-> RS GNS WS RS-GNS (1:1) RS-WS (1:1) RS (60 min) GNS WS (60 min) RS-GNS RS-WS
(60 min) (1:1_60 min) (1:1_60 min)
%Ash 37.1+0.7 85+0.1 23.2+0.2 24.4 £ 0.2 32.7 £ 1.0 29.7 £ 0.5 7.1+0.1 20.0 £ 0.01 22.1 +£0.9 28.7 £ 0.1
pH 10.5 + 0.01 10.0 + 0.01 10.8 £ 0.03 10.1 + 0.01 10.3 £ 0.02 10.3 £ 0.01 9.4 + 0.04 9.8 + 0.01 10.2 + 0.01 10.1 + 0.02
GCV? (MJ/kg) 18.3 £ 0.5 29.4 £ 0.7 23.6 + 0.2 23.1 £ 0.4 209 +1.7 20.1+1.1 30.9 +£ 0.6 23.5 £ 0.2 23.3 £ 0.02 22,7 £0.1
Molar H/Cb 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.4 0.2 0.3
Molar 0/C¢ 0.1 0.1 0.1 0.1 0.1 0.1 0.04 0.1 0.1 0.1
log kg, NApd 4.8 4.5 4.9 4.6 4.6 4.7 4.5 4.5 4.7 4.5
Nyap? 0.3 0.3 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3
log kg, pHEd 4.8 4.6 4.8 4.6 4.7 4.7 4.6 4.6 4.7 4.6
NpHEd 0.4 0.4 0.4 0.5 0.5 0.4 0.4 0.5 0.4 0.5
Fud 6.9 5.4 10.4 8.2 7.5 1.9 2.8 5.7 2.4 3.2
S,fj1 94.1 86.7 92.8 91.2 94.1 95.7 86.9 92.6 93.1 94.2
3GCV (MJ/kg) = 0.3491 x C + 1.1783 x H + 0.1005 x S- 0.1034 x O- 0.0151 x N- 0.0211 x Ash; PMolar H/C= %H/1.008 “Molar O/C= %0/15.999, dEquations

provided in supplementary file Table S6.

from cellulose. Furthermore, an increase in acetic acid yields was
observed after washing. As reported by Wigley et al. (2016), acetic acid
is not produced during the pyrolysis of cellulose. It can only be obtained
as a by-product of hemicellulose breakdown—from the cleavage of the
acetyl content in hemicellulose—or as a product of polymerization re-
actions between anhydrosugars and lignin-derived phenolic products in
the bio-oil. Hence, the increased yields of levoglucosan and phenolic
products may have increased acetic acid yields in the washed samples.

Finally, an evaluation of the integrated effects of washing and
blending on two-step pyrolysis revealed that the levoglucosan yield in
the RS-GNS (1:1) blend prepared from 60 min washed samples was 1.5
times higher than in unwashed RS-GNS (1:1) blend. Moreover, levo-
glucosan yields were 2.2 times higher in the RS-WS (1:1) blend prepared
from 60 min washed samples than in RS-WS (1:1) blend. This indicated
that the integrated effects of co-pyrolysis and washing were more sub-
stantial on RS-WS. Interestingly, the phenolic derivatives in washed and
unwashed blends were nearly identical, possibly because the lignin
component was unaffected by water-washing (Wang et al., 2021).

These results suggest that both GNS and WS may be blended with RS
to improve bio-oil quality. Moreover, while GNS may be mixed with
unwashed RS, the integrated co-pyrolysis of washed RS-WS blends
improves.

3.5. Biochar characterization

The obtained biochar samples obtained in this study were charac-
terized using proximate and ultimate analyses (Table 3 and S5).
Comparing the biochar sample compositions showed that the biomass
ash content was very high since > 95% of the biomass ash is likely to be
retained in the biochar (Leijenhorst et al., 2016). The GCV (in mega-
joules per kilogram) of char derived from GNS and WS was higher than
RS. Consequently, chars of blended biomass also had a higher GCV than
RS-derived char, even without washing. However, the biochar applica-
tion depended on the ash composition (Table S5) and behavior
(Table 3). The main ash-forming elements in biochar (in percentage by
weight) were Si (5-20%), K (1-5%), and Ca (0.4-1.5%). Si was present
as silica (SiO») or as various silicate minerals (Zevenhoven et al., 2012).
During combustion, the multiple metals connected to silicate usually
remain in the silicate matrix and primarily produce high-melting ash.
However, in straw, the K and Si contents react to form low-melting
products (Zevenhoven et al., 2012). The fouling index (F,) and the
slagging ratio (S,) are commonly used for assessing coal quality.
Zevenhoven et al. (2012) used them as proxies to evaluate the efficacy of
biochar as fuel. These indices depend on the ratio of basic compounds
(formed by AAEMs) to acidic compounds (formed by Si, Al, Ti). The
value of F,; < 0.6 represents a low fouling risk, while between 0.6 and 40
represent medium to high fouling risks. Biochar obtained from
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unwashed samples did not fare well in this category. Conversely,
washing reduced the risk of fouling to a great extent, with the lowest
fouling propensity observed in biochar from 60 min washed RS. The S,
value corresponds to the viscosity of ash, with values of > 72 indicating
a low slagging propensity and values of < 65 indicating a high slagging
propensity. All biochar samples obtained in this study had a S; of > 72,
indicating their suitability for boiler applications. It is vital to explore
the application of biochar as a renewable fuel to improve the environ-
mental and economic performance of decentralized pyrolysis units
(Yang et al., 2020).

Multiple reviews have found that biochar may also improve crop
productivity when added to the soil since it can alter the bioavailability
of soil contaminants, prevent NOx and CH4 emissions, and correct the
soil pH (Ghodake et al., 2021; Ronsse et al., 2013; Spokas, 2010; Xiao
et al., 2016). The molar ratios of H/C and O/C and AAEM-content have
been used as proxies to assess biochar’s adsorption capacity and its effect
on and stability in the soil (Ronsse et al., 2013). These values determine
the aromaticity of biochar and are a function of the initial biomass
composition, pyrolysis temperature, volatile content, and pre-or post-
production treatment. Xiao et al. (2016) correlated the H/C molar ratio
and the Freundlich fitting parameters of adsorption to determine the fate
of model soil contaminants naphthalene (NAP) and phenanthrene
(PHE). For NAP and PHE, the parameter N generally increased as
log K¢ decreased with an increasing H/C molar ratio (Fig. S1). This in-
dicates that higher aromaticity may allow better immobilization of soil
contaminants. Spokas (2010) reported that biochar products with O/C
ratios of < 0.2 have an overall half-life of > 1000 years, whereas, for O/
C ratios of > 0.6, the predicted half-life drops to < 100 years. The molar
ratio of O/C is also directly linked to the cation exchange capacity of
biochar samples, which is related to the innate negative charge on the
oxygen-based functional groups that can collect cations (Ghodake et al.,
2021). Although a higher O/C ratio increases the CEC, it may also lead to
a short life of biochar in the soil. The pH of biochar depends on its ash
content and the presence of oxygen functionalities in it. At a pyrolysis
temperature of > 600 °C, the carboxyl groups in the resulting biochar
are likely to be reduced, or the acidic groups become deprotonated to
the conjugate bases, resulting in a more alkaline biochar (Ronsse et al.,
2013). These can be applied to acidic soils and, over time, restore the soil
pH for microbial activity.

All char samples showed nearly equal potential for NAP and PHE
adsorption. The results are comparable to those reported by Xiao et al.
(2016) for other biomasses, such as orange peels, pinewood, and rice
straw, produced at or above 600 °C through slow pyrolysis. The O/C
values were < 0.2 and were comparable to those of other biochar
samples (0.008-0.72) evaluated by Schaffer et al. (2019) for laboratory-
based pyrolysis systems. Moreover, the pH values of all char samples
were 9-10, indicating high alkalinity. These parameters suggest that all
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d) RS-GNS (1:1) char surface

e) f) RS (60 min) char

S awy

Fig. 5. SEM images (scale bar: 100 um) of unwashed and washed RS and biochar derived from unwashed and washed blends. The arrows indicate the typical features

in the cross-sections.

RS-derived chars were potentially suitable for soil amendment, partic-
ularly in acidic soils, with a likely half-life of > 1000 years. However,
long-term experiments are required to confirm these findings, and such
experiments were beyond the scope of this study.

The changes in the surface morphology of rice straw after pretreat-
ment and co-pyrolysis were observed using SEM (Fig. 5 and S2). A key
observation was the presence of several nodes on the surface of RS with a
bubble-like appearance (shown in Fig. 5a). The EDS point analyses
indicated that these nodes had a high silica concentration. After washing
and co-pyrolysis, fewer nodes were observed on the char surface due to
lower silica content in the biochar sample (Table S5). However, the
structures were broadly similar, confirming that water washing does not
alter the sample’s biopolymer composition (Mourant et al., 2011).

The results in this study point to various applications of bio-oil and
biochar products from slow two-step pyrolysis of rice straw if the ash
content is reduced via pretreatment or co-pyrolysis. Furthermore, the
findings show that the co-pyrolysis of washed blends improves bio-oil
quality and is beneficial for the obtained biochar.

4. Conclusions

This comprehensive study evaluated the combined effects of water
washing and blending on the two-step pyrolysis of rice straw. The results
showed that the catalytic effects of AAEMs were inhibited by blending
low- and high-ash biomasses or by leaching out water-soluble elements
from biomass. This increased the bio-oil yield and decreased the gas
yields during pyrolysis. Furthermore, two-step pyrolysis generated
levoglucosan-rich and phenolic-rich bio-oil fractions. The obtained
biochar had lower fouling and slagging propensities than rice straw and
a higher GCV. This suggests that it could be used in boilers as fuel.
Moreover, it has potential applications in soil for contaminant adsorp-
tion, depending on the composition. Overall, the findings suggest that
the pyrolysis of pretreated rice straw and locally available crop residues
could generate multiple value-added products.
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