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Abstract

Process parameters play a crucial role in governing the physical and chemical properties of biochar. An optimization tool,
response surface methodology (central composite design) was employed to identify the linear and interaction effects of process
parameters (temperature, heating rate and time) on selected responses, namely biochar yield, higher heating value, energy density
and energy yield of biochar. The optimized values for temperature, heating rate and time were found to be 432 °C, 4 °C/min and
40 min respectively. At these optimized conditions, the biochar yield, higher heating value, energy density and energy yield of
biochar were found to be 54.65%, 25.08 MJ/kg, 1.46 and 79.66% respectively. The fuel ratio of optimized biochar was found to
be 2.10 which is near to that of bituminous coal having fuel ratio in range of 1.5 to 2.0. This study performs an in-depth qualitative
and quantitative analysis of the synthesized biochar so as to ensure higher yield and improved quality of solid fuel for possible
practical utility. The thermal conversion of biomass can therefore be a potential route to provide an economically viable, clean
and environment friendly source of good quality solid fuel through utilization of biomass or biomass-derived waste.
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Introduction

Asia is one of the largest producers of paddy and generates
approximately 45 million tonnes of rick husk [1]. As a by-
product of rice production, this rice husk is majorly of no
commercial value [1]. The residual rice husk is conventionally
either burnt in the agricultural field or dumped as waste, caus-
ing environmental pollution. We aim to exploit this waste
product to useful product, i.e. biochar with huge applicability
in form of solid fuel. Rice husk biomass, which is typically
composed of cellulose, hemicelluloses and lignin, offers great
potential to be employed as an alternate source of energy via
thermochemical conversion processes [2]. Amongst the avail-
able conversion techniques, namely liquefaction, torrefaction,
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pyrolysis and gasification, pyrolysis is considered to be the
most efficient technique used for conversion of biomass into a
value-added biochar (solid fuel), liquid and gaseous products
through heating in an oxygen limited environment [3, 4]. In
addition, pyrolysis brings forth degradation of biomass into
mixture of organic and inorganic compounds. The reaction
mechanism for pyrolysis process can be summarized in three
successive steps as given below [5].

Raw biomass — moisture + unreactive residues
Unreactive residues — volatiles + gas + primary
biochar

Primary biochar — volatiles + gas + secondary
biochar

(Step 1)
(Step 2)

(Step 3)

In the initial step, moisture is primarily lost from the
raw biomass and the second step leads to the synthesis of
primary biochar. The final and rate-determining step in-
volves decomposition of primary biochar at very slow
rate, resulting in the production of carbon-rich solid resi-
due, i.e. secondary biochar along with volatiles and gas-
eous products. The obtained biochar is carbonaceous,
fine-grained and a porous substance having low moisture
content and higher heating value.
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Biochar has multiple applications in various fields as it
leads to climate stability, soil health and in water and waste-
water treatment [6, 7], owing to its typical properties such as
high surface area, high adsorption capacity and high cation
exchange capacity [7-9]. Although, biochar has a unique abil-
ity to bind with organic and inorganic contaminants through
charged functional groups, making them capable to adsorb
contaminants generated from soil, water and wastewater [8].
Biochar fuel has several advantages such as high-energy den-
sity, higher boiler efficiency concomitant with lower corrosion
effect on surface of boilers owing to its lesser sulphur content,
low moisture content, lower ash content as compared to fossil
coal, more uniform combustion, carbon credit benefits, ease in
handling and transportation [9]. The low cost and ease of
availability further make rice husk a suitable feedstock for
biochar production, serving as an alternative source of solid
fuel.

The quality of biochar depends on the physicochemical
properties (moisture content, volatile content, fixed solid car-
bon content, pH, higher heating value and percentage of car-
bon). The physical and chemical properties of solid fuel is
closely dependant on the organic constituents of biomass (cel-
lulose, hemicellulose and lignin) and process parameters such
as temperature, time, heating rate, purging gas, particle size
and pressure employed for pyrolysis [2, 3, 9—11]. Pyrolytic
temperature is negatively correlated with the biochar yield, as
enhancement in temperature leads to thermal cracking of high
molecular weight hydrocarbons present in the biomass. This
increases the production of liquid and gaseous products, but
the biochar yield decreases [3]. Longer residence time pro-
vides a greater chance for re-polymerization of the constitu-
ents of biomass, thereby enhancing the biochar yield. The rate
of change of heat during pyrolysis plays a key role in the
distribution of solid, liquid and gaseous products. Moreover,
biochar produced at greater pyrolysis temperature results in
biochar fuel having higher heating value and energy density.
Energy yield is invariably dependent on biochar yield and
higher heating value. Energy yield is negatively correlated
with process parameters such as temperature, time and heating
rate due to the occurrence of thermal cracking at elevated
pyrolysis conditions [12]. Therefore, the quantity and quality
of a solid fuel could be assessed by its yield, higher heating
value, energy density, energy yield and fuel ratio.

Literature survey reveals very few studies which have re-
ported biochar produced from waste biomass as a source of
fuel, and these studies have scarcely reported the detailed
characteristics of biochar fuel [13—17]. In these studies, the
individual process parameters have been studied in detail,
but the interaction between biochar preparation conditions
and biochar fuel characteristics have not been much explored.
The present study focusses on the interaction effects of key
process parameters such as pyrolysis temperature, time and
heating rate on biochar yield, higher heating value, energy

density and energy yield of biochar fuel using response sur-
face methodology (RSM). RSM is a statistical and mathemat-
ical tool which provides an effective way to optimize process
parameters in order to get optimal output with least number of
experiments.

This study focuses on the effect of the pyrolysis tempera-
ture, time and heating rate on the quality (heating value, ener-
gy density) and yield of the synthesized biochar, which has
been rarely studied. The proximate and ultimate analysis,
atomic ratio, pH and calorific value of the optimized biochar
are also reported. Furthermore, spectral, morphological and
thermogravimetric analyses have been carried out to assess
the changes occurring during the pre- and post pyrolysis steps.

Materials and Methods
Synthesis of Biochar

Rice husk was collected from a rice mill located at Salempur
village of Mau district, Uttar Pradesh (26° 03’ 30.7" N, 83° 26’
42.3" E). The biomass was washed thoroughly with deionised
water (type-I water) and crushed into small pieces (~ 10 mm)
using a mixer grinder. These were then oven-dried for 24 h at
105 + 5 °C and pyrolyzed (under oxygen limited condition) in
a tube furnace (Antslab™, India). The biochar was then
ground using mortar-pestle and sieved using 210-105 pm
sieve.

Characterization of Biochar
Proximate Analysis

The proximate analysis included moisture content, vola-
tile matter, ash content and fixed carbon. The moisture
content was calculated by drying the biomass and biochar
samples at 105 °C, as per ASTM D2867-09. The volatile
matter and ash content were determined by following
ASTM D5832-98 and ASTM D2866-11 methods respec-
tively. The fixed solid carbon content was calculated from
these values, as given in Eq. (1).

Fixed solid carbon content (%) (1)

= [100—(volatile content + ash content 4+ moisture content)]

The chemical composition of cellulose (%), hemicellulose
(%), lignin (%) and extractives (%) in the raw biomass was
determined by the method prescribed by Lin et al. [18].

Ultimate Analysis

The percentage elemental composition of carbon, hydrogen
and nitrogen was determined by elemental analyzer
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(EA3000, EuroVector, Italy). The percentage of oxygen was
then calculated by using the expression given in Eq. (2).

Oxygen (%) = [100—(C + H + N)] (2)

The ratios of O/C, H/C and (O+N)/C were calculated to
determine the hydrophilicity index, aromaticity index and po-
larity index respectively [19].

The pH of biochar produced at different process parameters
was determined by the addition of biochar to deionised water
in mass ratio of 1:10, and the resulting suspension was mixed
for 1 h [20]. The pH was then measured with a pH meter
(OAKTON pH 700). Fuel ratio (FR) was calculated using
the expression given in Eq. (3).

FR = [Fixed solid carbon content (%) /Volatile matter (%))

(3)

Spectral, Morphological and Thermogravimetric Analyses

Spectral behaviour of rice husk and biochar was measured
with the help of Fourier transform infrared spectroscopy
(FTIR) (PerkinElmer 2000, USA). The spectra were recorded
in the range 0f 400 to 4000 cm™ ' [21]. The morphology of raw
biomass and optimized biochar was determined using field
emission scanning electron microscope (Carl Zeiss-SUPRA
55, Germany). Rice husk—derived biochar was characterized
using various techniques to determine the elemental composi-
tion and morphology [22]. Thermogravimetric (TG) analysis
of rice husk and biochar was carried out with the help of a TG
analyser (Mettler Toledo thermogravimetric analysis (TGA)/
DSC instrument coupled with differential scanning calorime-
try) under nitrogen atmosphere (flow rate 25 mL/min), heated
from temperature 30 to 800 °C (heating rate 10 °C/min) [23].

Experimental Design

Design of experiment and optimization of process parameters
were done with the help of response surface methodology
(RSM) using Design Expert software (version 7.0.0, Stat-
Ease Inc., Minneapolis, USA) [24]. RSM is a mathematical
and statistical tool which provides an effective way to opti-
mize process parameters with minimum number of experi-
ments [25, 26]. Central composite design (CCD), a popular
design used in response surface methodology (RSM), was
employed to evaluate the optimum conditions for biochar syn-
thesis. A three-factor, five-level CCD consisting of 20 exper-
imental runs (8 factorial, 6 axial and 6 central point) were
performed. Total number of experiment was calculated by
N=2"+2n+C,, where N is total number of runs and » is
number of independent variables. The term 2" represents the
number of factorials runs, 27 is axial runs and C,, is central
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runs [27]. The experimental error and reproducibility of the
data could be gathered from the centre points. Three indepen-
dent variables, i.e. temperature, retention time and heating
rate, were chosen in this study.

Four responses were therefore selected in this design: (i)
Yield of biochar (%) [(Weight of biomass — Weight of bio-
char)/Weight of biomass x 100]. Several previous studies have
indicated that higher biochar yield makes the thermal process
more viable and economical [9, 28]. (i) Higher heating value
(HHV) (MJ/kg) [(0.605x %C)+ (1.352 % %H) +
(0.84 x %N) + (0.275 x %ash) —26.29] as given in Mesroghli
et al. [29]; (iii) Energy density (ED) [(Biochar HHV/Biomass
HHV)]; (iv) Energy yield (EY) (%) [(Biochar yield x Energy
density)]. The higher heating value, energy density and energy
yield of biochar are interrelated and define the quality of the
solid fuel [9, 28, 30]. In order to get an improved quality of
solid fuel, HHV, ED and EY should be high. Table 1 shows the
experimental ranges of the independent variables employed in
the present study, which were fixed on the basis of preliminary
trial experiments. The responses obtained from all experimental
runs were then adjusted by first-, second- and third-order poly-
nomial equations. The effects of the main variables and their
interaction effects were estimated by analysis of variance
(ANOVA). Fitness of the model and significant terms in the
model were evaluated by the correlation coefficient (R%), prob-
ability (p value), lack of fit and Fisher’s (F test). The interaction
amongst variables was analyzed using three-dimensional re-
sponse surface plots.

Results and Discussion
Proximate Analysis of Biomass and Optimized Biochar

The proximate analysis of biomass and biochar produced at
different experimental conditions (20 runs) is given in Table 2.
The percentage of moisture content and volatile matter in un-
treated biomass was found to be 9.02 and 70.64 respectively,
whereas for the optimized biochar (OBC), these values re-
duced considerably to 2.94% and 17.88%. The decrease in
moisture content and volatile matter is due to the dehydration
of hydroxyl groups and thermal degradation of cellulose and

Table 1  Experimental parameters and their ranges employed in central
composite design
Parameters Symbols Levels

e -1 0 +1 +a
Temperature (°C) A 298.87 350 425 500 551.13
Time (min) B 3489 40 475 55 60.11
Heating rate (°C/min) C 2.98 4 55 7 8.02
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Table 2  Proximate analysis of biomass and biochar produced at different experimental condition
Run Process parameters Proximate analysis pH  Fuel
ratio
Temperature ~ Time Heating rate Moisture content  Volatile matter Ash content  Fixed solid carbon
(°C) (min) (°C/min) (%) (%) (%) content (%)
1 500 40 4 2.14 10.27 56.14 3145 6.2 3.06
2 425 475 5.5 3.27 40.37 4435 12.01 6 0.30
3 350 40 4 4.93 54.78 28.91 11.38 492 0.21
4 500 40 7 2.34 10.17 56.54 30.95 592 3.04
5 350 55 4 5.03 53.98 32.16 8.82 50 0.16
6 425 47.5 298 2.69 40.03 42.35 14.92 5.79 0.37
7 425 47.5 5.5 2.99 40.13 45.79 11.10 6.16 0.28
8 425 47.5 5.5 3.15 39.84 44.45 12.56 6.1 032
9 425 475 8.02 3.48 39.43 44.85 12.24 5.81 031
10 425 34.89 5.5 322 41.03 43.79 11.97 549 0.29
11 350 55 7 4.97 52.42 34.73 7.88 5.71 0.15
12 425 475 5.5 3.28 40.17 44.8 11.75 6.25 0.29
13 551.13 475 5.5 2.04 8.56 58.27 31.13 6.7 3.64
14 298.87 475 5.5 6.92 62.8 25.58 4.70 49 0.07
15 425 475 5.5 3.13 40.16 45.7 11.01 6.05 0.27
16 350 40 7 5.18 53.37 31.73 9.73 474 0.18
17 425 475 5.5 3.10 40.38 45.82 10.70 6.31 0.26
18 425 60.11 5.5 3.53 38.69 46.03 11.75 6.17 0.30
19 500 55 4 2.03 9.85 57.79 30.33 5.77 3.08
20 500 55 7 2.01 9.83 59.62 28.53 591 2.90
Biomass — - - 9.02 70.64 17.98 2.36 46 0.03
OBC 432 40 4 2.94 17.88 41.62 37.56 51 210

HHYV high heating value, OBC optimized biochar

lignin constituents occurring at higher temperatures [31]. The
ash content and fixed solid carbon content increased from
17.98% and 2.36% in biomass to 41.62% and 37.56% in the
optimized biochar. The presence of organic matter along with
inorganic minerals increased ash content on increasing the
pyrolysis temperature [32]. The synchronous increase in fixed
solid carbon content at higher pyrolytic temperature indicates
that the carbon present in biochar was more stable than carbon
found in biomass [33].

Raw biomass, which was pyrolyzed at higher temperature
and for longer residence time with high heating rate, exhibited
high pH. This may be due to the likely separation of alkali
salts from organic matrix occurring at high temperature. In
contrast, dissociation of biomass materials such as cellulose
and hemicelluloses leading to the formation of organic acids
and phenolic products may be responsible for lowering the pH
at lower temperatures [31]. When biomass was subjected to
high heating rate for longer time intervals, pH of the biochar
initially showed an increasing trend, but after some time, the
pH started decreasing, as shown in Table 2. The decline in pH
could be attributed to depolymerization of the product formed
during the course of the reaction [34, 35].

The fuel ratio invariably depends on fixed solid carbon
and volatile matter content and so increases at elevated
pyrolysis conditions due to thermal degradation of cellu-
losic, hemi-cellulosic and lignin content. The fuel ratio for
rice husk and optimized biochar was found to be 0.03 and
2.10 respectively. The fuel ratio of the optimized biochar is
very similar to that of bituminous coal which is typically in
the range of 1.5 to 2.0 [36]. The rice husk—based biochar
synthesized in this study therefore holds great potential to
be used as an alternative solid fuel. Additionally, compo-
sitional analysis for rice husk biomass was carried out and
cellulose, hemicellulose, lignin and extractives were found
to be 49.82%, 15%, 30% and 5.18% respectively.

Ultimate Analysis of Biomass and Optimized Biochar

Table 3 presents the ultimate analysis of raw biomass and
the optimized biochar, wherein percentage of carbon con-
tent is shown to increase from 38.63% in rice husk to
56.29% in OBC. Synchronous with this increment in the
carbon content (~45.72%), the corresponding percentage
of H, N and O in the biochar decreased considerably

@ Springer



1056 Bioenerg. Res. (2019) 12:1052-1065
Table 3  Ultimate analysis of biomass and biochar
Run Process parameters Ultimate analysis Atomic ratio
Temperature (°C) Time (min) Heating rate (°C/min) 9%C 9%H 90N %0 o/C H/C O+ N)/C
1 500 40 4 56.63 3.96 0.39 39.02 0.69 0.07 0.70
2 425 47.5 5.5 52.61 445 0.44 42.50 0.81 0.08 0.82
3 350 40 4 50.72 6.32 0.60 42.37 0.84 0.12 0.85
4 500 40 7 58.65 331 0.27 37.77 0.64 0.06 0.65
5 350 55 4 50.30 5.63 0.34 43.74 0.87 0.11 0.88
6 425 47.5 2.98 52.30 5.82 0.23 41.65 0.80 0.11 0.80
7 425 47.5 5.5 51.98 4.36 0.48 43.18 0.83 0.08 0.84
8 425 47.5 5.5 52.41 4.40 0.40 42.80 0.82 0.08 0.82
9 425 47.5 8.02 53.80 413 0.39 41.68 0.77 0.08 0.78
10 425 34.89 5.5 51.60 4.36 0.28 43.75 0.85 0.08 0.85
11 350 55 7 51.43 5.26 0.60 42.72 0.83 0.10 0.84
12 425 475 5.5 52.09 4.42 0.47 43.02 0.83 0.08 0.83
13 551.13 475 5.5 60.77 2.04 0.26 36.93 0.61 0.03 0.61
14 298.87 475 5.5 48.82 8.68 1.01 41.49 0.85 0.18 0.87
15 425 475 5.5 52.31 4.46 0.48 42.75 0.82 0.09 0.83
16 350 40 7 50.82 451 0.37 44.30 0.87 0.09 0.88
17 425 475 5.5 52.22 443 0.48 42.88 0.82 0.08 0.83
18 425 60.11 5.5 53.95 3.31 0.43 42.32 0.78 0.06 0.79
19 500 55 4 57.45 331 0.36 38.89 0.68 0.06 0.68
20 500 55 7 58.26 3.33 0.60 37.81 0.65 0.06 0.67
Biomass - - - 38.63 10.27 1.45 49.65 1.29 0.27 1.32
OBC 432 40 4 56.29 3.71 0.52 39.48 0.70 0.07 0.71

O/C hydrophilicity index or biochar stability, #/C aromaticity index, (O + N)/C polarity index, OBC optimized biochar

(Table 3). This decline may be attributed to the break-
down of weak bonds associated with polymeric structure
of lignocelluloses at higher temperatures. However, time
and heating rate did not have much effect on percentage
of carbon, hydrogen, nitrogen and oxygen.

Atomic ratios of oxygen and carbon (O/C) and hydro-
gen and carbon (H/C) can be used as an indicator of de-
gree of carbonization, stability and aromaticity of
biomass-derived biochar [37]. For the optimized biochar,
the O/C ratio and H/C ratio were found to be 0.70 and
0.07 respectively, as against 1.29 and 0.27 for the raw
biomass, thereby suggesting that the temperature applied
was sufficient for successful conversion of biomass into
biochar (Table 3). In general, the atomic ratios of O/C and
H/C were found to be higher at lower temperature and
vice versa, thus indicating that the produced biochar was
highly carbonized and exhibited high aromaticity.
Furthermore, the surface of biochar was less hydrophilic
due to the removal of oxygen at higher temperatures [38].
Li et al. [39] reported that biochar produced at elevated
temperature was basic in nature due to loss of oxygen.
Van-Krevelen plot also suggested that lower atomic ratios
of H/C and O/C were necessary for the successful
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conversion of lignocellulosic part of biomass into more
hydrophobic and stable biochar [40] (Fig. 1).

Temperature emerged as the most critical factor for
determining the polarity index of rice husk—derived bio-
char. The polarity index (O + N)/C of OBC decreased
from the initial biomass, suggesting that the produced
biochar was highly aromatic and less polar in nature.
This is the result of the high degree of carbonization of
organic matter present in the raw biomass and also due to
the removal of polar surface functional groups [38].
Furthermore, on increasing the heating rate, the polarity
index slightly increased initially and then a decline in the
index was observed. Such a trend could be due to the high
degree of carbonization and dominance of secondary py-
rolysis, which leads to the formation of various gaseous
components at high heating rate [11].

Spectral, Morphological and Thermogravimetric
Analyses

FTIR analysis was performed to identify the functional groups
present on the surface of biomass and optimized biochar. The
FTIR spectra are broadly divided into three distinct bands in
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the wavenumber range of 3424-2916 em !, 1700-1096 ¢cm ™!
and 798463 cm ™' (Fig. S1). The degradation of cellulose and
hemicelluloses in the biomass constituents brought forth de-
crease in the O-H stretching region, suggesting degradation of
phenolic compound present in the biomass [41]. At elevated
temperatures, loss of aliphatic C-H (2961 c¢m '), carbonyl
(1700 cm™ ") and hydroxyl groups (3426 cm ') were observed,
indicating the occurrence of decarboxylation, decarbonylation
and dehydration reactions [21]. Such reactions lead to the
formation of carbonized aromatic compounds containing
C=C bond and oxygen functional groups [42].

The structural and morphological changes in biomass
and optimized biochar are presented in the micrographs of
the field emission scanning electron microscope. The sur-
face morphology of biomass exhibited smooth and glob-
ular structure (Fig. 2a), whereas the biochar showed irreg-
ular cells with rough surfaces (Fig. 2b) [43]. Pyrolysis
parameters affect the size and shape of particles by in-
creasing the proportion of voids [22]. The rough and po-
rous nature of biochar is due to the evaporation of volatile
materials from the biomass [44].

Thermogravimetric analysis (TGA) gives an insight
about the thermal degradation of the lignocellulosic com-
ponent of rice husk biomass (Fig. S2). The TGA plot of
the raw biomass (Fig. S2a) shows weight loss of 5.18%
and 58.71%, which could be attributed to the loss of
moisture content and volatile matter respectively. The re-
maining is contributed by the residual matter, i.e. biochar
(Fig. S2a) [23, 32]. For the biochar, such gradations were
not prominent (Fig. S2b). The inverted peak of the deriv-
ative thermogravimetric (DTG) plot corresponds to the

O/C atomic ratio

rate of weight loss of biomass and biochar. The TGA
and DTG plots of biochar shifted towards higher range
of temperature, thereby indicating a higher stability of
biochar [40]. The DTG plot for rice husk was narrower
when compared to that of biochar. For rice husk, the rate
of decomposition of cellulose occurred rapidly at 371 °C,
when compared to the decomposition of hemicellulose
(319 °C). In contrast, for biochar, the rate of decomposi-
tion was found to be much slower and cellulose and hemi-
cellulose decomposition were found to occur at 461 °C
and 340 °C respectively. Lignin, being primarily com-
posed of benzene rings, is very difficult to decompose.
Based on the result of TGA and DTG plots, maximum
degradation of biomass was inferred to be occurring be-
tween temperature range of 300-469 °C and no apprecia-
ble degradation of biomass was observed above 469 °C.

Effect of Process Variables on Biochar Yield, Higher
Heating Value, Energy Density and Energy Yield

To examine the effects of pyrolysis temperature (A), py-
rolysis time (B) and heating rate (C) on yield, higher
heating value (HHV), energy density (ED) and energy
yield (EY) of biochar, 20 experiments were run. Table 4
shows the experimental design matrix and their corre-
sponding responses. Experimental values showed that
the biochar yield, HHV, ED and EY varied between
35.38 to 60.38%, 19.59 to 30.36 MJ/kg, 1.14 to 1.77
and 60.89 to 80.61% respectively. Model equations which
show empirical relationship between the three factors and
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Fig. 2 FE-SEM micrograph of a
rice husk before pyrolysis and b
optimized biochar
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responses (yield of biochar, HHV, ED and EY of biochar) ED=141+0.11A
were generated and could be expressed by the following

. + 0.013B-9.719E—003C—6.690E—003AB
model equations:

+0.017AC + 0.028BC
Yield (%) = 51.54-7.30A-1.29B-1.29C-1.03AB +0.047A%-8.429E-003 B>
+ 0.59AC + 0.79BC—1.53A% 4 0.40B* +0.019C2-0.015ABC + 8.078E—003A°B
+0.052C? (4) +0.016A%C + 0.13AB> (6)
HHV(MJ /kg) = 24.10 + 1.97A + 0.228-0.17C (5) EY(%)=72.53-5.86A-1.638-2.10C2.2148
—0.11AB 4 0.29AC + 0.47BC + 1.27AC + 2.51BC—0.90A%—0.099B>

+0.81A4%-0.14B% + 0.32C?
—0.25ABC + 0.14A%B + 0.284%C
+2.31A8% + 7.66AB> (7)

+0.87C*~1.23ABC + 0.92A°B + 0.34A>C
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Table 4 Experimental design matrix with factors and their responses

Run A (°C) B(min) C(°C/min) Response 1 biochar yield (%) Response 2 HHV (MJ/kg) Response 3 ED Response 4 EY (%)

Predicted Exp. Predicted Exp. Predicted Exp. Predicted Exp.

1 500 40 4.00 46.59 46.13 28.94 29.09 1.69 1.70  78.87 78.33
2 425 47.5 5.50 51.54 51.07 24.10 24.12 1.41 1.40 72.53 7191
3 350 40 4.00 60.79 60.32 21.24 21.39 1.24 1.25 75.87 75.32
4 500 40 7.00 43.99 43.52 29.29 29.44 1.71 1.72 7533 74.79
5 350 55 4.00 58.58 58.11 20.73 20.88 1.21 1.22 7138 70.84
6 425 475 2.98 53.53 54.20 25.27 25.06 1.48 1.46  78.52 79.29
7 425 475 5.50 51.54 51.16 24.10 24.05 141 1.40 72.53 71.83
8 425 475 5.5 51.54 51.94 24.10 23.92 1.40 1.39 7153 71.89
9 425 475 80.23 49.84 50.50 24.71 24.50 1.44 1.43 7145 72.22
10 425 34.89 5.5 55.49 56.16 23.32 23.11 1.35 1.34 7499 75.76
11 350 55 7 56.80 56.33 21.83 21.98 1.27 1.28 7283 72.28
12 425 475 5.5 51.54 51.60 24.10 23.92 1.40 1.39  72.53 72.05
13 551.13 475 5.5 34.72 3538 29.69 29.48 1.71 1.72  60.12 60.89
14 298.87 47.5 5.5 59.72 60.38 23.08 22.87 1.35 1.34  79.84 80.61
15 425 475 5.5 51.54 51.94 24.10 24.36 141 .42 72.53 73.86
16 350 40 7 54.50 54.03 19.44 19.59 1.13 1.14  62.34 61.79
17 425 475 5.5 51.54 51.74 24.10 24.29 1.41 142 7253 73.36
18 425 60.11 5.5 49.83 50.50 24.05 23.84 1.40 1.39  69.51 70.28
19 500 55 4 40.59 41.13 28.98 29.13 1.69 1.70  70.48 69.93
20 500 55 7 40.82 40.35 30.21 30.36 1.76 1.77  72.06 71.51

A temperature (°C), B time (minutes), C heating rate (°C/minutes), Exp. experimental value

These coded equations provide an insight into the linear
and interaction effects of process parameters on the selected
responses. The quadratic Eq. (4) and cubic Egs. (5, 6 and 7)
regression models were found to be the most appropriate mod-
el for determining interactions between these variables. The
predicted values were quite close to observed values, which
infer that the model is significant. The statistical implication of
polynomial models was examined by analysis of variance
(ANOVA), probability (p value) and Fischer variation (F
values). The fitness of model was analysed through correla-
tion coefficient (Rz). Tables S1, S2, S3 and S4 show the var-
iation source (linear, interaction, quadratic and cubic), coeffi-
cient, sum of squares, degree of freedom, mean sum of square,
lack of fit, pure error, corrected total, along with R* and adj. R*
for yield, HHV, ED and EY of biochar produced by different
pyrolysis conditions. The adequacy of the model was also
tested by higher F value of lack of fit, and lower probability
(p) values of the parameters involved indicating model terms
were significant [45, 46].

Yield of Biochar (%)

The model F value of 116.69 with p value of <0.0001
indicated that the quadratic model were significant

(Table S1). The correlation coefficient (R* = 0.99) and ad-
justed R? value (0.98) imply that most of total variations
were explained by the model given in Eq. (4). The lack of
fit F value of 13.18 corroborate that lack of fit was signif-
icant [45]. All three linear terms (A, B and C) considered in
this study contributed significantly to the yield of biochar
(p value lower than 0.05). Amongst the interaction effects,
the interaction between temperature-time (AB) and time-
heating rate (BC) was the most significant (p <0.05). In
addition to this, square term of the model (A%) was also
found significant (<0.0001). On increasing the pyrolysis
temperature, time and heating rate, a continuous decrease
in biochar yield (%) was observed, as is evident from the
response surface plots shown in Fig. 3a, b. This decrease in
yield (%) of biochar at higher temperatures may be due to
significant loss of volatile matter; non-condensable gases
such as CO,, H,, CO and CHy4; dehydration of hydroxyl
groups; and thermal degradation of cellulose, hemicellu-
loses and lignin. Similar findings were reported by
Williams and Nugranad [47], wherein 7.5% decrease in
biochar yield (rice husk—based biochar) was observed on
increasing the temperature from 400 to 600 °C. The reduc-
tion in biochar yield when subjecting rice husk at high
temperature for longer time may be due to the occurrence
of thermal cracking [34]. The yield (%) of biochar was
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Fig. 3 Response surface plots for interactive effects of a time and temperature, b heating rate and time on percent yield of biochar

higher at low heating rate because of the absence of ther-
mal cracking and secondary pyrolysis reactions [11].
Several other studies have also observed a decrease in bio-
char yield on increasing the heating rate from 30 to
50 °C/min for biomass from various feedstocks [48]. This
is probably due to the fact that high heating rate was re-
sponsible for depolymerisation of biomass, leading to the
formation of gaseous and volatile components and reduced
biochar yield [43].

Higher Heating Value (MJ/kg)

Higher heating value (HHV) is the energy released per unit
mass of biomass when it undergoes complete combustion.
HHYV depends upon the percentage of carbon, hydrogen,
nitrogen and ash content. Higher heating value signifies
synthesis of feedstock for production of an alternate and

@ Springer

clean energy source. HHV for rice husk biomass was ob-
served to be 17.13 MJ/kg. However, it was observed that the
biochar produced at highest pyrolysis temperature of
551.13 °C yielded the maximum HHV value of 29.48 MJ/
kg (run 13 in Table 4). The analysis of variance for HHV for
rice husk—derived biochar with a model F value of 134.08,
lack of fit F value of 13.50 and p value of < 0.0001 indicated
that the model is significant (Table S2) [46]. Temperature
was the most significant linear term (p =< 0.0001) for de-
termination of HHV. The correlation coefficient (R* = 0.99)
and adjusted R* value (0.98) imply that most of total varia-
tions were explained by the model given in Eq. (5). The
interactions between temperature and heating rate (AC)
and heating rate and time (BC) were significant with p value
less than 0.05 (Fig. 4a, b). These results are in agreement
with previous study [49] which reported that a high degree
of carbonization was responsible for increase in HHV at
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increased temperature due to retention of highly dense en-
ergy content of biochar. No significant effect of pyrolysis
time and heating rate were found on the higher heating
value [49]. Based on the HHV, rice husk biochar could find
application as a potential alternative to solid fuel material
and liming material for acidic soil due to increased pH of
biochar produced at high temperature as shown in Table 2
and Table 4. The square and cubic terms of the model (AZ,
B* and AB?) were also found to be significant as suggested
by their p values (< 0.0001, 0.01 and < 0.0001).

Energy Density

Temperature emerged as the most critical factor for determin-
ing the energy density of rice husk—derived biochar

(Table S3). Difference between the value of correlation coef-
ficient (R*=0.99) and adj. R* (0.98) was only 0.0074, which
reflects the amount of the variation that could not be explained
by this model. The model F value of 134.08, lack of fit F' value
of 13.47 and p value of <0.0001 indicate that the model is
significant (Table S3). As observed from Table S3, two of the
interaction effects, viz. temperature-heating rate and time-
heating rate (AC and BC) played a significant role in energy
density of biochar (Fig. 5a, b). Interactive effect of time and
heating rate towards energy density was found more signifi-
cant (p =0.0062) than temperature-heating rate (p = 0.0472).
This may be because energy density of biochar increased with
increase in temperature and heating rate simultaneously, sug-
gesting that biochar produced at higher temperature was high-
ly rich in energy content per unit of volume as compared to
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raw biomass. This might be due to the high degree of carbon-
ization of organic matter present in the raw biomass [38]. The
square (A>=<0.0001, C*>=0.01) and cubic terms of the mod-
el (AB*>=<0.0001) were also found to be significant
(p<0.0001, p=0.0100 and p < 0.0001).

Energy Yield (%)

The model terms A, B, C, AB, AC, BC, A*, C*, ABC and AB>
were found significant (p < 0.05) while B*, A*’B and A*C were
not found to be significant (p > 0.05) (Fig. 6a-c). Furthermore,
the model F value of 19.96, lack of fit F value of 7.54 and p
value of < 0.0007 with correlation coefficient (R* =0.97) and
adj. R? (0.92) indicated that the model is significant
(Table S4). Energy yield (%) is invariably dependent on bio-
char yield (%) and higher heating value. Therefore, any
change in biochar yield (%) and higher heating value leads

@ Springer

to a concurrent change in its energy yield pattern. Unlike other
responses, the energy yield (%) was observed to be negatively
correlated with linear parameters (temperature, time and
heating rate) and hence resulted in continual decrease in per-
cent energy yield with increase of the aforementioned param-
eters due to the occurrence of thermal cracking at elevated
pyrolysis conditions [34, 50].

Optimization

During the process of optimization, pyrolytic parameters were
set to a “minimum” in order to make the thermochemical
process feasible and more economical. All responses namely,
biochar yield, higher heating value, energy density and energy
yield were set to “maximise” because higher the values of
these responses more will be the substrate available for energy.
Under these conditions, the optimized values of temperature,
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time and heating rate were 432 °C, 40 min and 4 °C/min
respectively. At these optimised conditions, the predicted
values for biochar yield, higher heating value, energy density
and energy yield of biochar were 54.65%, 25.08 MJ/kg, 1.46
and 79.66%. Experiments were conducted to validate the pre-
dicted results and the biochar yield, higher heating value, en-
ergy density and energy yield of the optimized biochar were
found to be 54.35%, 24.66 MJ/kg, 1.44 and 78.25% respec-
tively, which were quite close to the predicted values.

Conclusion

This study is primarily dealt with the role played by process
parameters (temperature, time and heating rate) on the yield
and quality (higher heating value, energy density and energy
yield) of biochar synthesized from rice husk. Among the pro-
cess parameters tested, temperature has significant effect on
the yield and quality of biochar. On subjecting to interaction
effects, temperature and time followed by temperature and
heating rate, time and heating rate had maximum influence
on the yield and quality of produced biochar.

Furthermore, the fuel ratio of optimized biochar was found
to be 2.10 which is near to that of bituminous coal having fuel
ratio in range of 1.5 to 2.0. Thus, the thermal conversion of
biomass can be a potential route to provide an economically
viable, clean and environment friendly source of good quality
solid fuel through utilization of biomass or biomass-derived
waste.
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