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Adsorption of chromium ions using two types of aqueous biochar
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Publishe d 3 0’ 0 6’ 2026 from a variety of biomass sources, such as Pomegranate husks (Po--Biochar) and

4 T animal waste (An--Biochar), and assesses how well these methods remove Cr(VI)
from aqueous solutions. FTIR, FE-SEM, and BET were used to describe the
biochar samples. The effects of pH, contact duration, Cr(VI) concentration, and
Keywords: biochar dose were evaluated using adsorption studies. According to the data, An-
Biochar exhibited the maximum adsorption capacity. The adsorption process also
followed pseudo-second-order kinetics, and the Freundlich isotherm was found
to be the best one that can describe the adsorption of chromium ions Cr(VI) over
Po-Biochar and An-Biochar samples, compared with the Langmuir isotherm, all
of which were noted from the correlation coefficients values R2.

Article Information Abstract

Biochar
Adsorption
Chromium ions Cr(VI)

® Copyright: © 2026 The Author(s). This work is licensed under a Creative Commons Attribution 4.0International License.
@ With the license CC-BY, authors retain the copyright, allowing anyone to download, reuse, re-print, modify, distribute, and/or

B copy their contribution. The work must be properly attributed to its author.

Corresponding Author: Corresponding Author: Safa A.Yassin, General Directorate for Education of Diyala.
E-mail safaahmed072@gmail.com

1. INTRODUCTION

The primary sources of chromium (Cr (VI)) contaminants in the environment are wastewater and industrial
effluents. Cr (VI) contamination has emerged as one of the most significant environmental issues worldwide
because of its lengthy environmental persistence and extremely lethal nature to living things [1]. Cr (VI) is one of
the most prevalent environmental pollutants and is extremely harmful due to its extensive industrial use. Because
Cr (V]) is often non-biodegradable, it pollutes the soil and water, remains in the environment for a long time, and
poses serious health hazards to both people and wildlife. The hexavalent form of Cr is mutagenic, genotoxic, and
carcinogenic. The present physicochemical methods for removing Cr (VI) are not eco-friendly and require a large
number of chemicals [2,3]. Chromium poses significant threats to ecosystems and human health because of its
high mobility and bioaccumulation capacity. Biochar, produced via biomass pyrolysis, has emerged as a promising
low-cost adsorbent for heavy metal removal [4].

The physicochemical characteristics of the end product, the pyrolysis conditions, and the type of biomass
feedstock affect its adsorption effectiveness [5,6]. The intended usage and ultimate effects of biochar’s can be
directly controlled by their structural and physicochemical characteristics [7]. Heavy metal pollution such as that
caused by Cd, Hg, Pb, Cu, Ni, Zn, As, and Cr—has become a major problem worldwide.- Adsorption processes
are one of the most well-known remediation techniques due to their affordability, ease of use, and environmental
sustainability. Biochar has attracted a lot of attention in this area because of its intriguing adsorption capabilities
[8,9]. The neurological system, some organs with detoxifying roles, and the functioning of enzymes can all be
seriously harmed by prolonged exposure to heavy metal ions. Therefore, drinking water tainted with heavy metals
can directly harm human health [10,11]. This study examines the synthesis of biochar from various sources, along
with its potential for eliminating Cr(VI) ions from aquatic environments.
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2. METHOD

We purchased sodium dichromate dihydrate (Na:Cr.0-,*2H20) from Sigma Aldrich. Animal manure and
pomegranate husks were acquired from an Iraqi farm. An FTIR-type SHIMADZU spectrometer from Japan was
used to record FTIR spectra. A BET Quantachrome Noval000e (Germany) was used to quantify the surface area.
Biochar was produced using a BINDER oven (Hotline International, 20-360, Germany). A pH meter on the Sigma
-BP3001 (Germany) was used to measure the acidity of the product, and a field emission-scanning electron
microscopy (FE-SEM) on the ZEISS model: Sigma VP was used to assess the morphology of the product.

a. Biomass Feedstocks
Pomegranate husks and animal waste were the two-biomass types chosen as the raw materials for biochar
manufacturing, Figure 1.

Figure 1. Biomass feedstocks of (A) Pomegranate husks (Po-biochar) and (B) animal waste (An-biochar)
b. Biochar Production
Slow pyrolysis was used to create the biochar in a furnace at 700°C for 5 h with little oxygen. After being
crushed and sieved to a particle size of less than 1 mm, the resultant biochar was stored in airtight containers for
later use, Figure 2.

Figure 2. Biochar production of (A) Pomegranate husks (Po-biochar) and (B) animal waste (An-biochar)

The following acronyms were used to identify the various forms of biochar: Pomegranate husks (Po-
biochar) and animal waste (An-biochar).
c. pH Measurements
The pH of the leachate produced in the manner outlined below has been tested. Before the measurement, biochar
was placed in a 100 mL test tube, well mixed with deionized water (DIW) at a 1:20 ratio (0.5 g biochar:10 ml
DIW), shaken for 30 min at 40°C, and left to stand for 40 min. A pH meter (Mettler Toledo, USA) was used to
measure the pH.

d. BET (Brunauer-Emmett-Teller) Surface Area
The Brunauer-Emmett-Teller (BET) technique was used to determine the surface area, average pore volume,
and average pore diameter of the prepared biochar, while nitrogen (N») was adsorbed at 77 K. The TriStar II Plus
analyzer (Micromeritics, USA) was used to perform the analysis in the Tehran University/College of Science. The
nitrogen gas adsorption and desorption volumes at various relative pressures serve as the foundation for this
technique.
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e. Biomass Pyrolysis

For 5 h, biochar was pyrolyzed in a furnace with a regulated heating rate of 20°C per minute and a restricted
oxygen atmosphere at 700°C. Each biochar was made from ~100 g of biomass, and the yield was determined using
Equation [1,12].

wf
Biochar yield (%) = mxlOO (D
Where W= mass (g) after pyrolysis and W; = mass (g) before pyrolysis.

3. RESULTS AND DISCUSSION

3.1. To identify functional groups on the biochar surface, Fourier transform IR spectroscopy (FTIR).

Figure 3 shows the FTIR spectra of biochar’s made from pomegranate husks (Po-Biochar) and animal
manure (An-Biochar) at a pyrolysis temperature of 700 °C are displayed in Figure 3. As anticipated, notable
alterations were observed in the chemical and structural contents of biochar when different biochar sources were
used. The FTIR approach might be used to properly track these changes. Band allocations for biochar’s have been
thoroughly examined from various sources [13]. Several characteristic bands, such as those at 3452 cm™! and 3425
cm™! (O-H stretching vibrations of hydrogen bonded hydroxyl groups), 2997 cm™! and 2970 cm™ (asymmetric and
symmetric C-H stretching vibrations for aliphatic groups), 1797 cm™! (carboxyl C=0 stretching mode), and 1053
cm-1 (symmetric C-O stretching), decreased when using different biochar sources in addition to the previously
noted results. Several bands have become more intense in this biochar source, such as the aromatic C-H
deformation modes at 875 cm™ and 713 ¢cm™!, the aromatic C=C and C=0 stretching modes of conjugated ketones
and quinones at 1431 cm™ and 1458 cm™!, and the aromatic C-C stretching vibrations in the aromatic ring at 1408
cm! and 1403 cm’'.
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Figure 3. FTIR spectra of Po-biochar and An-biochar

The surface morphology and porosity of the produced biochar were determined using field emission-
scanning electron microscope (FE-SEM) techniques. The FE-SEM images of the two biochar materials. Po-
Biochar and An-Biochar, are displayed in Figures 4 (a) and (b). The biochar materials flake-like shape and size
variation in the micrometer range are evident from the Po-Biochar FE-SEM image. The Po-Biochar sample did
not show any hollow structures because the pomegranate husks were sintered at 700 °C and became more
amorphous in nature. Figure 4 (b) shows the FE-SEM image of An-Biochar, which clearly shows the hollow
structures which are in pm sizes.
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Figure 4. FE-SEM images of (a) Pomegranate husks (Po-Biochar) and (b) animal waste (An-Biochar).

3.2. The Brunauer—-Emmett-Teller (BET)

BET analysis was used to determine the surface area and pore volume. Figure 5 (a and b) displays the BET
specific surface area isotherms of the modified biochar materials (Po-Biochar and An-Biochar). The isotherm was
attributed to the type IV form and the H»-type hysteresis loop. The specific surface areas of Po- and An-biochar’s
were 49.58 and 63.81 m? g'!, respectively. Figures 5(c) and (d) show the pore distribution curve obtained using
the Barrett—Joyner—Halenda (BJH) approach. Po-Biochar and An-Biochar have pore diameters of 17.52 and 26.38
nm, respectively. According to the results, the produced An-Biochar materials have a mesoporous surface with a
high specific surface area. Furthermore, based on the adsorption isotherm data, the total pore volume was estimated
to be approximately 0.54 cm?® g for Po-biochar and 0.53 cm® g' for An-biochar, indicating very similar pore
volumes for both materials. The pore size distribution curves reveal that Po-biochar exhibits a broader distribution
ranging from approximately 10 to 80 nm with a dominant peak around 20-25 nm, while An-biochar shows a
relatively narrower distribution between 10 and 60 nm with a main peak around 18-22 nm. These findings confirm
that both materials possess a mesoporous structure, with Po-biochar having a wider pore distribution and An-
biochar exhibiting a more uniform pore structure, which may contribute to the differences in adsorption behavior.
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Figure 5. Nitrogen adsorption—desorption isotherms of (a) Po-biochar and (b) An-biochar. BJH adsorption pore size distribution
curves of (c) Po-biochar and (d) An-biochar.
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3.3. Adsorption studies
3.3.1 Comparison of An- and Po-Biochars

Figure 6 (a - ¢) shows the comparison findings for the adsorption of Cr(VI) chromium ions for both Po-
and An-biochar. Figure 6(a - c) shows that the An- Biochar sample effectively absorbed chromium. This variation
in the sorption capacity of chromium ions Cr(VI) on various biochar’s might be caused by a number of factors,
including variations in the molecular weight and chemical structure of each species. In contrast to the Po- Biochar
materials figure 6(a - ¢) , the An-biochar materials effectively adsorbed the Cr(VI) ions. The difference between
the initial (Ci) and equilibrium (Ce) concentrations of liquid Cr(VI) following filtration was used to calculate the
removal efficiency of Cr(VI) onto the produced Po- and An-biochar. The following formulas were used to
determine the adsorption capacity and chromium ion Cr(VI) removal efficiency of biochar [ 14]:

Removal (%) = Ci;_cex 100 2
__(ci-Ce)v
qe =— — 3

where W is the weight of the adsorbent in grams (g), v is the volume of the Cr(VI) ion solution (L), and Ci and Ce
are the initial and equilibrium concentrations of Cr(VI) chromium ions, respectively; Ce is the concentration of
Cr(VI) chromium ions, and ge is the equilibrium adsorption capacity.

3.3.1.  Effect of the contact time

The effect of contact time on the efficiency of the removal of Cr (VI) ions by Po-Biochar and An-Biochar
was investigated at different time intervals up to 300 min. Figure 6 (a) demonstrates that the adsorption of Cr(VI)
ions rose quickly within the first 20 min, and the removal efficiency approached 50%. Subsequently, the adsorption
rate steadily dropped until equilibrium was reached, which took approximately 160 min, with maximum removal
efficiencies of 91% and 86% for An- and Po-biochar, respectively. The equilibrium period of both adsorbates was
160 min; however, An-Biochar had a distinct Cr(VI) ion adsorption pattern in contrast to Po-Biochar. Within 20
min, 20% of the Cr(VI) ions were quickly eliminated, as shown in Figure 6(a). Subsequently, the adsorption rate
decreased until it reached equilibrium at a maximum removal effectiveness of 91%, which took approximately
160 min. The comparatively quick adsorption of Cr(VI) ions onto the An-Biochar materials was most likely caused
by the high attraction of the pollutants to a large number of binding sites that originated from the surface of the
materials. Because the accessible binding sites on the An-Biochar surface were occupied, the adsorption was
slower than in the early stages. The findings indicated that the equilibrium time for both pollutants was
approximately 160 min.

3.3.2.  Effect of the pH

Considering other factors during the adsorption process, the initial pH of the aqueous medium is
particularly important because the characteristics of both the adsorbent and the adsorbate can be affected. Figure
6 (b) illustrates how pH affects the adsorption of Cr (VI) ions onto the Po- and An-biochar adsorbents. The
adsorption of Cr(VI) ions was superior at acidic pH as opposed to basic pH, as shown in Figure 6(b). The ability
of the Po-Biochar adsorbent to remove Cr(VI) ions dropped steadily from 10% to 80% when the pH rose from 2.0
to 10. The adsorption of Cr(VI) ions onto the produced An-Biochar adsorbents is depicted in Figure 6(b). The
removal effectiveness diminished with increasing pH but was greater at an acidic pH of 2.0. The protonation of
the modified charcoal adsorbent is sufficiently weak to provide electrostatic repulsion between the negatively
charged ions and the surface of the produced adsorbent at pH values greater than 6.0. The primary form for
removing Cr(VI) ions from the aqueous solution is HCrO,~, which is more prevalent at low pH values between
2.0 and 6.0. Accordingly, the clearance efficiency was better at lower pH values than at higher pH values.
Therefore, at a pH of 2.0, the An-Biochar adsorbents showed the highest removal efficiency of Cr(VI) ions. Thus,
a pH of 2.0 was used during the investigation.
3.3.3.  Effect of the adsorbent dosage

The sorbent dose is another important parameter because it addresses the adsorbent—adsorbate interaction
and illustrates the system’s equilibrium. Figure 6 (c) shows the percentages of Cr(VI) ions removed in response to
varying adsorbent dosages ranging from 1 to 3.0 g L™'. The figure illustrates how increasing the biochar dose
improved the removal efficiency of Cr(VI) ions. Because more binding sites are available for pollutant adsorption,
removal effectiveness increases with increasing adsorbent dosage. However, both pollutants achieved the
saturation point at a specific dosage of 3 g L™"). Thus, the optimum removal efficiency of Cr(VI) was obtained at
3.0 g L of the adsorbents, reaching 87.2% for An-biochar and 82.5% for Po-biochar, with corresponding
experimental adsorption capacities (qe, exp) of 21.5 mg g™ and 22.8 mg g, respectively.
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Figure 6. Adsorption study factors: (a) contact time, (b) pH, and (c) adsorbent dosage

3.4. Adsorption isotherms and kinetics of adsorption
3.4.1. Adsorption kinetics

The gathered data were fitted to pseudo-first-order and pseudo-second-order models to investigate the
kinetic processes. Table 1 and Figure 7 show the kinetic models, their linear forms in equations (4) and (5), and
the plot types employed to determine the kinetic parameters of each model. Here, ge (mg g!) is the adsorption
capacity at equilibrium, qt (mg g™") is the quantity of Cr(VI) ions adsorbed after time t (min), and k; is the pseudo-
first-order rate constant (min™"). Pseudo-second-order model, where ge (mg g!) is the adsorption capacity at
equilibrium, qt (mg g™!) is the quantity of Cr(VI) ions adsorbed after time t (min), and k; is the pseudo-second-
order rate constant (g mg 'min").

Table 1. Physical characteristics of Po- and An-Biochars

qCcal) q€(exp) R2

Sample Linearized equation k (mg/g) (mg/g)

In (gqe_-qt) = Inge_-kit (4)
PSO t/qt= 1/kaqe? + t/qe (5) kFOOOiZj?, gmg” 23.42 22.8 0.8939
PFO In (qe_-qt) = Inge_-kit (4) ki=0.0509 min* 12.69 21.5 0.8099
PSO t/qt= 1/kaqe? + t/qe (5) kzzo.oori(i)sz gmg” 22.03 215 0.9550

Table 1 presents the calculated kinetic parameters for Cr(VI) adsorption onto Po- and An-biochar. The
pseudo-second-order model exhibited higher correlation coefficients (R* = 0.8939 and 0.9550) than those of the
pseudo-first-order model (R? = 0.7646 and 0.8099). In addition, the calculated equilibrium adsorption capacities
(qeca) obtained from the pseudo-second-order model were closer to the experimental values than those obtained
from the pseudo-first-order model. These findings indicate that the pseudo-second-order model can better describe
the adsorption kinetics, demonstrating that chemisorption is likely the rate-controlling mechanism in the adsorption
process.

ki=0.0540 min™"
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Figure 7.Pseudo-second-order and pseudo-first-order plots for Cr(VI) ions on Po- and An-biochars

3.5. Adsorption isotherm

Two-parameter (Langmuir and Freundlich) isotherm models were employed as adsorption isotherm models

(Figure 8). The following linear forms of each model were employed in the adsorption isotherm models [15]:

Ce/ qe = (Ce/qe) + 1/KL*qm [6] Linear Langmuir

Log (gqe) =Log Kr + 1/n Log Ce (7) Linear Freundlich

Langmuir i1sotherm
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Figure 8. Langmuir and Freundlich isotherm model of Cr(VI) removal by Po- and An-biochar solvents at 298K
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4. Conclusion

This study successfully demonstrated the synthesis of biochar via slow pyrolysis at 700 °C using two distinct
local biomass feedstocks: pomegranate husks (Po-Biochar) and animal waste (An-Biochar). Textural
characterization revealed that both materials possess a mesoporous structure; however, An-Biochar exhibited a
higher BET specific surface area (63.81 m?g™!) and a larger average pore diameter (26.38 nm) than Po-Biochar
(49.58 m?g’! and 17.52 nm, respectively), which correlates perfectly with the prominent hollow micro-sized
structures observed in its FE-SEM morphology. The adsorption performance of hexavalent chromium Cr(VI) ions
was found to be strongly pH-dependent, with both adsorbents achieving optimum removal efficiency under an
acidic condition of pH 2.0 due to the prevalence of the HCrO4 species and favorable electrostatic attraction on the
protonated surfaces. Kinetic modeling indicated that the adsorption processes follow the pseudo-second-order
model (R? = 0.9550 for An-Biochar and 0.8939 for Po-Biochar), where the calculated equilibrium adsorption
capacities (qe, cal) of 22.03 mg g! for An-Biochar and 23.42 mg g'for Po-Biochar were in excellent agreement
with the experimental values (qe, exp), confirming chemisorption as the rate-controlling mechanism. Furthermore,
the Freundlich model fitted the equilibrium isotherm data significantly better than the Langmuir model, proving
that a multi-layer adsorption process occurs over heterogeneous surface binding sites. Under optimum operating
parameters (initial concentration of 50 mg L' and adsorbent dosage of 3.0 g L"), An-Biochar demonstrated a
superior overall performance over Po-Biochar by achieving a maximum removal efficiency of 87.2% compared
to 82.5% for Po-Biochar, highlighting its potential as a highly effective and ecologically sustainable bio-adsorbent.
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