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ARTICLE INFO ABSTRACT
Keywords: Humic acid (HA) is a complex organic compound made up of small molecules. A variety of raw materials are used
Energy engineering to manufacture HA, due to which the structure and composition of HA vary widely. In this study, nitric acid

Environmental management

Lignite coal

Humic acid

pH fractionation

Response surface methodology and bioenergy

oxidation of two coal samples from Lakhra (Pakistan) was followed by HA extraction using 2.5, 3.0 and 3.5%
KOH solutions. The impact of different operating parameters such as; the effect of KOH concentrations, KOH-coal
proportion, extraction time and pH range influencing the HA extraction efficiency was optimally investigated.
Commercial HA applications possess numerous challenges, including valuable applications and sub-optimal
extraction techniques. A significant limitation of conventional experimental methods is that they can only
investigate one component at a time. It is necessary to improve the current processing conditions, this can only be
achieved by modelling and optimization of the process conditions to meet market demands. A comprehensive
evaluation and prediction of HA extraction using Response Surface Methodology (RSM) are also being reported
for the first time in this study. The maximum HA extraction efficiency of 89.32% and 87.04% for coal samples 1
and 2 respectively was achieved with the lowest possible pH of 1.09 (coal sample 1) and 1(coal sample 2), which
is remarkably lower as compared to those reported in the literature for conventional alkaline extraction process.
The model was evaluated for two coal samples through the coefficient of determination (R?), Root Means Square
Error (RMSE), and Mean Average Error (MEE). The results of RSM for coal sample 1 (R2 = 0.9795, RMSE =
4.784) and coal sample 2 (R2 = 0.9758, RMSE = 4.907) showed that the model is well suited for HA extraction
efficiency predictions. The derived humic acid from lignite coal was analyzed using elemental analysis,
UV-Visible spectrophotometry and Fourier-transformed infrared (FTIR) spectroscopy techniques. Scanning
Electron Microscopy (SEM) was applied to analyze the morphological modifications of the extracted HA after
treatment with 3.5% KOH solution. For agricultural objectives, such as soil enrichment, enhancing plant growth
conditions, and creating green energy solutions, this acquired HA can be made bioactive. This study not only
establishes a basis for research into the optimized extraction of HA from lignite coal, but it also creates a new
avenue for the efficient and clean use of lignite.

1. Introduction possesses a tremendously complex structure and composition (Sarlaki
etal., 2019). Lignite is considered a low-grade fuel as it has low calorific
Lignite, consisting 40% of the naturally occurring coal reserves value and higher moisture, ash, and organic oxygen contents (Fatima
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et al., 2021; Zhang et al., 2019). In addition, coal burning leads to car-
bon emissions and acid rain which leads to the reconsideration of coal in
clean and highly effective ways (Sarlaki et al., 2019; Fatima et al., 2021).
It is not suitable to burn lignite directly, therefore it is recommended to
develop feedstocks for value-added chemicals as it contains higher
organic oxygen contents. Amongst all other techniques utilizing lignite
as a non-fuel humic acid extraction is of utmost importance (Sarlaki
et al., 2019). Humic acid is a macromolecular substance consisting of
various aromatic components with a complex structure. The heavy
presence of carboxyl- and phenol-functional groups in a single
macro-molecule creates a complex set of contrasting properties (Sarlaki
et al., 2019; Cheng et al., 2019). This allows application in a variety of
fields that includes pharmaceuticals, agronomy, environmental protec-
tion and bio-based industry (Sarlaki et al., 2019; Fatima et al., 2021;
Chen et al., 2022).

The compounds within the humic acid are subdivided into two
groups i.e. majority compounds and minority compounds. The majority
of compounds are anionic oxygen groups phenol, carboxyl and hydroxyl
groups. Minor compound groups contain carbonyl, meth-oxy and sul-
fonic groups (Wang et al., 2017; Ciarkowska et al., 2017). The main
techniques to extract humic acid from lignite are biological methods and
acid/alkaline extraction methods (Das et al., 2015). The acid extraction
method has many impurities due to which this method is not much
practiced and hence humic acid production is restricted. A possible
reason for that could be HA is insoluble in an acidic environment
(Fatima et al., 2021). The biological method offers many advantages
over the acid extraction method for example mild reaction conditions,
environmental friendly and highly active product is achieved (Fatima
et al., 2021; Li and Yuan, 2021). Unfortunately, the reaction rates are
very low with a long reaction time. Presently, alkaline extraction is the
widely used technique for humic acid production due to its low-cost
operation and easy recyclable solvents (Cheng et al., 2019; Kurniati
et al., 2018a).

The major limitation of alkaline extraction method is that the free
humic acid contents achieved are not much high which makes this
process limited for commercial humic acid production. There is a need
to optimize pH conditions of the alkali extraction process in order to
increase the yield of HA. This could be achieved by adopting peroxi-
dation of the lignite coal samples with nitric acid as well as optimizing
the alkali extraction process (Cheng et al., 2019; Doskocil et al., 2018).
Pakistan has large coal reserves of various coal types. By far, 185 billion
tons of coal reserves have been confirmed of which, 63% of coal is of low
quality and primarily is lignite under coal classification having a high
content of humic acid (Zara et al., 2017; Sabar et al., 2020). Large re-
serves are found in the central and southwest of Sindh province (Thar,
Lakhra). Baluchistan also has lignite coal mines, like Chamalang, Lor-
alai, etc. Khushab, Mianwali and Makarwal are other known areas of
lignite coal within Punjab. Recently, considerable quantities of lignite
have been identified in Kotli (Azad Kashmir) and Naran-Chilas region in
the Khyber-Pkahtunkhwa (Zara et al., 2017; Sabar et al., 2020). The use
of Pakistani coal for the extraction of humic acid has been rarely
investigated.

Lignite coal is widely used for the effective separation of humic acid.
NaOH has been commonly employed as a HA extractant because of its
reduced cost. It does, however, have a number of limitations such as
sodium humate possesses undesirable high Na contents ~7.5% (Das
etal., 2015). Due to its negative effects on soil permeability and nutrient
balance, adding Na to soil has a negative impact on soil fertility (Naz-
arbek et al., 2022). Utilizing KOH as an extracting agent is a preferred
choice as it not only produces HA with the highest purity yields but also
has a high amount of K contents (Cheng et al., 2019). As increased K
contents in soil result in increased crop yield and protected abiotic and
biotic stresses. In addition, potassium is essential for the movement of
sugars and other photosynthetic byproducts from leaves to storage or-
gans (Ye et al., 2022). Additionally, it has been proven that KOH elim-
inates Dbioactive components from leonardite coal including
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bio-stimulants and natural growth hormones (Wang et al., 2017).

Literature has reported that process optimization is an effective tool
for the implementation and assessment of each process variable on the
overall efficiency of any process (Rashid et al., 2018). The “one--
factor-at-a-time” approach is the most commonly used but unfortu-
nately, it is complicated as well as inefficient and time taking.
Additionally, the projected optimized parameters are rarely assured
(Rashid et al., 2021a). Empirical approaches can be used to address the
drawbacks of the one-factor-at-a-time optimization strategy. The
statistical-based technique (Response Surface Methodology) is the basic
approach to these empirical methods. Box and Wilson established the
Response Surface Methodology (RSM) (empirical method), which is
generally employed for statistical analysis, experimental designing,
factor evaluation and selection of ideal conditions (Rashid et al., 2021b).
It can use a limited amount of experimental data to optimize processes in
the chemical industry. Response surface methodology (RSM) is widely
used for response surface mapping to the section of a specific study, yield
optimization as well as operating parameters selection (Maran et al.,
2017). RSM was recently used to manage and optimize the operating
conditions for the osmotic dehydration of papaya, banana, pepper, and
potato (El-Aouar et al., 2006; Ozdemir et al., 2008; Mercali et al., 2011;
Tazien et al., 2021). Recently, RSM was used to improve the efficiency of
lignin extraction utilizing protic ionic liquids while maintaining the
lignin’s natural structure (Rashid et al., 2018, 2021b).

The extraction of humic acid from Pakistani lignite coal has rarely
been investigated. Therefore, in present study the process of acquiring
HA from various samples of Pakistani lignite was investigated with a
focus on exploring the optimal process conditions and optimization by
using Response Surface Methodology (RSM) to achieve the highest yield.
To the best of our knowledge, no significant research has yet been
focused on the ideal process parameters and optimization of HA pro-
duced from Pakistani lignite coal. The research reports that HA extrac-
tion efficiency is significantly influenced by metallic impurities and pH.
The optimized conditions for pH can lead to an increased yield of HA for
commercial applications. The product, humic acid and raw lignite were
characterized using UV spectroscopic analysis, Fourier transform
infrared (FTIR) spectroscopy and Scanning Electron Microscopy (SEM).

2. Materials and methods
2.1. Materials

Coal samples were acquired from different local coal mines in
Baluchistan. Analytical grade potassium hydroxide in controlled con-
centrations (65% and 98%), concentrated HCl (36.9%) and nitric acid
(99%) was purchased from Merck, Karachi, Pakistan. All the chemicals
were used without further purification. Solutions of required concen-
trations (2.5, 3, 3.5 and 4 wt% of KOH) were prepared with triple
distilled water. The raw coal samples were pulverized and sieved to
create three ranges of particle sizes i.e. (0.1-0.3 mm), (0.3-0.5 mm) and
(0.5-1 mm). Proximate analysis of all coal samples was performed (Sher
et al., 2020) and their parent humic acid content was determined by
FTIR spectroscopy (Rehman et al., 2022).

2.2. Proximate and ultimate analysis

Bulk coal samples of approximately 25 kg were collected from
Lakhra. About 5 kg of two coal samples were selected for the experi-
mental study. Various particle size ranges (0.1-0.3 mm), (0.3-0.5 mm)
and (0.5-1 mm) were prepared by rolling and crushing using a disc mill.
For test work minimum particle size (0.1-0.3 mm) was selected and
sealed in plastic bags (Rashid et al., 2018). Proximate and ultimate
analysis for the two coal samples acquired from different coal mines of
Lakhra was performed (Doskocil et al., 2018; Rashid et al., 2018). The
chemical compositions of the coal samples were analyzed from NIBGE.
The ash and moisture contents were calculated using the corresponding
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standard techniques i.e. (LAP-005) and (LAP-001) respectively. The re-
sults of proximate and ultimate analysis are given in Table 1.

2.3. Humic acid extraction from lignite coal

In a typical run, a measured amount of lignite coal sample was
contacted with 125 mL of potassium hydroxide (KOH) solution of var-
iable concentration in a 200 mL Pyrex beaker. The beaker was stirred for
a variable time, ranging from 120 to 360 min in a temperature-
controlled oil bath at atmospheric pressure. The temperature of all
measurements was maintained at 298.15 K. Upon the completion of this
extraction step, the pH of the sample was modulated to less than 2 by the
addition of HCI acid. The precipitates of humic acid are separated by
centrifugation. In order to remove alkali metals, the precipitates were
repeatedly washed using HNO3 and HF solutions, followed by multiple
washing with distilled cold water. This step leads to the removal of alkali
metals from HA (Table 2). The precipitate was passed through a filtra-
tion medium using a vacuum filtration assembly. The residue of the
filtration is the humic acid, which was then dried in a vacuum oven at
50 °C and analyzed for composition using Eq. (1) (Lamar et al., 2014;
Lamar and Talbot, 2009). Fig. 1 shows the proposed methodology for the
humic acid extraction in this study.

Dried weight of residual coal

HA (%) 100 @

~ Dried weight of humates rich lignite coal

2.4. Experimental design

The existing models are being used to optimize HA production and to
create a process that is both energy efficient and sustainable. For the
commercialization of HA production, such a study can be more helpful
in achieving high HA production at lower energy inputs. The extraction
parameters are KOH Concentration (2, 2.25, 2.5, 2.75, 3.0 and 3.5%),
time (120, 180, 240 and 360 min) and pH (1, 1.25 and 1.50) respec-
tively. For complete range of parameters, HA extraction efficiency (%)
was calculated.

2.5. Characterisation

Various characterization techniques such as UV spectroscopic anal-
ysis, Fourier transform infrared (FTIR) spectroscopy and Scanning
Electron Microscopy (SEM) (Kurniati et al., 2018b; Lu et al., 2020;
Iftikhar et al., 2022) were used for the feed coal samples and the
resulting humic acid product. Detailed testing on the coal samples and
humic acid was performed to investigate the content of humate, K50,
chloride and hazardous metals (lead, cobalt and arsenic) (Al-Atta et al.,
2022).

2.6. Determination of humic acid through spectrophotometry

UV-Vis spectroscopy at a wavelength of 465 nm was performed to
measure the concentrations of HA in the solution (Skulcova et al., 2017;
Zhang et al., 2017), stock solutions of known concentrations (50-200
ppm) were prepared for calibration according to the procedure adopted
by Rashid et al. (2016). The UV-Vis calibration curve obtained from
concentration vs absorbance data were plotted (Asing et al., 2009). The
standardized calibration curve method was used to calculate the con-
centration of each of the unknown coal samples (Rashid et al., 2016;

Table 1
Proximate and ultimate analysis of lignite coal samples.
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Table 2
Alkali metal contents of raw lignite coal (sample 1 and sample 2) and HA after
(HNOj3 and HF washing).

Metal Coal sample 1 Coal sample 2
contents . .
Lignite HA (HNO;3 and HF Lignite HA (HNOj3 and HF
coal washing) coal washing)
Humic acid 62.10 89.18 62.90 87.44
(%)
K20 (%) 0.02 0.02 0.06 0.06
Cl (%) 0.03 0.01 0.08 0.02
Lead (ppm) 24 <0.01 51 <0.10
Cobalt 14 <7.62 13.40 <8.14
(ppm)
Arsenic 5.0 <2.0 5.0 <3.0
(ppm)

Ghani et al., 2021).

2.7. Development of RSM model

2.7.1. Response surface methodology

The influence of operating conditions such as; concentration (M) Xj,
time (min) X3 and pH X3 on the extraction efficiency of HA (%) was
investigated using a Box-Behnken design (Y). Statgraphics Centurion
15.2.11.0 version 8.0 was used for developing a three-factor experi-
mental matrix. A total of 15 experimental having 3 central points were
designed to conduct experiments for coal sample 1 and coal sample 2
separately. For the two selected coal samples (sample 1 and sample 2).
Three coded ranges; low (—1), center (0) and high (+1) were nominated
from the subsequent preliminary experimentation (Table 3). A quadratic
equation (Eq. (2)) was employed for the approximation of resulting HA
percentage extraction (Rashid et al., 2021b).

k k k k
V=B + Y Bt D Bt > D B @
i=1 i=1

=1 j=itl

where Y is the predicted extraction efficiency of HA (%), coefficient f, is
the constant and pj;, Bj; are the regression-based coefficients. To compare
independent variables and HA extraction efficiency used in this study a
second-degree polynomial equation was employed (Eq. (2)). To assess
the significance of each regression coefficient on HA extraction effi-
ciency , analysis of variance (ANOVA) was carried out.

3. Results and discussion
3.1. Optimization for HA extraction conditions

To study the effect of operating conditions on the extraction process
a preliminary study was performed for their initial screening. To achieve
this, the impact of process variables namely, KOH concentration (2, 2.5,
2.75 and 3.0) M, extraction time (120, 180, 240 and 360) mins, pH (1,
1.25 and 1.50) respectively on the percentage extraction of HA was
examined.

3.2. Effect of sample to extractant ratio

The impact of sample to extractant ratio (sample loading) on the HA
extraction was investigated by making individual samples of 1:5, 1:10,

Lignite Proximate analysis (wt%)

Moisture contents (MC) Volatile matter (VC) Ash
Coal sample 1 13.20 14 25.80
Coal sample 2 14.70 13 26.10

Ultimate analysis (wWt%) Atomic ratio

C H N S (0] H/C 0o/C
(+0.4) (£2.0) (+0.6) (£0.8) (+£2.4) (+0.02) (£0.04)
44.30 38.60 0.80 0.20 16.10 0.87 0.36
43.10 38.10 0.90 0.20 17.70 0.88 0.39
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Fig. 1. The proposed methodology scheme for the humic acid extraction.

Table 3
Three coded ranges selected for RSM-based optimization studies.

Factors Symbol Coded levels

-1 0 +1
Molar concentration (M) X; 2.0 2.75 3.5
Time (min) X, 120 180 240
pH X3 1.0 1.25 1.50

1:15 and 1:20 extractant ratio. A slight difference in extraction per-
centage of HA was observed between the extraction ratios of 1:5 and
1:10 respectively. However, it was observed that extraction of HA was
reduced to 25-60% by increasing the ratio to 1:20. Based on these ob-
servations it is suggested that the recommended optimal sample to
extractant ratio is either 1:5 or 1:10 for HA extraction from humic
substances (Zara et al., 2017). This may be explained in light of litera-
ture as; the sample to extractant ratio of <1:10 causes the lignite sample
and KOH mixture to have a lower cohesive energy, which lowers the HA
extraction. Moreover, KOH ion kinesis is decreased as the viscosity of the
lignite sample and KOH mixture increases at a sample to extractant ratio
of >1:10. Therefore, the 1:10 sample to extractant ratio is advised by the
International Humic Compounds Society (IHSS) because it yields the
highest proportion of HA when extracted from humic compounds
(Fatima et al., 2021). For the present study 1:10 ratio was selected for
easy handling of the sample during the experimentation process.

3.3. Effect of KOH concentration

Humic Acid extraction was studied using four different KOH molar
concentrations (2, 2.25, 2.5, 2.75 and 3) M respectively (Fig. 2). Indi-
vidual 50 gm of coal samples (coal sample 1 and coal sample 2) were
loaded with 250 mL of KOH solution with various molar concentrations
(2, 2.25 2.50, 2.75, 3 and 3.5) M respectively to investigate the effect of
KOH molar concentration on HA extraction. (Fig. 2 (a)) depicts that HA
extraction increased significantly with an increase in KOH molar

concentration from 2 to 3 M. As expected, increasing the KOH molar
concentration from 3 to 3.5 M resulted in a decrease in % extraction of
HA (Cheng et al., 2019). This could be attributed to the reason that with
an increase in KOH concentration lignite comes completely in contact
which leads to the complete oxidation reaction (de Souza and Braganca,
2018). However, this increase in HA extraction rate no longer increases
when the KOH concentration reaches a certain concentration of 3-3.5
M. This may be due to the reason that the intermolecular interactions
holding fulvic acids to HA were disrupted and enhanced by increased
KOH concentration (Asing et al., 2009). Possibly ester-type linkages or
H-bonding are one of them which alter the fulvic acid and HA ratio
(Cheng et al., 2019; Asing et al., 2009; de Souza and Braganca, 2018).
Consequently, less HA was precipitated after the alkali extract was
acidified which is in accordance with the reported literature (Asing
et al., 2009). Considering the results of the current experiments, KOH
concentration in the range of (2.75, 3 and 3.5) M was carefully chosen
for further optimization studies. This could prevent the need for using
excessive solvent during the HA extraction process.

3.4. Effect of time

Once the optimal KOH concentration has been determined, the effect
of extraction time (120, 180, 240 and 360) mins was investigated for
coal sample 1 and coal sample 2 respectively. It was observed as the time
increased, HA extraction increased nearly linearly before showing a
decline in extraction till the attainment of equilibrium at 240 min for
coal sample 1 and coal sample 2 respectively (Fig. 2(b-c)) indicating that
maximum HA is extracted after reaching equilibrium (Rashid et al.,
2018). This phenomenon of reduced HA extraction with prolonged
extraction time could be attributed to the reason that HA could easily
decompose and degrade at extended extraction times (Cheng et al.,
2019; Li and Yuan, 2021). Larger time periods correspond to more en-
ergy usage and financial consequences. Thus, a time range of 120-240
min was chosen for additional optimization studies.
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Fig. 2. Effect of operating parameters on humic acid extraction; (a) Effect of KOH concentration, (b) Effect of time using coal sample 1, (c) Effect of time using coal

sample 2 and (d) Effect of pH on different coal samples.
3.5. Effect of pH

To investigate the effect of pH on HA precipitation six individual
experiments were performed using optimum conditions (3 M, 240 min).
Humic acid was precipitated from the humic substance (alkaline ex-
tracts) by dropwise addition of HCI at constant stirring. The pH of the
samples was lowered to about 1, and the final pH values attained were
1.5,1.4,1.3,1.15, 1.1 and 1.04 at room temperature. For the separation
of the precipitated humic acid from soluble fulvic acid (supernatant), the
suspension was centrifuged at 1200 rpm for 30 min. It is evident from
Fig. 2(d) that high pH had a negative effect on the HA extraction also HA
extraction was increased at lower pH values. A possible description for
the higher HA extraction at lower pH may be due to the reason that HA is
composed of a mixture of weak aliphatic (carbon chains) and aromatic
(carbon rings) organic acids. These organic acids (aliphatic and aro-
matic) are insoluble in water under acidic conditions but soluble in
alkaline conditions (Bedrock et al., 1995). HA consists of a fraction of
humic substances that precipitate out from the aqueous solution when
the pH < 2 because it is insoluble at low pH whereas the fulvic acid
remains in the supernatant solution (Zhang et al., 2017; Bedrock et al.,
1995). The effective pH in the range of 1-1.5 was chosen for additional
optimization studies based on the findings of the current experiment.

3.6. Statistical analysis

Based on the results of the initial experimentation a Box-Behnken

design was employed to determine the effects of three independent
variables namely, concentration (M) Xj, time (min) X3 and pH X3, on the
extraction of HA (Y). The experiments for coal sample 1 and coal sample
2 were conducted individually. A complete design matrix was used with
15 sets of experiments (including 3 center points). Based on initial
screening experiments three selected levels coded as low (—1), center (0)
and high (+1) for coal sample 1 and coal sample 2 are listed in Table 3.
Table 4 and Table 5, illustrate the trials produced matrix design for coal
sample 1 and coal sample 2 using the Box- Behnken design. A ran-
domized experimental sequence was used to explain how the indepen-
dent factors affected the observed response (Rashid et al., 2018, 2021b).
The following polynomial expression was utilized to relate the HA
percent extraction to other independent variables (Eq. (3)).

k k k k
y=PBo+ Y fixi+ Yy piixi’ +Y Y Pijxixj )
i=1 i=1

=1 j=itl

where Y is the predicted extraction efficiency of HA (%), coefficient f, is
the constant and fj;, f;; are the regression-based coefficients. A second-
degree polynomial equation based on Eq. (3) was utilized to associate
HA extraction with other independent variables.
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Table 4
The generated matrix design of the experiments using the Box-Behnken model
for HA extraction from Coal sample 1.

Run Molar Time pH HA extraction (%)
concentration
X; (M) Xo X3 Experimental Box-
(min) (pH) Behnken
1 2.75 180 1.25 87.48 87.48
2 2.75 240 1.50 85.92 85.98
3 2.00 240 1.25 84.60 85.94
4 3.50 180 1.00 87.92 89.32
5 2.75 120 1.50 72.70 73.62
6 3.50 180 1.50 85.92 86.33
7 2.00 180 1.50 84.92 83.51
8 2.00 120 1.25 71.34 71.82
9 2.75 240 1.00 89.88 88.95
10 3.50 120 1.25 77.76 76.42
11 2.75 180 1.25 87.48 87.48
12 2.00 180 1.00 86.92 86.50
13 2.75 180 1.25 87.48 87.48
14 3.50 240 1.25 87.48 86.99
15 2.75 120 1.00 76.70 76.63
Table 5

The generated matrix design of the experiments using the Box-Behnken model
for HA extraction from coal sample 2.

Run  Molar Time pH HA extraction Molar
concentration (%) concentration
X; (M) Xy X3 Experimental Box- Behnken
(min) (pH)
1 2.0 120.0 1.25 68.05 68.56
2 2.0 180.0 1.5 81.58 79.98
3 2.0 240.0 1.25 82.45 84.09
4 2.75 180.0 1.25 85.28 85.28
5 3.5 240.0 1.25 86.18 85.67
6 2.75 120.0 1.0 73.14 73.18
7 3.5 120.0 1.25 75.88 74.24
8 2.75 180.0 1.25 85.28 85.28
9 3.5 180.0 1.5 83.44 83.99
10 3.5 180.0 1.0 85.45 87.04
11 2.75 120.0 1.5 68.78 69.86
12 2.75 180.0 1.25 85.28 85.28
13 2.75 240.0 1.0 87.86 86.77
14 2.75 240.0 1.5 83.28 83.23
15 2.0 180.0 1.0 84.35 83.79
Table 6
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HA extraction (Sample 1) = —8.26806 + 15.5189 X, + 0.771375X,
—5.0X5 — 1.83556 X% —0.0196667 X, X,
+ 0.0 X;X;
—0.00170903 X? 0.000666667X,X;
— 044 X2
@)

HA extraction (Sample 2) = —27.7994 + 13.5644X, + 0.808556X,
+20.0133X; — 1.51111 X3
—0.0227778 X, X, + 1.01333X,X;
—0.00174722 X3~ 0.00261725 X,X;
—11.6X3 (5

Where the coded independent variables are X;, X; and X3, the
quadratic (squared) effects are X%, X3 and X% and the interaction effects
are X;X»p, X1X3 and XX3. Table 6 depicts the results of the analysis of
variance (ANOVA) which was performed to find the significance of
operating parameters effecting the HA % extraction at a P-value of 0.05.
According to Rashid et al. (2021b), the linked coefficient fits the model
more significantly when the p-value is less than 0.05 (Rashid et al.,
2018, 2021b). It was observed that quadratic and linear effects of time
(X3) were the most significant for HA extraction. As they showed about
99.92% of significant level with the p-values <0.0008. Additionally,
p-values (<0.05) for the linear effect of concentration (M) X; and pH X3
are also significant for both coal sample 1 and coal sample 2 that are
0.0374 and 0.0309 respectively. The remaining coefficients showed no
significant effects on HA extraction.

To justify the standing of the model, non-significance of these co-
efficients and their effects cannot be neglected, because R? for HA
extraction shows up to 97.957% variability of the response (Fu and
Mazza, 2011). The analysis of ANOVA showed that the response (HA
Extraction) is influenced by the parameters in the order of extraction
time > Molar Concentration > pH. The experimental HA extraction
values were 97.95% in agreement with the model-predicted values, as
shown by the coefficient of determination (R?) of the model, which was
0.97957. For the model’s validation, experiments were run under pre-
dicted optimal conditions (Table 7). Table 8 shows that the presently
developed model (Eq. (3) and (4)) for coal sample 1 and coal sample 2
showed an overall standard error of estimation of 1.4201 and 1.671.
Which justifies the existing model’s accuracy and applicability for
extracting HA from Pakistani lignite coal. The findings demonstrated
that the mathematical model could accurately predict HA extraction
(Rashid et al., 2021b).

3.7. Interaction effects of process variables

RSM was used to investigate the impacts of the three process vari-
ables (concentration, time, and pH) on HA extraction. Two variables

Analysis of variance (ANOVA) for coal sample 1 and coal sample 2 for HA extraction.

Source Mean Square Df

Coal sample 1 Coal sample 2

F-Ratio P-Value

Coal sample 1 Coal sample 2 Coal sample 1 Coal sample

X;: Molar concentration 15.9613 26.3538 1
Xo: Time 304.798 363.421 1
X3: pH 17.8802 23.5298 1
X3 3.93621 2.66769 1
X3 139.766 146.083 1
X3 0.00279231 1.94077 1
X1Xo 3.1329 4.2025 1
X1X3 0.1100 0.1444 1
XoX3 0.0004 0.0121 1
Total error 2.0167 2.7924 5
Total (corr.) 493.665 578.379 14

7.91 9.44 0.0374 0.0277
151.14 130.15 0.0001 0.0001
8.87 8.43 0.0309 0.0337
1.95 0.96 0.2212 0.3733
69.30 52.31 0.0004 0.0008
0.90 0.70 0.9718 0.4425
1.55 1.50 0.2678 0.2745
0.07 0.05 1.0000 0.8291
0.00 0.00 0.9893 0.9501
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Table 7
Predicted optimal conditions for model’s validation and HA extraction efficiency
for coal sample 1 and coal sample 2.

HA HA
extraction extraction
(%) (%)
Lignite Observed Optimum operating conditions Predicted
coal values values
Molar Time pH
concentration
X; (M) X2 X3
(min) (pH)
Coal 3.28 180 1.09 89.32
sample
1
Coal 3.11 180 1.00 87.04
sample
2
Table 8

Comparison of standard error attained from RSM for HA extraction from coal
sample 1 and coal sample 2.

Error prediction Coal sample 1 Coal sample 2

R? 0.9795 0.97586
RMSE 4.784 4.907
MAE 0.6186 0.724
SEE 1.4201 1.6710

were assessed at a time while keeping other variables constant at central
level. To determine the interaction effects of any two variables on the
response (HA extraction) three-dimensional response surface and con-
tour plots were plotted. According to the linear and quadratic co-
efficients, the sequence of variables that affect the HA extraction was
extraction time > molar concentration > pH. The detail is discussed in
the following section.

3.7.1. Interaction effect of extraction time and molar concentration

Fig. 3 depicts a response surface graph (3D plot) of HA extraction. By
maintaining pH at a constant value of 1, the interaction between the
effects of extraction time and molar concentration on HA extraction is
displayed (since at this pH, practically all coal samples showed the same
trend in HA extraction efficiency). The plot’s trend specifies that HA
extraction increased with longer extraction times and higher molar
concentrations until plateauing at 180 min and 3 M for coal sample 1
and coal sample 2, respectively. This shows that HA % extraction

Humie Acid Extraction (%o)

150

Time {mins)

Molar Conc. (M)
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remained constant as the maximum amount of HA is being extracted at
equilibrium. This indicates that increased molar concentration and time
did not result in additional extraction efficiency improvements. Similar
trends in the interaction effect of extraction time and molar concentra-
tion on HA extraction efficiency have been reported in the literature
(Asing et al., 2009; de Souza and Braganca, 2018). Fig. 4 displays the 2D
contour graphs of HA extraction. It is clearly depicted that the maximum
projected value represented by the surface area is contained in a small
elliptical area in the contour plot. The circular or elliptical shapes of the
contour plots reflect the relevance of the variables (Rashid et al., 2021b;
Govarthanan et al., 2015; Selvankumar et al., 2017). The presence of an
elliptical contour plot amongst time and molar concentration suggests
that the variables and their interaction effects are significant.

3.7.2. Interaction effect of molar concentration and pH

The interaction effect of molar concentration and pH on HA extrac-
tion efficiency was non-significant. From ANOVA analysis (Table 6) it
can be seen that their quadratic coefficients had non-significant effects
on the extraction of HA (P > 0.05). The response surface and contour
plots of HA extraction are plotted in Figs. 5 and 6. The interaction effect
of molar concentration and pH on HA extraction at a constant time of
180 (mins) are reflected. The non-significant interactions between the
related variables are indicated by the circular contour plots of molar
concentration and pH in Fig. 6 (Rashid et al., 2021b; Dana et al., 2020;
Govarthanan et al., 2014).

3.7.3. Interaction effect of time and pH

Fig. 7 illustrates the interaction effect of time and pH on HA
extraction at a constant molar concentration of 3 M (response surface
plots). It is evident that with an increase in extraction time HA extraction
increases, while for pH the response was the opposite phenomenon.
From the current study, long extraction times and high pH levels are
unfavorable for HA extraction, as they subsequently result in declining
HA extraction. The increased HA extraction at reduced pH (acidic me-
dium) could be explained in light of literature as in an acidic solution,
hydrogen is linked to the functional groups on the surface of the HA. The
resulting solution (Lignite coal sample + KOH) is an alkaline extract
containing a humic substance. Upon addition of HCL H ions attached to
humic molecules get attached to OH™ ions, which leads to an excessive
protonation process. As previously postulated, due to this protonation
the hydrophobic property of HA in acidic media allows the chains to
agglomerate like micelles to lower the system’s free energy. (Bedrock
et al., 1995). This coiled configuration results in the complete expulsion
of water around the molecules resulting in insoluble behaviour of HA at
lower pH and thus HA precipitates out as shown on SEM analysis

(b)

Humie Acid Extrac

Time (mins) L Molar Cone. (M)

120 .00

Fig. 3. The response for HA extraction as a function of molar concentration and time for (a) coal sample 1 and (b) coal sample 2 at fixed pH.
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180

120

20 25 30 is
Molar Conc. (M)

Fig. 4. Contour plot for HA extraction as a function of molar concentration and time for (a)Coal sample 1 and (b) Coal sample 2 at fixed pH.

(a)

Humic Acid Extraction (%)

250

Molar Cone. (M)

(b)

Humue Acid Extraction (%a)

Molar Cone. (M)

Fig. 5. The response for HA extraction as a function of pH and molar concentration for a) Coal sample 1 and (b) Coal sample 2 at a fixed time.
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5

0 250 30 38
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Fig. 6. Contour plot for HA extraction as a function of pH and molar concentration for a) Coal sample 1 and (b) Coal sample 2 at a fixed time.
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(a)

Humic Acid Extraction (%)
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(b)

Humic Acid Extraction (%a)

180

1.00 120

Time (mins)

Fig. 7. The response for HA extraction as a function of pH and time for (a) Coal sample 1 and (b) Coal sample 2 at fixed molar concentration.

(Fig. 10) (de Souza and Braganca, 2018). Conversely, the decrease in HA
extraction with prolonged extraction time could be considered the main
attribute of the equilibrium conditions (Rashid et al., 2018). Therefore,
based on the above results reduced pH with suitable extraction times is
suggested for optimum HA extraction. Fig. 8 shows an elliptical contour
plot of time and pH, demonstrating the significant interactions among
the variables (Dana, 2019).

3.8. Characterization of extracted HA

3.8.1. Functional groups identification

In order to better understand the findings, FTIR spectroscopy was
performed to confirm the chemical structure of the extracted HA from
coal sample 1 and coal sample 2 (Fig. 9). FTIR spectroscopy is widely
utilized to determine the functional groups and structural properties of
HA at specific vibrations. The validation of functional groups using
qualitative FTIR analysis such as aromatic substitutions, aliphatic
structure, hydrogen bond regions and O-containing groups was con-
ducted from 4000 to 500 cm ™! range values (Wang et al., 2017; Li and
Yuan, 2021). Generally, the FTIR bands of lignite and HA have common
characteristics and distinctive vibrations, even though the intensity of
the bands varies depending on the lignite source and the extraction
solvent used (de Souza and Braganca, 2018). The FTIR spectra of the
present HA extracted from coal samples 1 and 2 are compared (Table 9)
with that of HA extracted from lignite coal described by Asing et al.

2 1 1 1
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Fig. 9. Comparison of FTIR spectrum of (a) Coal sample 1, (b) Coal sample 2

and (c) Lignite.

(2009); Wang et al. (2017), this verifies the HA backbone is present in

120 150 180 210
Time (mins)

240

Fig. 8. Contour plot for HA extraction as a function of pH and time for (a) Coal sample 1 and (b) Coal sample 2 at fixed molar concentration.
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20kV  X2,500 10pm SCME NUST
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20kV  X5,000 5pm SCME NUST
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X500  50um

Fig. 10. Scanning electron microscopy (SEM) analysis of (a) Lignite particles, (b), (c) and (d) Extracted HA particles.

Table 9
Band assignments for Humic acid extracted from coal sample 1 and coal sample
2 for FTIR spectra.

Wavenumber  Coal (Wang Coal Coal Band assignment
et al., 2017; Sample Sample
Asing et al., 1 2
2009)
Band (cm™1) Band (cm™1) Band Band
(em™) (em™)

(3450-3400) 3422 3425 3425 Valence vibration of OH
group bounded by
intramolecular H bonds

(2940-2700) 2931 2925 2925 C-H stretching of CHy

(2940-2700) 2910 2850 2850 Aliphatic C-H stretching

(1900-1800) 1802 1820 1820 C=O0 stretching mainly
of COOH + ketones

(1625-1600) 1629 1625 1625 Vibration of mainly
aromatic C—=C + H
bonded conjugated
ketone (C=0)

(1350-1250 1367 1325 1335 Symmetric deformation
vibration of C-H of
C-CH3

(1170-950) 1040 1050 1050 Deformation stretching
of C=0 chiefly of COOH

(900-600) 727 730 730 C-H surface deformation

and vibration

10

the fingerprint regions. The valence vibration of O-H group in the aro-
matic and aliphatic regions of HA appears at 3450 cm™*— 3400 cm ™
(Das et al., 2015).

The alcoholic and amides N-H non-bonded groups show a deep ab-
sorption band at 3425 cm™!, confirming the presence of these groups.
The Aliphatic C-H stretching in HA appears at 2940 cm ™, 2700 cm L.
The strong peak at 1802 cm ™! indicates the existence of keto C=0 or
carboxyl C=0 groups. The strong absorption peak at 1625 cm™-1600
em™! is attributed to the skeletal vibration of the aromatic rings. The
C=C stretching of aromatic groups appears 1625 cm~! while the C-H
vibration appears at 727 cm™L. It can be seen from Fig. 9 that at 1625
em ™! sharp edge loop band prominently indicates the presence of the C
= C stretch (aromatic ring). Additionally, at 1325 cm ™! the presence of
symmetrical stretching of COO™ groups is observed. The weakest peak at
1050 cm’l, and 730 cm! indicates amines (RH2) of different order
(Asing et al., 2009). The two extracted HA spectra show all of the spe-
cific peaks, this confirms that the original structure of HA was not dis-
rupted (Rodriguez et al., 2014). From the results, it is evident that humic
acids have an aromatic structure and contain aliphatic side chains. The
successful extraction of HA from samples of lignite coal may be
confirmed by comparing the FTIR spectra of HA and the current
extracted HA which are very closely resembling each other (Table 9)
(Wang et al., 2017; Asing et al., 2009).

3.8.2. Surface microstructure analysis
The microstructure of lignite coal samples and extracted HA samples
were studied by scanning electron microscopy (SEM) (Khalid et al.,
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2022). The results are presented in Fig. 10. The SEM study sufficiently
demonstrated substantial physical changes showing that the produced
HA possessed some structural and morphological changes (Fatima et al.,
2021). The microstructures shown in SEM images of HA pose sheet
structures, fibres and short rods that form a network, and are primarily
dependent on the pH and their synthesis and production conditions
(Wang et al., 2017). Fig. 10 depicts the microscopic images of lignite and
extracted HA samples. It can be clearly seen from Fig. 10(a) that the
lignite particle size and shape are not consistent and homogenous. On
the other hand, extracted HA particles have a smooth, non-porous and
loose sponge-like appearance (Fig. 10 (b-d)) (Fatima et al., 2021). At
higher magnification (5000x) (Fig. 10(b)) it can be seen that aggregated
particles with globular-like structures and heterogeneous porosity are
present.

4. Conclusion

In this study, two lignite coal samples belonging to Lakhra (Pakistan)
were selected to extract humic acid using 2.5, 3.0, and 3.5% KOH so-
lutions. The fixed parameters used in this study were KOH Concentra-
tion, extraction time and pH respectively. Effective model development
of response surface methodology and (RSM) has been presented for
optimizing HA extraction from Pakistani lignite coal. Optimizing the
best process conditions resulted in the highest HA extraction efficiency
of 89.32% and 87.04% for coal samples 1 and 2 respectively. The results
of RSM for coal sample 1 (R% = 0.9795, RMSE = 4.784) and coal sample
2 (R% = 0.9758, RMSE = 4.907) showed that the model is well suited for
HA extraction efficiency predictions. Coal sample 1 is relatively clean as
reflected in the low ash, arsenic and lead contents resulting in higher HA
extraction efficiency. From the findings in the present work, it can be
concluded that HA extraction efficiency is significantly influenced by
metallic impurities and pH. The FTIR analysis endorsed the presence of
carboxylic, ketonic, aromatic and aliphatic functional groups in HA
indicating that HA was successfully extracted from lignite coal. FTIR
results also showed the absence of metallic impurities in the extracted
HA. In future, the RSM model can be generalized to predict the extrac-
tion efficiency for different lignite sources with different properties. The
present work is very helpful for a better design of future clean systems
for the environment. This research could lead to the development of HA-
based industry and can enhance its application in a variety of fields,
which includes pharmaceuticals, agronomy, environmental protection
and bio-based industry.
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