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Abstract: Potentially toxic elements like Cr*® and Ni*>
cause severe health hazards. Therefore, the current work
was aimed at cleaning water using Prosopis glandulosa
raw sawdust (SD) and its derived biochar (AC). Both the
adsorbents were characterized via SEM, FTIR spectro-
scopy, EDX, and TGA and were applied for the effective
removal of Ni(u) and Cr(vi) at optimum values of experi-
mental conditions, and the mechanism was assessed via
adsorption isotherm and kinetic models. The correlation
coefficient R* confirmed pseudo-second-order kinetics and
preferred Freundlich isotherm model. Maximum removal of
Cr(iv) was obtained at a pH of 4.0, a bio-sorbent concentra-
tion of 0.8 'L, and a temperature of 50°C for 50 min with a
metal concentration of 110 ppm, while maximum removal of
Ni(m) was obtained for a contact time of 70 min with a metal
concentration of 130 ppm in the above-mentioned experi-
mental conditions. The results of the isotherms and kinetic
model revealed that metal adsorption processes involved
multilayer formation on the biosorbent’s heterogeneous sur-
face. Also, their thermodynamic investigation showed that
the adsorption process is spontaneous and exothermic and,
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therefore, can be effectively utilized to remove Cr and Ni
from water.
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1 Introduction

Pollutants like potentially toxic elements in an aquatic eco-
system are a foremost worldwide issue. Due to the massive
industrialization that has increased in recent years, industry
waste containing pollutants, including potentially toxic ele-
ments, pharmaceutical effluents, and organic dyes, are released
into natural waterways, endangering the health of people, ani-
mals, and plants [1]. The health of organisms is seriously threa-
tened by the release of these potentially toxic elements into the
aqueous system from various anthropogenic sources [23].
Among various pollutants, HMs are the top cause of environ-
mental pollution because they cannot degrade easily and enter
human bodies through the food chain [4]. It is difficult to
remove heavy metal ions Ni and Cr from aquatic systems
because of their small, non-biodegradable, and highly stable
nature [5]. Potentially toxic elements, like Ni(m) and Cr(v), are
regarded to be the most hazardous type of pollutant [6].
Chromium (Cr) is applied in the textile and steel
industry, leather lashing, and coloring glass as catalysts,
anti-corrosives, and oxidizing agents [7]. Many isotopes
of chromium cause different biomedical complications.
The powder of Cr metal is a fire threat. All Cr(vi)-containing
chemical compounds are mutagenic, carcinogenic, and life-
threatening to all forms of biodiversity. Cr(vi) is highly toxic
due to its strong oxidizing nature. On entering the blood,
Cr(vr) causes serious damage to the blood cells, kidneys, and
liver, resulting in renal failure, liver failure, and hemolysis
[8]. Several allergenic effects of Cr have also been reported
in humans. Many species of living organisms require nickel
(Ni) in a trace amount [9]. Nickel-deficient food results in
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liver hepatic problems in rats and chicks. Enzymes and
microorganisms also require Ni for their normal func-
tioning. Along with biological applications, it is also used
in batteries, electroplating, anti-corrosives, and as a catalyst.
Its alloy tubing is used as a protective coat in the purification
of plants. Ni compounds are considered carcinogens in the
human body. Cigarette smoke and skin contact with jewelry
and scrubbing agents is a direct source of Ni intake by
humans. Ni causes bronchitis, lung cancer, lung fibrosis,
bronchoconstriction, and birth dermatitis [10].

Currently, membrane separation, chemical coagulation,
ion exchange, precipitation, activated sludge, flocculation,
and photodegradation are just a few of the purification
techniques used for heavy metal remediation [11]. The
removal of HMs from aqueous media can be accomplished
through conventional methods such as solvent adsorption,
extraction, membrane separation, chemical precipitation,
and ion exchange. Adsorption is a more effective technique
than others for degrading HMs from contaminated water
because of its high efficacy and cost-effectiveness [12].
Incorporating phyto-based green technology in the degra-
dation of HMs from polluted water offers several benefits.
Aquatic plants can serve as natural absorbers of other
pollutants and potentially toxic elements. The most eco-
nomical and effective method for removing impurities
from wastewater is to use aquatic plants [13]. In recent
times, aquatic plants have been widely utilized to remove
pollutants and HMs from water. Emergent aquatic plants
are efficient in amassing metals in their internal parts,
which leads to metal uptake by the plants [14]. However,
the use of plant-based green technology in HM remediation
is a time-consuming process. Therefore, the quick and easy
way to prepare plant-based materials for the effective
removal of HMs can be an alternative to save time.

Biochar serves as a biosorbent obtained through pyr-
olysis of a variety of biomass-based substances [15]. It is
obtained from biomass via multiple carbonization ways of
the biomass [16]. Biochar is also referred to as pyrogenic
black carbon-rich material and has desirable properties
such as high permeability, porosity, and a large surface
area. Aside from these characteristics, the different func-
tional groups make it a desirable choice for adsorbing
numerous HMs over the outermost layer, resulting in effi-
cient wastewater disposal [17]. Biochar is an economical
and eco-friendly approach and it can be applied for mul-
tiple purposes, like waste management, soil remediation,
greenhouse gas declination, plant growth, and production
of energy. Due to a large number of benefits in various
fields of life, biochar is often termed as “Black Gold” [18].
Biochar can be prepared from different sources. Among
them, plant biomass is extensively applied for biochar
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synthesis due to their environmental friendliness, econom-
ical nature, abundant natural constituents, and excellent
biosorption ability [19]. The synthesized adsorbent, derived
from Prosopis glandulosa sawdust (SD) and its biochar,
offers an environmentally friendly solution by utilizing
abundant, renewable biomass that would otherwise go to
waste. This approach not only reduces environmental
impact but also provides a cost-effective alternative to com-
mercially available adsorbents, minimizing the need for
expensive raw materials.

This work presents a comprehensive use of Prosopis
glandulosa raw SD and its derived biochar as effective, low-
cost adsorbents for the removal of potentially toxic ele-
ments Cr®" and Ni** from aqueous solutions. This study
begins with a detailed characterization of both adsorbents
using SEM, FTIR spectroscopy, EDX, and TGA to understand
their surface properties and structures. A series of batch
experiments were conducted to assess the optimal condi-
tions for metal adsorption, including pH, biosorbent con-
centration, temperature, and contact time. The adsorption
mechanisms were analyzed using adsorption isotherms
and kinetic models, with the results indicating that both
adsorbents followed pseudo-second-order kinetics and the
Freundlich isotherm model, suggesting multilayer adsorp-
tion on the heterogeneous surface of the biosorbents.
Thermodynamic analysis revealed that the adsorption pro-
cess is spontaneous and exothermic, further validating the
suitability of these biosorbents for environmental remedia-
tion. The study concludes that SD and active carbon (AC)
are promising, environmentally friendly alternatives for
the effective removal of Cr and Ni from contaminated
water, with potential for large-scale application in water
treatment.

The current study brings innovation by introducing
Prosopis glandulosa raw SD and its derived biochar as
cost-effective and environmentally friendly adsorbents for
removing the toxic heavy metals Cr®* and Ni** from con-
taminated water. Unlike conventional water treatment
methods, which often involve expensive and complex tech-
nologies, this study focuses on utilizing a low-cost, sustain-
able material that is widely available and can be easily
converted into biochar, enhancing its adsorption capacity.
The study employs thorough characterization techniques
and rigorous experimental analysis to determine optimal
conditions for the maximum removal of both metals. By
applying pseudo-second-order kinetics and Freundlich iso-
therm models, this study provides deeper insights into the
adsorption mechanism, revealing multilayer diffusion on
the adsorbent’s surface. Thermodynamic analysis further
confirms the process as spontaneous and exothermic, which
suggests its viability for large-scale applications. The
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problem statement centers around the need for efficient,
low-cost methods to treat water contaminated by Cr®* and
Ni**, which pose serious health risks. The objectives of the
study include evaluating the adsorption efficiency of SD and
AC, optimizing experimental conditions, and understanding
the adsorption dynamics. The prospects include scaling up
this method for industrial water treatment, exploring its
application to other toxic metals, and further enhancing
the biosorbent’s performance for broader environmental
remediation.

2 Materials and methods

2.1 Chemicals

For the examination of Ni() and Cr(vi) adsorption, nickel
sulfate hexahydrate [NiSO4(H,0)¢] 99%, potassium chro-
mate [K,Cr,04] 99%, HCl 35%, and H,SO, 98% were pur-
chased from Sigma-Aldrich, Germany, and utilized in the
experiment.

2.2 Collecting plant stem

The stem of the Prosopis glandulosa plant was sourced from
Hayatabad, Peshawar, Pakistan. To eliminate moisture, the
stem was air-dried for at least 4 days. The outer layer of the
dried stem was then peeled off to prevent any impurities
from contaminating the final sample. The peeled stem was
then chopped into small pieces, crushed, and sieved after
grinding to obtain a powder with an approximate size of
1 mm. The prepared material was stowed in airtight bottles,
with half designated for use as an adsorbent and the
remaining portion reserved as a precursor for the second
adsorbent.

2.3 Preparation of AC

An electric boiler with a N2 inlet and multiple gas outlets
was used to char approximately 100 g of SD. The furnace
temperature was first raised to 400°C at a rate of 10°C:min”%,
and the substance was carbonized for about an hour in an
inert nitrogen environment. The temperature was extended
to the desired activation temperature of 800°C; at that point,
a syringe pump delivered steam and N2. The furnace was
turned off after 1h of keeping the process isothermal.
Once at room temperature, the sample was cleaned
with 0.05M HCI to remove any ash from the substance. It
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was subsequently washed in distilled water. Following
washing, the rest of the mass was dried in a heated oven
at 105°C for 6 h, yielding biochar, which is also known as
activated carbon.

2.4 Characterization of adsorbents

The adsorbents, including the prepared AC and SD, were
characterized systematically via microscopic and spectro-
scopic techniques. The functional groups were assessed by
FTIR spectroscopy (PerkinElmer, Spectrum RX I), SEM (SEM,
JEOL JSM 6390) was performed for investigation of surface
morphology, EDX (Oxford Instruments, Concord, MA) was per-
formed to analyze the elemental composition, and thermal
properties were assessed using a TGA (Mettler, Toledo 851).

2.5 Batch experiment

Approximately 40 mL of heavy metal solutions with con-
centrations ranging from 20 to 200 mg-L™* was blended
with 0.08 g of SD and AC. The concentrations of these solu-
tions were determined using an atomic absorption spectro-
photometer (PerkinElmer USA-700 AAS). The adsorption
ability of Ni(m) and Cr(v), denoted as q; (mg-g™?), and the
percentage remediation (R%) were premeditated using the
following formula [20]:

4= G- x &

G-C
%R ==

i

% 100 2

where C; is the initial concentration of metals, C; is the
concentration of metals at the final stage, V is the whole
volume of the mixture, and M is the adsorbent mass.
Isotherm models are utilized to explain the adsorption
mechanism and the interactions between the metal and
adsorbent. Consequently, the adsorption statistics were
studied using the Freundlich and Langmuir models.

2.6 Biosorption kinetics

The kinetics of a reaction are critical in evaluating a batch
adsorption experiment because they provide data about
the sorption rate. As a result, data from multiple experi-
ments were analyzed to determine the kinetics of the
metals Ni(m) and Cr(vi) under consideration. Lindegren’s
pseudo-first-order model and pseudo-second-order kinetic
model were used to evaluate the kinetics data.
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2.7 Assessment of the effect of metal dosage

To assess the influence of Cr and Ni concentration on the
adsorption method, solutions with different amounts, including
10, 30, 50, 70, 90, 110, 130, 150, 170, and 190 ppm, were synthe-
sized. Under neutral conditions, 0.08 g of AC and SD adsorbents
were included to differentiate sets of all these effective solu-
tions. In order to optimize the interaction between the metal
and adsorbent surface, samples were stirred at 200 rpm for 2h
using an orbital shaker. Next, the solutions were filtered and
examined with an atomic absorption spectrophotometer.

2.8 Effect of adsorbent dose on metal
adsorption

A series of solutions with identical metal ion concentra-
tions were prepared, particularly 110 ppm for Cr(vn) and
130 ppm for Ni(m). Adsorbent quantities that varied from
0.02 to 0.2 g for each AC and SD were mixed with a parti-
cular metal-containing water solution individually, while
the remaining parameters remained constant. Before the
filtration process, the samples were shaken for 2h at
200 rpm to ensure that metal ions adhered to the adsorbent
completely. The obtained filtrate solutions were investi-
gated using an atomic absorption spectrophotometer, and
the results are presented graphically.

2.9 Time interaction effect

For optimal optimization of the interaction time, various
periods of shaking durations for contact between the adsor-
bate and adsorbent were selected, which varied from 10 to
150 min with 10-min intervals. This applies to every metal
ion aqueous solution while maintaining other factors con-
stant. Then, the samples were filtered, and the filtrate was
analyzed using an atomic absorption spectrophotometer.

2.10 Effect of pH on HM adsorption

To investigate the impact of pH under optimal conditions
for experiments, solutions containing 110 ppm Cr(vi) and
130 ppm Ni() were prepared. A pH value between 2 and 10
was chosen for adjustment. The pH of the solutions was
adjusted with H,SO, and NaOH. Adsorbent (0.08g) was
added to each solution individually and shaken at 150 rpm
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to ensure maximum interaction time. A spectrophotometer
with atomic absorption was used to analyze the filtrates
obtained after shaking.

2.11 Effect of temperature on HM adsorption

To investigate the effect of changing the heat content on
adsorption while keeping the other parameters constant,
temperature ranges from 25°C to 50°C were chosen, with
the remaining parameters adjusted.

3 Results and discussion

3.1 FTIR spectroscopy

Before the adsorption study, the prepared AC and SD were
assessed through FTIR spectroscopy to analyze multiple func-
tional groups. Different functional groups were observed both
in AC and SD, as shown in Figure 1a and b. FTIR spectroscopy
of SD showed different peaks at 3,332, 2,884, 1,736, 1,634, 1,232,
1,191, 1,031, and 513 cm ™. These peaks correspond to the pri-
mary amine, CH, bonding in the aliphatic compound, C=0
ester, C—C stretch alkenes, C-N stretch of amine, C-O-C due to
the presence of polysaccharides, P-O—C stretching, and C-C
stretching in the aromatic ring, respectively. These findings
are aligned with the work of previous researchers [21]. Simi-
larly, the FTIR spectra of AC revealed eight dominant peaks at
2,925, 2,157, 1,778, 1,591, 1,504, 1,094, 908, and 716 cm ™ [22]. The
peaks observed at 2,925 and 2,157 em™ confirm the presence of
CH and CH, aliphatic and Se—O bonds, respectively, while the
peaks at 1,778, 1,591, and 1,504 em™? are assigned to C=C
stretching, C=0 functional groups, and C-C stretching [23].
The peaks at 1,094, 908, and 716 cm™? correspond to C-N
bonding, symmetric C-0-C stretching, and P-O bonding [24].

3.2 SEM and EDX analysis

SEM was performed to understand the surface texture of
the adsorbents. Adsorbents with a higher porosity have a
larger surface area for adsorption. SEM images reveal that
the surface particles are dispersed irregularly, resulting in
a rough and porous texture, which makes it ideal for the
adsorption processes [25]. The SEM results of SD (Figure 2a
and b) and AC (2c and d) are presented in Figure 2. EDX was
performed to assess the elemental composition. The EDX
results confirmed the presence of calcium, potassium,
carbon, oxygen, chlorine, sulfur, and nitrogen in the
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Figure 1: FTIR spectra of SD (a) and AC (b) of Prosopis glandulosa stem.

adsorbent. The EDX spectra, along with the elemental com-
position of SD and AC, are shown in Figures 3 and 4. These
findings are consistent with the work of Singh et al. [26].

3.3 TGA

TGA was performed to assess the heat-bearing properties
and ranges of biomass [27]. TGA revealed that mass decreases

with increasing temperature. The earlier weight loss at an
initial temperature corresponds to the removal of water con-
tent in the particle surface [28]. This curve was produced
because of the loss of water (50-100°C), and weight loss
because of the removal of cellulose and hemicellulose
(200-400°C). It has been observed that SD has low thermal
stability in comparison to AC (Figure 5a and b). These
results confirmed the excellent thermal properties of
both SD biochar and AC.
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Figure 2: SEM images of SD (a and b) and AC (c and d).

3.4 Batch adsorption experiment

The adsorption experiments evaluated the optimal adsorp-
tion parameters under various experimental conditions.
In the current experiment setup, the effect of modifica-
tion in the pH of solution, dose of adsorbent, dose of adsor-
bate, and interaction time on the adsorption efficacy was
investigated.

3.4.1 Effect of metal dosage on absorption

The adsorption process was examined with solutions of
chromium and nickel metal ions at concentrations of 10,
30, 50, 70, 90, 110, 130, 150, 170, and 190 ppm. During this
process, 0.08 g of SD and AC adsorbents were added. In the
case of AC, the highest adsorption value for Cr(vi) was 110
ppm, and that for Ni(u) was 130 ppm at the C;. No further
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Figure 3: EDX spectra of SD.
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Figure 4: EDX spectra of AC.

increase was examined as all the active sites on the surface
of AC and SD were fully saturated, leaving no remaining
free sites for metal adsorption [29]. All these results are
depicted in Figure 6a and b.

3.4.2 Effect of adsorbent dose

The highest adsorption potential was obtained at 0.08 g of
adsorbents (AC and SD) against Cr(v) and Ni(m), as depicted
in Figure 7a and h. With further increase in the concentra-
tion of adsorbent, no increase was examined, indicating
that all the pores on the surface were entirely loaded,
having no further sites for the attachment of the metal

with the adsorbent [30]. Our results are aligned with a
previous study [31].

3.4.3 Effect of time of interaction

The effect of time of interaction on adsorption is crucial, as
it determines the extent to which adsorbates can adhere to
the surface [32]. To optimize the interaction time between
the adsorbent and the adsorbate, various shaking dura-
tions were tested, ranging from 10 to 150 min in 10-min
intervals. These tests were conducted on each metal ion
solution while maintaining all other parameters constant.
Maximum adsorption for Cr(vi) was reached at 50 min,
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Figure 5: TGA for SD (a) and AC (b).
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while that of Ni(i1) was at 70 min with AC. In contrast, SD
required a longer interaction time to achieve effective
adsorption. The whole results are depicted in Figure 8a
and b. With the passage of time, the surface sites on the
adsorbent are fully occupied by the metals, which cause a
reduction in the adsorption of Ni(r) and Cr(vi) [33].

3.4.4 Effect of pH

The pH of the solution plays a crucial role in the adsorption
process, as it influences the surface charge of the adsor-
bent and the ionization state of the adsorbate. At the pH
zero charge, where the adsorbent’s surface has no net

charge, the adsorption efficiency of metal ions can either
increase or decrease depending on the pH, as it affects both
electrostatic interactions and the availability of adsorption
sites [34]. The effect of pH on metal elimination is shown in
Figure 9. The absorption of metals was assessed at acidic
and alkaline pH. During pH optimization, the highest
adsorption of Cr(vi) was observed at pH 4, while for Ni(),
the optimal pH was also 4. This indicates that the adsor-
bent’s active sites were saturated with hydrogen ions,
leaving no available sites for the adsorbate to attach [35].
Additionally, at higher pH, the OH ions were precipitated,
which caused the reduction of the absorption capacity [36].
The presence of interfering ions can significantly affect the
adsorption capacity of biosorbents by competing with
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Figure 7: Effect of adsorbent concentration for the adsorption of Cr(vi) (a) and Ni(u) (b) on SD and AC.
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Figure 11: Pseudo-first-order kinetics for the adsorption of Cr® on SD (a) and AC (b).

target ions for active sites on the adsorbent surface, leading
to reduced efficiency. Understanding the effects of these ions
is crucial for optimizing the adsorption process, as they can
alter the adsorption rate and the overall effectiveness of the
treatment method.

3.4.5 Effect of temperature on adsorption efficiency

To assess the effect of varying heat content on adsorption
while keeping other parameters constant, temperatures from
25°C to 50°C were selected, with the remaining parameters
being optimized. Adsorption increased up to a certain
temperature increase but decreased after the optimum
limit as the biomass texture changed. With the increase

in temperature, the removal of Cr(vi) and Ni(n) improves
(Figure 10). The effect of temperature varies across different
metals, and each adsorbent’s attachment sites respond dif-
ferently to temperature fluctuations [37].

3.5 Adsorption kinetics studies

The kinetics of Cr(vi) and Ni() adsorption onto SD and AC
were studied. The quantity of metal adsorbed was moni-
tored over time for both Cr and Ni adsorption, as shown
in Figures 11a, b, and 12a, b, respectively. Adsorption
occurred quickly at first because there were more adsorp-
tion sites available. The process gradually slowed down until
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equilibrium was reached when the adsorbent’s active sites
were saturated. Two kinetic models were used to explore the
kinetic behavior of current adsorption: pseudo-first order and
pseudo-second order [38]. The pseudo-first-order model is
commonly used to describe the initial phase of the adsorption
under the assumption that the rate of solute uptake over time
is directly proportional to the change in saturation concentra-
tion and the quantity of solute adsorbed onto the solid.

Table 1 presents the pseudo-first-order parameters for
the adsorption of Cr(vi) onto both AC and SD and Table 2
provides these parameters for the adsorption of Ni(u). The
adsorption data are related to the pseudo-first-order model
using a straight-line equation, where the intercept and
slope are derived from plotting In (g — q¢) versus time (t)
and are used to calculate the values of ¢, and k;. A similar
pattern was examined for Ni and Cr removal previously
[39,40]. These data produce a straight line, demonstrating
that the pseudo-first-order model is the most appropriate
for describing the adsorption process:

In(q, - q,) = In(q,) - kit )

Pseudo-second-order kinetics is executed by the amount
of metal on the surface and the number of ions adsorbed at
equilibrium. Pseudo-second-order kinetics was calculated
using the following formula:

tlq, = 1/kyq, + 1/q(t) @)

where ¢, is the adsorption at time ¢, ¢. is the adsorption
capacity at equilibrium, and K, is the equilibrium rate
constant (gmg min).

The values of g, and k; are represented by the inter-
cept and slope, respectively, while the plot of ¢/q, is used to
assess the results over time. The R* values in Tables 3 and 4
indicate that both Cr(vi) and Ni(i) follow pseudo-second-
order for adsorption onto both AC and SD derived from the
stem of P. glandulosa. The pseudo-second-order data for
Cr(vi) are presented in Figure 13a and b, and those for Ni**
are presented in Figure 14a and b. The parameters for
pseudo-second-order kinetics for Cr(vi) adsorption onto
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Table 1: Pseudo-first-order data for Cr(vi) adsorption on AC and SD

DE GRUYTER

Table 2: Pseudo-first-order study for Ni() adsorption onto AC and SD

Metal Adsorbent Intercept Q. Slope K; R? Metal Adsorbent Intercept Q. Slope K; R?
Cré SD 2.57799 -0.0018 -0.11454 N2 SD 2.89182 -0.02255 0.59174
Biochar (AC) 2.51298 -0.00207 -0.11144 Biochar (AC) 3.2772 -0.0407 0.85609

both AC and SD are presented in Table 3, and those
for Ni** are presented in Table 4. The data of the
pseudo-second-order reaction are aligned with pre-
vious work [41].

3.6 Isotherm studies

The quantity of metal solution adsorbed onto an adsorbent
surface at constant pressure and temperature is graphically
represented. Isothermal studies are crucial for determining
the adsorption potential of AC and SD for understanding the

interaction between the adsorbent and adsorbate. The
Freundlich and Langmuir models were applied to determine
the isothermal parameters and to elucidate the observed
adsorption behavior.

3.6.1 Langmuir isotherm model

The Langmuir isotherm model is based on hypotheses that
are only applicable to monolayer adsorption [42]. The
adsorption sites on the surface of biomass are plane, and
there are no forces holding the adsorbed molecules onto
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Figure 13: The plot of pseudo-second-order adsorption for Cr® on SD (a) and AC (b).
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the surface. The Langmuir isotherm model was intended

using the following equation:

Table 3: Pseudo-second-order adsorption kinetics for Cr(vi) adsorption

Ce/q, = 1/qaxb + Ce/q .

- 13

where ¢ is the adsorption at equilibrium, Ce is the concentration

of the adsorbate left unabsorbed, b is the adsorption Langmuir

@)

constant, and G,y is the maximum efficacy of the adsorbent.

Ce/q. was plotted against Ce and b, and gy,ax Was calcu-
lated from the slope and intercept values for Cr®* (Figure 15)

Table 4: Pseudo-second-order study for adsorption of Ni(i) on AC

on AC and SD and SD

Metal Adsorbent Intercept Q. Slope K> R? Metal Adsorbent Intercept Q. R?

cré* SD 0.04369 0.02059 0.99002 Ni2* SD 0.1147 0.99676
Biochar (AC) 0.03314 0.01818 0.99218 Biochar (AC) 0.09493 0.99845
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and Ni* (Figure 16). The variables Ce, gy, and Kl were cal-
culated for Cr®" (Table 5) and Ni?* (Table 6).

3.6.2 Freundlich isotherm study

The Freundlich adsorption isotherm model describes adsorp-
tion as a multilayer procedure, where the energy of active
sites is distributed among various molecules that are already
adsorbed. It was calculated using the following formula:

Ing, = Inks + (I/n)In Ce (6)

Here, Ce represents the amount of the remaining
adsorbate in the solution (mgL™) at equilibrium, K; is
the adsorption constant that indicates the adsorption

DE GRUYTER

capacity in mg-g™,, and n is the adsorption intensity. The
slope of the plot is equal to 1/n, while the intercept corre-
sponds to K;. The values of n and K¢ are determined by
plotting In ¢q. versus In Ce for Cr(vi) and Ni(I), as shown
in Figures 17 and 18, and Table 7 (Cr®*) and Table 8 (Ni*").
The earlier analysis confirmed that the adsorption occurred
via dynamic multilayer adsorption [43].

3.7 Thermodynamical analysis of Ni(u) and
Cr(vi) adsorption

The Gibbs free energy (AG), entropy (AS), and enthalpy (AH)
values for the adsorption process were determined by
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Figure 15: Langmuir isotherm model for cré adsorption on SD (a) and AC (b).
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Figure 16: Langmuir adsorption model of Ni*2 via (a) AC and (b) SD.

thermodynamic studies. The following equation was used
to calculate the change in Gibbs free energy:

AG = AH - TAS (7

A positive AH indicates endothermic chemosorption,
which prefers higher temperatures, while a negative AH

Table 5: Langmuir adsorption isotherm parameters for Cr(vi) adsorption
on SD and AC

indicates exothermic physisorption, which favors lower
temperatures.

The van’t Hoff equation was applied to calculate the
standard enthalpy change (AH°) and standard entropy
change (AS°):

In k = AS/R - AH/RT ®

Table 6: Langmuir adsorption isotherm parameters for Ni() on AC
and SD

Metal Adsorbent Intercept Slope R? Metal Adsorbent Intercept Slope R?
Qmax (m9'9_1) b (L'm9_1) Qmax (mgg_1) b (L'mg_1)
cré SD 1.3747 -0.14977 -0.04108 Ni* SD 5.67027 -0.08255 -0.12043
Biochar (AC) 0.99601 -0.33945 -0.56584 Biochar (AC) 2.08725 -0.1334 —-0.02698
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Figure 17: Plot of the Freundlich model for adsorption of Cr(vi) on SD (a) and AC (b).

where R denotes the universal gas constant, and T repre-
sents the Kelvin temperature. AH° and AS° for Cr®* and Ni**
were calculated from In K vs 1/T plots, as shown in Figures 19
and 20, and their values are shown in Tables 9 and 10. The
negative AH® and positive AS°® values indicate that the process
is exothermic and spontaneous.

The negative value of AG for Cr®" metal in the table
indicates spontaneous adsorption, while the negative AH
value suggests exothermic physisorption at low tem-
peratures. Negative AG values for Ni** metal in the

table indicate spontaneous adsorption, while negative
AH values indicate exothermic physiosorption at low
temperatures.

Despite the promising results observed in this study,
there are several potential limitations that should be
addressed in future research. The effectiveness of SD and
AC at lower metal concentrations or in the presence of other
competing contaminants need to be explored. Furthermore,
while the batch experiments provided insights into adsorp-
tion kinetics and isotherms, the long-term stability,
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Figure 18: Freundlich model for adsorption of Ni(n) on SD (a) and AC (b).

Table 7: Freundlich isotherm parameters for Cr*® adsorption on SD
and AC

Table 8: Freundlich isotherm parameters for Ni** adsorption onto SD
and AC

Metal  Adsorbent Intercept k¢  Slope 1/n  R? Metal Adsorbent Intercept k¢ Slope 1/n R
a® SD -0.32593 0.9532 078183=08  Ni** SD 0 1 1
Biochar (AC)  0.37364 0.74257 0.69289 = 0.7 Biochar (AC) -2.44359 117625 0.91828

regeneration potential, and reuse of the biosorbents were
not investigated, which are critical factors for evaluating
their practical applicability in large-scale water treatment
systems. Finally, although the thermodynamic results sug-
gest that the adsorption process is spontaneous and

exothermic, scaling this process to real-world applications
and assessing its economic feasibility are additional chal-
lenges that need to be explored.

Based on the findings of this study, it is essential for
policymakers to promote the use of sustainable and cost-



18 — Syed Muhammad Salman et al.

DE GRUYTER

10 ——
os8s ;
06
0.4

o2

In(qe/Ce)

(o e}

02

-0.4

06

V=3 +ox
niceCe)

No Weigntng
307359 = £59266
-2430178822 141075017
Resioual Sum of Souams

Pearsons r
RSaquare COD;
Ao} R-Scuam 032968

T T
0.0030 0.0031 0.0032

T T T
0.0033 0.0034 0.0035

1/T (K)

In(qe/Ce)

0.0

-02

0.4

061108

T T
0.0030 0.0031 0.0032

T T T
0.0033 0.0034 0.0035

1/T(K)

Figure 19: Thermodynamic investigation of Cr(v) adsorption on SD (a) and AC (b).

effective water treatment methods, particularly in regions
affected by heavy metal contamination. The successful
application of Prosopis glandulosa raw SD and its derived
biochar as adsorbents suggests a need for policies that encou-
rage the development and implementation of low-cost, envir-
onmentally friendly technologies for water purification.
Governments should consider supporting research into the
scalability and regeneration of such biosorbents to ensure
their long-term applicability. Additionally, policies could
incentivize the use of natural, renewable materials like SD
and biochar in water treatment industries to reduce depen-
dency on harmful chemical treatments. Public/private part-
nerships could also be fostered to scale up the use of these
materials in real-world water treatment systems, especially
in communities facing critical issues with heavy metal con-
tamination. Finally, regulatory frameworks should be estab-
lished to ensure the safe disposal or reuse of biosorbents
after their application, minimizing potential environmental
impact and promoting a circular economy approach in
water treatment practices.

4 Conclusion

The present study demonstrated the effective removal of
potentially toxic elements, Cr(vi) and Ni(u), from aqueous
solutions using Prosopis glandulosa raw SD and its derived
biochar as adsorbents. The characterization of both mate-
rials confirmed their suitability for metal adsorption, and
the batch experiments provided optimal conditions for
maximum metal removal. The adsorption of Cr(vi) and
Ni(n) was found to follow pseudo-second-order Kinetics
and the Freundlich adsorption isotherm model, indicating
multilayer adsorption on the heterogeneous surface of the
biosorbents. Thermodynamic analysis revealed that the
adsorption process is spontaneous, exothermic, and there-
fore, favorable for practical applications in water treatment.
The findings suggest that both SD and AC are highly effec-
tive, cost-efficient, and environmentally friendly materials
for the removal of Cr(vi) and Ni(u) from contaminated water,
offering a promising alternative for water purification tech-
nologies. A novel insight of this study is the identification of
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Figure 20: Thermodynamic investigation of Ni(n) on SD (a) and AC (b).

Table 9: Thermodynamic parameters for Cr®* adsorption on SD and AC prepared from Prosopis glandulosa stem
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Metal Adsorbent Intercept AS (J-mol K ™") Slope AH (J-mol™) AG (J-mol™) R?
288 K 298 K 308 K 318K 328K
cré SD 8.073 -2,430.2 -475 -484 -492 -499 -508 -0.329
Biochar (AC) 10.15 -2.993 -293 -303 =313 -323 -333 -0.611
Table 10: Thermodynamic parameters for Ni*? adsorption on SD and AC prepared from Prosopis glandulosa stem
Metal  Adsorbent Intercept AS (J-mol™K™")  Slope AH (J-mol™) AG (J-mol™) R
288K 298 K 308 K 318K 328K
N2 SD 15.92 -4,886 =507 -523 -539 -555 -570 0.667
Biochar (AC) 12.96 -3,842 =757 =770 -783 -796 -809 0.575
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SD and AC as highly effective, sustainable, and low-cost
materials for water remediation, providing a viable alterna-
tive to conventional methods for removing potentially toxic
elements from water.
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