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Abstract: Alkali pretreatment is one of the chemical pretreatment technologies that has been examined
on various types of lignocellulosic biomass. To gain a better insight into the effects of a potassium-
based catalyst on pyrolysis behavior with different materials, potassium bicarbonate (KHCO3) and
potassium nitrate (KNO3) were used as additives in this study. The experimental parameters which
included particle size, heating rate, and additive loading were investigated. The results showed that
adding potassium for both KHCO3 and KNO3 to feedstocks led to increase in biochar. A model-free
method, Flynn–Wall–Ozawa (FWO), was implemented in this study to determine the activation
energy values for untreated and potassium-treated feedstocks. A reduction in apparent activation
energy values of treated biomass was observed. This indicates that adding potassium salt to biomass
influenced the structures of the main components and promoted the catalytic effect of pyrolysis.
Activation energies of treated pine range from 250 to 308 kJ/mol, and energies of wheat straw range
from 277 to 402 kJ/mol.
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1. Introduction

For several decades, fossil fuels have played a dominant role as a source of energy in
global society. They have improved our quality of life in several ways; however, burning
fossil fuels for energy consumption results in many negative impacts to our health and
environment such as greenhouse gas emissions. Therefore, biomass, a promising resource
for energy regeneration, has been proposed by many scientists and engineers to help
diminish the exploitation of fossil fuels [1]. Pine and wheat straw are among other various
feedstock sources that are compelling because they are abundant and native to several
regions in the United States.

Alkali impregnation is one of the pretreatment processes that helps enhance the
efficiency of pyrolysis [2]. The physical and chemical mechanisms of release and transfor-
mation of inorganic elements during fuel conversion are complex and intricate as many
previous studies on the topic show. Studies on volatile-ash-forming elements (alkali metals
(mainly potassium), sulfur and chlorine) have generated plenty of publications and limiting
the perspective to these three elements still involves great complexity [2–12].

The release of potassium is known to be dependent on what form it is present in
the biomass, what other ash-forming elements are in the fuel, and the release is also
dependent on operational conditions. Mechanisms suggested involve the devolatilization
or decomposition of potassium salts, generating significant vapor pressures of KOH (g),
KCl (g) or K (g), or the release of char-bound potassium. During char combustion, the
release of potassium has been found to be favored by high chlorine contents [9], whereas,
e.g., silicon has the reverse effect, and especially at the later stages of char oxidation, it can
efficiently capture potassium in silicate structures [12].

In thermogravimetric tests, Dupont et.al., Ref. [13], measured approximately equal
conversion times of beech (representative of stemwood) and wheat straw. These ther-
mogravimetric investigations delved into the kinetics of gasification, but the full range
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of oxidation will be investigated in the proposed work. Pereira et.al. [14] also detailed
thermogravimetric experiments, in which they compare high temperature data obtained in
a drop tube furnace in an attempt to quantify activation energy of the biomass at variable
fall heights. These authors showed that the intrinsic rates of the poplar samples differed in
the reaction zones of a drop tube when compared to the rates of thermogravimetric tests
done separately. This major difference is attributable to mass transfer limitations in an
industrially relevant reactor, specifically during char oxidation, as opposed to strict kinet-
ically controlled regimes in thermogravimetric experiments. Intraparticle mass transfer
limitations are imposed due to higher reactor temperatures and significantly higher heating
rates, magnitudes of 103 to 104 K/s.

The research objective for this project was to study the effects of parameters such as
particle sizes, heating rates, additive types and additive loadings on char production as well
as the activation energy from two biomass feedstocks using thermogravimetric analysis
(TGA). The project focused on the pretreatment of raw materials including pine wood and
wheat straw with KHCO3 and KNO3 additives. Moreover, the aim of this research was
to investigate the influence of these two potassium-based additives on different biomass
feedstocks by analyzing the pyrolysis efficacy in terms of activation energy and conversion.

2. Materials and Methods
2.1. Materials

The raw materials used for the biomass pyrolysis experiment were pine wood and
wheat straw. The detailed description of all fuel analyses can be found in Wagner [15].
The samples were ground and sieved to obtain the particle sizes ranging from 125–150 µm
to 600–630 µm [15,16]. The fuels were then dried in an oven at 105 ◦C for 24 h to reduce
moisture that built up over time. Two additives including potassium bicarbonate (KHCO3,
99.5–101.5%, Fisher Chemical, USA, CAS 298-14-6) and potassium nitrate (KNO3, 99%,
Fisher Chemical, India, CAS 7757-79-1) were utilized in this experiment to enhance the
efficacy of the biomass pyrolysis.

2.2. Biomass Preparation

For the potassium solutions’ preparation, potassium bicarbonate and potassium nitrate
were mechanically dissolved in distilled water to make liquid solutions whose concen-
tration can be expressed in terms of mole per unit volume of solution or Molarity (M).
The solid additives and distilled water were added into a beaker to make a concentration
of 0.005 M of a solution. The preparation process was repeated again to obtain different
concentrations, which were 0.01 M and 0.02 M, respectively [17]. During the preparation
process, lignocellulosic biomass was impregnated by infusing 5 g of the prepared feedstocks
with the potassium solutions in a beaker of 150 L and sonicating for 40 min. After that, all
samples were filtered and placed in the oven at 105 ◦C for 24 h prior to pyrolysis.

2.3. Thermal Characterization

Prepared samples were examined by implementing a thermogravimetric analyzer
(TGA 5500, New Castle, DE, USA). In each run, around 5 mg of a sample was loaded into a
crucible, then it was carefully placed into the TG furnace. For the pyrolysis experiment, the
sample was heated from room temperature to 700 ◦C, and N2 at a flow rate of 100 mL/min
was used as the carrier gas [18]. To determine the effects of the operating parameters and
ensure that the method was reliable, a control (0% additive) was implemented in this study
as a baseline run to compare with the results of alkaline-impregnated samples. Moreover,
each experiment was repeated twice to ensure the repeatability.

2.3.1. Design of Experiments

To obtain a better understanding and comprehend the relationships between multiple
input parameters, a design of experiments (DOE) was employed in this study to investigate
the main effects and response relationships of the experiments [19]. The DOE approach
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using the Minitab software was implemented in this study to determine the influence of the
operating parameters which were particle size, heating rate, and additive loading on the
char yields. All DOEs were investigated for all designed parameters as full factorial design
as shown in Table 1. There were four separate DOEs during this study, in which different
biomass feedstocks and additive types were conducted at 3 levels of each variable.

Table 1. Experimental parameters for non-isothermal pyrolysis of pine wood and wheat straw.

Factor Level 1 Level 2 Level 3

Particle size ranges (µm) 125–150 * 400–425 600–630
Heating rate (◦C/min) 10 30 50

Additive concentration (M) 0.005 0.01 0.02
* Pine wood samples were not available.

2.3.2. Kinetics Parameter

In order to evaluate the kinetics parameter, a model-free analysis was employed to
calculate the activation energy. Flynn–Wall–Ozawa (FWO) model is a simple method used
to measure this parameter at different heating rates [20]. In this study, this method was
implemented to estimate the activation energy, which can be expressed by the following
equation:

lnβ = ln
[

AEa

Rg(α)

]
− 2.315 − 0.4567

Ea

RT
(1)

where

α is conversion degree in the process (%) (dry basis)
β is heating rate (K/min)
T is temperature (K)
A is frequency factor or pre-exponential factor (second−1)
Ea is activation energy (kJ/mol)
R is a gas constant (J/K·mol).

3. Results and Discussion
3.1. Char Production from Pine Wood

In this study, Minitab software was implemented to plan the experiments. According
to the interaction effects between the additive loading and particle size, the contour plots
of biochar for pine wood pyrolysis are illustrated in Figure 1. It was observed that char
obtained from both pine wood with KHCO3 and KNO3 increased with an increase in
particle size and additive loading. Moreover, the results clearly indicated that the suitable
conditions for particle size and additive loading were in the range of large pine and high
concentration of both KHCO3 and KNO3.
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Figure 2 shows the TGA profile of char production for non-isothermal pyrolysis of
untreated and potassium-impregnated biomass. It represents the mass loss curves and
DTG curves for large pine wood at different potassium concentrations. The decomposition
of biomass can be divided into three stages. The first stage of the reaction ranging from
the ambient temperature to 150 ◦C is due to the moisture loss and some light volatile
components. The second portion is mass loss curves in the temperature range from 150 ◦C
to 400 ◦C, in which the main constituents of biomass decompose [21,22]. The last stage is
the decomposition of lignin, whose structure is more complex than cellulose and hemicellu-
lose components of biomass making lignin difficult to break down and decompose slowly.
As a result, the thermal degradation of lignin takes place in a wide temperature range
(160–900 ◦C) [23]. The TG curves at the second stage showed that at higher additive con-
centration, the decomposition was kinetically faster than samples with lower concentration
or a raw pine wood. This means that at the same temperature of pyrolysis, more mass of a
higher-salt-concentration sample has been converted to gas leading to a decrease in biochar
yield, and this observation is similar to the studies of Safar et al. [17] and Xhou et al. [24].
It can be seen in the graph that the thermogravimetric curves of the sample with KNO3
almost overlapped for impregnated pinewood. In the last stage, the reaction exhibited an
opposite effect, that the decomposition of samples with lower concentration had a faster
reaction, this resulted in more char production. Gao et al. performed a similar study and
described the increase of char content as that it was mainly due to chemical modification of
biomass and forming of biopolymers facilitated by impregnating potassium resulted in the
difference in biochar content [25].
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Figure 2. TGA profile of: (a) large pine wood impregnated with KHCO3; (b) large pine wood
impregnated with KNO3.

In the DTG curves, there are two visible peaks which represent the decomposition of
the main constituents of a feedstock, in which the main peak is normally the decomposition
of cellulose and the shoulder at the lower temperature is attributed to the hemicellulose
degradation [26]. The curves showed that the maximum mass loss shifts toward lower
temperatures as well as increases in magnitude with higher salt concentration [27], which
indicates that the reaction of biomass is influenced by the presence of the alkali metal, and
the pretreatment led to improving reactivity of the hemicellulose and cellulose, which can
be called the catalytic effect of potassium [24].

3.2. Char Production from Wheat Straw

It can be seen from Figure 3 that the correlation between the increase in additive
loading and the decrease in particle size for wheat straw led to an increase in biochar with
increasing parameter level. As particle size increased from 125 µm to 600 µm, the residue
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of biomass showed a decrease in biochar. This phenomenon might be explained by the heat
transfer limitation that occurred during the pyrolysis of wheat straw [28].
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For wheat straw with KHCO3 and KNO3, it can be seen in Figure 4a,b that the reaction
of a main component with high potassium content was kinetically slower than a sample
with lower concentration. This means that the char yield was increased when increasing
additive concentration during the second stage of pyrolysis. When the temperature was
raised above 400 ◦C, the reaction of treated wheat straw was faster than the untreated
sample, which resulted in more weight loss at final temperature. Rani et al. examined
the influence of potassium-based additives of wheat straw and found that pretreatment
with potassium breaks the complex structure of lignocellulosic constituents and increases
better degradation of carbohydrates than untreated wheat [29]. The analysis of DTG curves
illustrated that there were two distinct peaks shifting toward higher temperature. This
means that adding potassium-based additive into wheat straw led to significant changes
in biomass from amorphous to crystalline structure; therefore, this shifts the temperature
range of devolatilization rates of biomass to greater values [30].
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3.3. Kinetic Parameters

The values of activation energy were calculated by implementing the FWO method.
Table 2 shows the pyrolysis kinetic parameters at selected conversion degrees
(0.2 < α < 0.8) of pine stem wood. Conversion is defined as the fraction of material
devolatilized on a dry basis. The correlation coefficients (R2) are higher than 0.9579 for
all cases, indicating that all the data points are fitted well. The Arrhenius plots of ln β

versus 1/T were used for estimating activation energy at several conversion degrees for
pine wood with KHCO3 and KNO3 as shown in Figures 5 and 6, respectively.

Table 2. Kinetic parameters for non-isothermal pyrolysis of pine wood.

α
Control Pine 0.005 K-Pine 0.01 K-Pine 0.02 K-Pine

Ea R2 Ea R2 Ea R2 Ea R2

Pine stem wood with KHCO3
0.2 288.3 0.9775 307.9 0.9945 286.9 0.9815 282.5 0.9837
0.3 288.9 0.9649 294.8 0.9956 278.2 0.9713 288.9 0.9794
0.4 291.0 0.9729 281.8 0.9996 275.2 0.9828 274.9 0.9874
0.5 278.7 0.9821 273.0 0.9976 267.8 0.9720 265.9 0.9844
0.6 267.9 0.9831 264.9 0.9991 259.5 0.9858 261.4 0.9865
0.7 268.3 0.9798 255.8 0.9990 257.9 0.9845 262.8 0.9910
0.8 257.9 0.9880 259.5 0.9982 258.8 0.9853 271.5 0.9926

Pine stem wood with KNO3
0.2 288.3 0.9775 288.4 0.9618 293.0 0.9634 284.4 0.9611
0.3 288.9 0.9649 285.7 0.9697 288.1 0.9850 279.8 0.9579
0.4 291.0 0.9729 285.3 0.9606 281.7 0.9765 276.8 0.9693
0.5 278.7 0.9821 276.4 0.9673 267.8 0.9864 260.6 0.9759
0.6 267.9 0.9831 259.4 0.9762 265.8 0.9867 252.2 0.9822
0.7 268.3 0.9798 255.9 0.9789 261.8 0.9884 252.4 0.9745
0.8 257.9 0.9880 252.0 0.9748 253.6 0.9919 249.8 0.9814
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Figure 7a illustrates the activation energies obtained from the FWO method for non-
isothermal pyrolysis of large pine with KHCO3. The results showed that activation energy
values varied with conversion, but the variation was not dramatically large. The activation
energy values determined by a control sample were greater than values obtained by other
KNO3-impregnated samples. The activation energies at the concentration of 0.01 M KHCO3
seemed to have the lowest values. The change of activation energies can be divided
into three degradation stages. In the first region, the activation energy values gradually
decreased, which was related to the moisture loss. In the second portion (0.2 < α < 0.8), the
values of apparent activation energy were almost constant. This region is mainly related to
the thermal decomposition of hemicellulose and cellulose [31,32]. This indicates that added
alkali salt promotes the thermal degradation of the main components’ pyrolysis. Finally,
in the last region, the activation energies showed a significant increase. At this stage, the
apparent activation energy values indicated a sharp increase, which might be attributed to
the improvement of the aromatic carbon structure in biomass [33].

Figure 7b illustrates the activation energies for large pine wood with KNO3. The
results showed that activation energy values varied with conversion and showed a similar
trend with KHCO3-impregnated pine wood. The activation energy values determined
by an untreated sample had greater values than values from other KNO3-impregnated
samples. The activation energies obtained by the concentration of 0.02 M KNO3 seemed
to have the lowest values. The first and second regions indicated that activation energy
values slightly decreased and fluctuated. Finally, the activation energies in the last region
showed a sharp increase. This is due to an increase in crystallinity, highly cross-linked
biomass and complex structures of lignin-derived char at elevated temperatures as well as
tar, solid residual and other carbonaceous matters that were not burned [28].
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Figure 7. Activation energy profile for non-isothermal pyrolysis of: (a) large pine wood impregnated
with KHCO3; (b) large pine wood impregnated with KNO3.

Table 3 displays the pyrolysis kinetic parameters of wheat straw as a function of extent
of conversion for both KHCO3 and KNO3. It can be seen that the R2 ranges from 0.9139
to 0.9913. By implementing the FWO method, straight lines and slopes were obtained by
three data points of different heating rates and the plots of Arrhenius corresponding to
different conversion degrees for the non-isothermal pyrolysis process of wheat straw with
KHCO3 and KNO3 are shown in Figures 8 and 9, respectively.

Table 3. Kinetic parameters for non-isothermal pyrolysis of wheat straw.

α
Control Wheat 0.005 K-Wheat 0.01 K-Wheat 0.02 K-Wheat

Ea R2 Ea R2 Ea R2 Ea R2

Wheat straw with KHCO3
0.2 350.3 0.9725 295.8 0.9404 262.4 0.9644 401.8 0.9312
0.3 365.8 0.9516 311.2 0.9234 272.8 0.9638 389.2 0.9139
0.4 365.7 0.9556 311.8 0.9282 272.2 0.9684 389.0 0.9419
0.5 355.0 0.9530 299.7 0.9543 262.3 0.9619 365.2 0.9388
0.6 345.8 0.9689 289.0 0.9723 249.7 0.9752 349.6 0.9699
0.7 349.1 0.9502 276.2 0.9861 241.9 0.9771 339.9 0.9745
0.8 398.1 0.9425 276.5 0.9829 239.6 0.9834 347.5 0.9775

Wheat straw with KNO3
0.2 350.3 0.9725 300.2 0.9303 314.7 0.9877 307.3 0.9832
0.3 365.8 0.9516 305.2 0.9237 322.1 0.9911 302.5 0.9855
0.4 365.7 0.9556 316.3 0.9398 321.5 0.9913 299.8 0.9879
0.5 355.0 0.9530 304.9 0.9374 310.2 0.9833 294.3 0.9831
0.6 345.8 0.9689 305.4 0.9619 301.0 0.9749 287.5 0.9831
0.7 349.1 0.9502 287.1 0.9708 294.9 0.9783 282.0 0.9854
0.8 398.1 0.9425 288.3 0.9755 289.7 0.9856 276.6 0.9853

Figure 10a shows apparent activation energies for non-isothermal pyrolysis of wheat
straw produced by different KHCO3 concentrations. It indicated that activation energy
values decreased with the increase in impregnated potassium content compared with
original wheat. The activation energies obtained by the concentration of 0.01 M KHCO3
seemed to have the lowest values. The first and second region were almost constant,
and the variations between samples were very large. Lastly, in the final region, whose
conversion extents were 0.8 to 0.95, the activation energies showed a significant increase.
This is due to the decomposition of lignin-derived aromatic compounds and the forming
of cross-links between the adjacent structures, as well as the reactivity of wheat straw
pyrolysis at elevated temperatures being so low; therefore, this resulted in activation energy
increasing sharply [16]. Conversion is defined as the material devolatilized throughout the
experiment, normalized to the starting mass on a dry basis.
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Figure 10. Activation energy profile for non-isothermal pyrolysis of: (a) large wheat straw impreg-
nated with KHCO3; (b) large wheat straw impregnated with KNO3.

Figure 10b illustrates the activation energies for large wheat with KNO3. The results
of region one and region two showed a similar trend with KHCO3-impregnated wheat
straw; however, the activation energy values obtained from the untreated wheat straw were
significantly higher than those with potassium added. Moreover, the apparent activation
energy values determined by samples with different concentrations of KNO3 were almost
overlapped. In the last stage (0.8 < α < 0.95), the values of activation energy showed a
significant increase at elevated temperatures. According to the previous phenomena, this is
resulted from the chemical alteration of biomass to form different derivatives [34].

4. Conclusions

TGA results produced by the two biomass materials did not show parity in final char
yield. Char production increase was observed in pine wood when material was treated
with additives, whereas char yield of treated wheat straw showed negative results when
compared to its raw biomass form; however, both types, pine wood and wheat straw,
demonstrated an upward trend of char yield as the concentration of additives was raised.
The activation energies calculated by the FWO method showed a decrease in activation
energy values with the exception of 0.02 M HCO3-impregnated wheat straw. These data
show an increase in the magnitude of activation energy that is only present with carbonate
structures. Overall, the addition of potassium salts to wheat straw significantly impacted
the pyrolysis behavior of the biomass by lowering the average activation energy.
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