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ABSTRACT: In this study, we prepared novel mosambi peel biochar (M-BC) and KOH-based
engineered mosambi peel biochar (KOH-M-BC) and used for the removal of hexavalent chromium
(Cr(VI)) from water. Successful modification with KOH showed the highest Cr(VI) sorption at pH 4
(118.7 mg/g (98.5%)) on KOH-M-BC compared to M-BC (108.6 mg/g (90%)). The experiments
related to effect of other major sorption parameters suggested that the maximum sorption was observed
at 120 mg/L initial Cr(VI) concentration, 0.9 g/L sorbent dose and 4 hour contact time. The Langmuir
(R?=0.98) isotherm model provided the best fitted data for both sorbents, notably for KOH-M-BC
indicating the monolayer sorption. The pseudo-second-order model (R?=0.99) well-described the
kinetics of Cr(VI1) sorption on both sorbents. The FTIR results shows that the surface functional
groups such as OH, C=0 and COO- contributed to Cr(VI) sequestration by the both biochars. The
SEM images showed the porous surface of KOH-M-BC which provided numerous sites for Cr(VI)
attachment on biochar. The presence of Cr(VI) onto biochar after adsorption was also confirmed by
XPS analysis. This findings of this research highlighted the importance of surface modification with

alkali (KOH) and a potentially viable, green and cost-effective sorbent for Cr(\VI removal from water.
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INTRODUCTION
Rapid industrialization, urbanization,

environmental contamination and ecological factors are
some key issues that lead to the expansion of many
human health problems. Chromium (Cr) is directly
discharged to water sources from industries (Leather
tanning, textile) that are allocated to humans for drinking
thereby causing serious consideration for scientists (Din
et al., 2021; Ai et al., 2023). Hexavalent chromium
Cr(VI) is an inorganic form of Cr which is highly
hazardous for humans because it is highly soluble,
teratogenic, mobile and carcinogenic in nature (Scharf et
al., 2014; Ai et al., 2023). Therefore, finding reliable and
green strategies for the sorption of Cr(\VI) has become an
essential requirement to protect people from Cr(VI)

poisoning.
Various removal technologies such as ion
exchange, electrochemical precipitation, reduction

method, cementation, evaporation, solvent extraction,
membrane separation, ultrafiltration, electro-dialysis and
biosorption are used for Cr(VI) containing water
treatment (Park et al., 2008; Basu et al., 2014; Peng and
Guo, 2020). However, these treatment technologies are
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expensive, require energy, laborious and not efficient for
smaller concentrations. Biochar (BC) is carbonaceous
material with a high surface area, large pore size, and
easily available low-cost biomaterial with high surface
functional groups (Masood ul Hasan et al., 2022).
Although, BC is an attractive and effective material for
the adsorption of heavy metals but organic debris,
indigenous inorganics and the presence of impurities
decrease the efficiency. A post-treatment of BC is
considered as an effective way to increase the sorption
capacity. Typically chemical and physical methods not
only increase the pore size but also significantly improve
the surface area of BC. However, low yield, chemical
cost and weight loss decrease the economic feasibility of
BC. Therefore surface modification is considered as most
effective technique than harsh surface activation.

Surface modification is simple post-engineering
method which showed high sorption capacity for heavy
metals removal than activation. For example surface
modification with oxidizing agents (e.g Fe(NOs), air,
HNO; and H,0,) is a typical modification method which
showed increased sorption from 1.04 mg/g to 22.82 mg/g
for lead (Pb) by using H,0, as oxidizing agent on raw BC
surface (Xue et al., 2012). Metal salt soaking, alkali and
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acid modification is another rising method for pollutant
removal from water. Regmi et al., (2012) stated that BC
treated with high alkali (2N) showed maximum removal
for copper (34 mg/g) and cadmium (31 mg/g),
respectively. However, some disadvantages are also
reported related to this method such as weight loss and
high consumption of chemicals for BC maodification.
Therefore, economically feasible and high performance
based BC for sorption processes is a need of the time.

To the best our knowledge, no study is directed
to evaluate the influence of novel mosambi peel biocahr
(M-BC) and alkali based-KOH engineered mosambi peel
biocahr (KOH-M-BC) for Cr(VI) removal from water.
This is important because surface modification with
alkali is simple and possible substitute of harsh surface
activation process that could provide various functional
groups during sorption of Cr(VI) by BC. In the current
study, newly prepared M-BC and KOH-M-BC were
compared for Cr(VI) removal from water under varying
environmental conditions. In addition, isotherm and
kinetic modeling as well as SEM-EDS, FTIR and XPS
analyses were performed to evaluate the Cr(VI) sorption
mechanism and to analyze the surface properties of
biochars.

MATERIALS AND METHODS

Reagents and chemicals: All the chemicals which were
used in this experiment including: potassium dichromate
(K5Cr,07), nitric acid (HNO3), potassium hydroxide
(KOH), hydrochloric acid (HCL) and sodium hydroxide
(NaOH) were of analytical grade. Distilled water (DW)
was used in the preparation of Cr(VI) stock and working
solutions by dissolving appropriate amount K,Cr,0O,.
Nitric acid (HNO3) (2%) was used to wash plasticware
and glassware prior to use for experimental purpose.
Solution pH was maintained by using 0.1 M HCI and
NaOH.

Preparation of sorbent

Mosambi peel biochar: Mosambi peel biomass (organic
waste) was collected from local market in Faisalabad
(Pakistan), sun-dried, oven-dried, grounded and sieved by
using 2 mm mesh sieve. Mosambi peel biochar (M-BC)
was prepared under strictly anoxic condition at 550 ‘C in
a muffle furnace.

KOH engineered mosambi biochar: The M-BC is used
to synthesis KOH engineered mosambi peel biocahr
(KOH-M-BC). Briefly, 28.05 g of KOH, 15 g of M-BC
was dissolved in 25 ml of DW followed by slow stirring
for 2 h at room temperature. Upper layer was removed
and then the slurry type material followed continuous
stirring and oven dried for 24 h at 40 "C. This newly
prepared material (KOH-M-BC) was stored for further
experiments.
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Batch sorption: All the batch sorption experiments were
conducted using 50 mL polyvinyl reaction tubes
(20+2°C) with 0.1 M NaCl as background electrolyte and
2 h equilibrium time calculated from kinetic batch study
(see below).

Influence of pH (3-8), initial Cr concentration
(5-200 mg/L), contact time (1min—4 h) and competing
ions (SO42- and PO,%") were examined for Cr(VI)
removal from water by M-BC and KOH-M-BC
sorbents. Kinetic study was performed at different time
interval (0.016 to 24h) to determine the effect of contact
time on Cr(VI) sorption at optimum pH. The suspension
pH was adjusted with 0.01 M HCI and NaOH for all
sorption experiments. The optimum sorbent dose of 0.9
g/L was used to check the optimum initial Cr
concentration required for all sorption experiment.

In all sorption experiments, solution was
subjected to end-to-end agitation for 2 h followed by
centrifugation at 4000 rmp for further process. The
supernatant solution was separated with 0.45 pum syringe
filter and stored at stored at 4 "C for total Cr analysis by
atomic absorption spectrometer (Perkin Elmer AAnalyst
800, USA)

The % removal of Cr was calculated by following the
equation (Eq. 1)
Co —Ce

% Cr removal = x 100 (1)

0
Where C,, stands for initial Cr concentration, C, stand for
the final Cr value in the solution. While sorption capacity
(ge) of Cr is calculated by (Eq. 2)
(Co—Ce)V
o= @
Where, m stands for BC weight (g), V is the volume of
solution (L), C, and C, are mentioned above (Eg. 1)

Sorption isotherm and kinetic modeling: Isotherm
models (Langmuir, and Freundlich) were applied using
Cr(VI) sorption studies data. Rate of sorption was
evaluated by using Cr(VI) sorption on both sorbents
using pseudo-first and second-order models (Prasad et
al., 2012).

Quality control and assurance for Cr(VI) analysis:
The quality of total Cr analysis was examined by running
blank reagents (no sorbents and no Cr(VI)). After every
10 samples, known (reference) Cr concentration samples
was analyzed for analytic assurance. The 2.5% residual
deviation (RSD) was used for Cr analysis.

RESULTS AND DISCUSSION

Influence of pH: Chemical state of Cr(VI) was affected
by aqueous media pH. This is determined by the
functional groups present on adsorption sites and
different charges on prepared sorbents surfaces
(Alghamdi et al., 2023). Therefore influence of pH (3-8)
in batch sorption was determined for Cr(VI) sorption.
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Figure 1a,b showed the sorption capacity of M—-BC and
KOH-M-BC sorbents. Results show that Cr(V1) sorption
is a pH dependent as pH increases from 4 to 8, sorption
of Cr(VI) gradually decreases.

Among our sorbents, maximum Cr(VI) sorption
was achieved at pH 4 that is 118.7 mg/g (98.5%)
followed by 112.7 mg/g, 105.6 mg/g, 104.6 mg/g, 101.1
mg/g at pH 5, 6, 7 and 8, respectively, by KOH-M-BC.
In contrast M-BC also show maximum Cr(V1) sorption at
pH 4 that was 108.6 mg/g (90%) followed by 105.1 mg/g,
103.1 mg/g, 99.6 mg/g, 94.12 mg/g at pH 5, 6, 7 and 8,
respectively.

This high sorption at low pH (4) could possibly
be due to easy protonation and attraction of negative
charges of Cr species, as Cr(VI) present in different
stable form such as Cr,0,%, HCrO, at < pH 6 and CrO,?
at pH> 6 (Zhao et al., 2017). Another possible reason is
competition between Cr(VI) species and negatively
charged —OH ions (from biochar) for sorption sites. At
lower pH functional groups from KOH-M-BC become
protonated and contribute towards the Cr,0;> and
HCrO,4 sorption on surface by electrostatic attraction and
thus showed high sorption (98.5%) (Qu et al., 2019; Qu
et al., 2021). However, decrease at higher pH (4-8) could
be due to electrostatic repulsion of both negatively
charged sorbents to anions Cr(V1) (Hu et al., 2020).

Influence of contact time on Cr(VI) sorption: Contact
time is another important parameter used to calculate
optimum time needed for the biosorption of Cr(VI) on
sorbent surface. Our results demonstrated that as time
increased, sorption of Cr(VI) also showed an increasing
trend. Maximum Cr(V1) sorption was found at 4 hr (240
min) 119.8 mg/g (96%) on KOH-M-BC and 114.2 mg/g
(91%) M-BC surface (Figure 1c). This could possibly
when Cr(VI) was attached on the binding sites (after 4
hr), sorption kinetics significantly decreased until the rate
of sorption became equal to rate of desorption.

Influence of initial Cr(VI) concentration on Cr(VI)
sorption: Initial concentration produce driving force to
transfer ions on sorbent surface from liquid solution so
considered as another important parameter in sorption
study (Khalil et al., 2018). In this study, we used different
concentration for Cr(VI) ions (10-200 mg/L). Gradual
increases was noted with maximum sorption of Cr(VI) at
120 mg/L on M-BC (190.35 mg/g) and KOH-M-BC
(196.5 mg/g) surface (Figure 2a). The adsorption was
minimum at low initial concentration and after 120 mg/L
initial concentration, the adsorption rate of Cr(VI) again
started to decline. This shows that significant competition
between sorption sites and Cr(VI) ions helps the sorption
until equilibrium point (Kokab et al., 2021). It is
noteworthy that after equilibrium point increasing initial
Cr(VI) had negligible or no effect on overall sorption
process by M—-BC and KOH-M-BC sorbent.
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Influence of anions on Cr(VI) sorption: Industrial
water contains many harmful cation and anions species
which can affect the heavy metal uptake during sorption
process (Kokab et al., 2021). Figure 2b shows the
influence of competing ions on Cr(VI) sorption by M—BC
and KOH-M-BC. The maximum reduction in Cr(VI)
removal was noted on KOH-M-BC (86%) and M-BC
(82%) in the presence of SO, * while presence of PO;
showed less reduction of Cr(VI) removal about 88 and 85
% on KOH-M-BC and M-BC surface, respectively
(Figure 2b). Our result demonstrated that both anions
have significant influence in the reduction of Cr(VI)
removal by M—-BC and KOH-M-BC.

Kinetic modeling: Rate of Cr(VI) sorption was evaluated
by kinetic modeling. Kinetics data were fitted to non-
linear kinetic models (pseudo-first-order, pseudo-second-
order) to describe the mononuclear and binuclear
sorption. Table 1 shows the kinetic model parameters for
Cr(V1) sorption on M—BC and KOH-M-BC surface.

Results revealed that R? value for pseudo-
second-order is higher (R? 0.99) as compared to
pseudo-first-order (R* = 0.76) for M—BC. The greater, R?
value for pseudo-second-order (R? = 0.99) as compared to
pseudo-first-order (R? = 0.83) for KOH-M-BC was also
reported. The calculated ¢, value is also higher for
pseudo-second-order (76 and 50 mg/g) as compared to
pseudo-first-order (7.94 and 11.74 mg/g) on M-BC and
KOH-M-BC surface, respectively. Overall, our results
explain that the Cr(V1) sorption on M—BC and KOH-M—
BC occurred due to chemisorption process which
involved the interaction between surface functional
groups and Cr oxyanions (Khalil et al., 2020).

Isotherm  modeling: Isothermal models namely
Freundlich and Langmuir models were applied for further
evolution of nature of Cr(VI1) adsorption on both sorbent
surface.

The R? value for the Freundlich model was 0.80
for Cr(VI) sorption at M—BC and 0.78 at KOH-M-BC
surface. The Qg value of M—BC for Cr(VI) sorption was
1.82mg'"g* L"and 1.83 mg' g™ L" for KOH-M-BC.
The values of n of M-BC for Cr(VI) and KOH-M-BC
were > 1 indicating favorable sorption for Cr(VI)
(Belachew and Hinsene, 2019). In the case of Langmuir
Isotherm, higher R? value (0.98) for both sorbents were.
The higher Q. value for Cr(V1) sorption on KOH-M-BC
was noted compared to M-BC (Table 2). Langmuir
model indicated higher values of R? (0.98) as compared
to the Freundlich model for Cr(VI) sorption which
explained the formation of monolayer on homogenous
surface by physical-chemical sorption of Cr(VI) (Campos
et al., 2019).

Overall our isotherm modeling results indicated that
Langmuir model is the best fitted model for Cr(VI)
sorption on both biochars.
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SEM-EDS: The surface morphology of M-BC and
KOH-M-BC are shown in SEM images (Figure 3a, b). It
was observed that M-BC surface had continuous rough
and fluffy surface (Figure 3a). The KOH modification of
BC resulted in porous and highly wrinkled surface that
significantly improved the number of micropores on
KOH-M-BC surface (Figure 3b) (Zhang et al., 2018).
Additionally, the porous surface structure of KOH-M-
BC provides facilitation between BC and Cr(VI) ions in
the solution thereby increasing the adsorption of Cr(VI)
by surface attachment or electrostatic reactions (Khalil et
al., 2018).

The SEM-EDS spectra (before adsorption) of
M-BC and KOH-M-BC (Figure 4a,b) showed elements
such as C, O, Na, Mg and Al were detected on M-BC
surface while modified biochar (KOH-M-BC) showed
C, O, Si, S and Cl as prominent ions.

XPS analyses: The surface chemical composition of M—
BC and KOH-M-BC (Figure 5) was evaluated using
XPS. The atomic Cls (76.1%) and O1s (21.6%) were
observed from XPS results before adsorption and Cr(V1)
appeared after adsorption on M-BC surface. This atomic
% decreased after adsorption with presence of Cr (Cls
(72.1%), O1s (19.0%) and Cr 2p3 (7.1%)) at M-BC
surface (Figure 5a,c). The atomic % in KOH-M-BC
shows that Cls (67.4%) and Ols (27.6%) were present
before adsorption and Cr(V1) appeared after adsorption.
This atomic % decreased after adsorption with presence
of Cr (Cls (62.2%), Ols (23.1%) and Cr 2p3 (9.9%),
respectively) at KOH-M-BC surface was noted (Figure
5b,d). Furthermore, KOH-M-BC showed relative higher
Cr percentage as compared to M-BC thus proving that

Table 1: Kinetic modeling parameters values for biochars.

KOH treatment of biochar successfully enhanced the
performance of biochar. The Cls XPS spectra could be
assigned to C-C/C-H, C-0O, C=0 and C=0-0 which
were responsible for Cr(VI) adsorption by both sorbents
(Zhang et al., 2018). It is important to note that there was
no significant change in species before and after
adsorption but relative atomic % content changed on both
prepared biochar-based materials. The O1s spectra results
indicated that binding energy was slightly shifted to
lower energy region after adsorption showing that this
change is due to Cr(VI) adsorption at M—BC and KOH-
M-BC surface (Zhang et al., 2018; Kokab et al., 2021).

Fourier transform infrared spectroscopy (FTIR) for
surface characterization: Fourier transform infrared
(FTIR) spectroscopy is a promising technique to evaluate
the surface functional groups, since every functional
group have different stretching and bending energies
(Masood ul Hasan et al., 2022). FTIR spectra of M-BC
and KOH-M-BC surface were collected (Figure 6) and It
can be observed that the band at 3907 cm™, 1563 cm™
and 1000 cm™ of M—BC could be attributed to vibrations
of —OH, C=0 and COO-, respectively (Lin et al., 2017).
In case of KOH-M-BC the peaks were observed at 3315
cm™ (-OH), 1562 cm™ (C=0) and 1038 cm™ (COO-) that
show obvious change after modification, which could be
due to KOH presence, resulting in abundant surface
functional groups particularly —OH groups (Li et al.,
2023). It is well believed that these functional groups are
mainly responsible for adsorption that make a complex
with Cr(VI) on biochar surface. This was previously
described by Shi et al. (2020).

First order Second Order
M-BC
ge (Mg g™ ky (min*) R? e (Mg g™ k2 (9 mg ™" min™*) R?
7.94 0.0052 0.76 76 0.008 0.99
KOH-M-BC
ge (Mg g ky (min*) R? ge (Mg g™ k2 (9 mg ™" min™*) R?
11.74 0.0057 0.83 50 0.0083 0.99
Table 2: Isotherm modeling parameters values for biochars.
R® 0.98
) K. 012 (Lg™")
Langmuir E
g Q 222 (mgg )
R 0.98
K. 022(Lg")
: Qe 1.83(mg' "g' L")
Freundlich R? 0.78
N 1.26
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Conclusion: The combined hydrothermal carbonization
of mosambi peel biocahr (M-BC) and modified alkali
based KOH-M-BC is simple as an efficient method for
sorption of Cr(VI) from water. The combined
hydrothermal carbonization temperature was 450 °C and
high sorption of Cr(VI) on modified KOH-M-BC
sorbent (at pH 4, 118.7 mg/g (98.5%)) was obtained. The
R? value for pseudo-second-order is higher (R*> = 0.99)
showing that this is best fitted model for Cr(V1) sorption
in this study. Kinetic and isotherm models showed that
chemisorption is dominant process for Cr(V1) sorption on
KOH-M-BC sorbents. The SEM data showed that
KOH-M-BC possessed a porous and highly wrinkled
surface with many pore spaces. The XPS and FTIR
results also confirmed the presence of O-rich surface
functional groups and efficient Cr(VI) adsorption onto
KOH-M-BC. The environmental friendly, low cost and
viable organic material (mosambi peel biochar) can be
used as potential biosorbent with future direction towards
in filtration system and possible substitute to expensive
inorganic filters for Cr(VI) removal from water.
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