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ARTICLE INFO ABSTRACT

Keywords: We studied the sequestration of hexavalent chromium Cr(VI) from an aqueous solution using
Biosorption chemically modified pomegranate peel (CPP) as an efficient bio-adsorbent. The synthesized
Cr(VD)

material was characterized by X-ray diffraction spectroscopy (XRD), Fourier-transform infrared
spectroscopy (FTIR), energy dispersive spectroscopy (EDS), and scanning electron microscopy
(SEM). The impacts of parameters like solution pH, Cr(VI) concentration, contact time, and
adsorbent dosage were investigated. Experimental results of the isotherm studies and adsorption
kinetics were found agreeing to the Langmuir isotherm model and pseudo-second-order kinetics,
respectively. The CPP showed appreciable Cr(VI) remediation capacity with a maximal loading
capacity of 82.99 mg/g at pH 2.0, which was obtained in 180 min at room temperature. Ther-
modynamic studies revealed the biosorption process as spontaneous, feasible, and thermody-
namically favorable. The spent adsorbent was eventually regenerated and reused, and the safe
disposal of Cr(VI) was ensured. The study revealed that the CPP can be effectively employed as an
affordable sorbent for the excision of Cr(VI) from water.

Human health
Isotherm
Wastewater treatment

1. Introduction

The mixing of micro-pollutants causes water to be detrimental to consumers. About 70% of illness, particularly in women and
children has been confirmed to be related to water contamination in developing countries like Nepal [1]. Industrialization has always
been contributing to the development of mankind, parallelly creating a global threat by the excessive release of heavy metals into the
aquatic environment. Industrial wastewaters are found to possess various toxic metals like Arsenic (As), Cadmium (Cd), Chromium
(Cr), Iron (Fe), Lead (Pb), Mercury (Hg), Nickel (Ni), and others. Heavy metals are non-biodegradable, and they can easily be accu-
mulated in living tissues in an appreciable amount, which causes a significant threat to public health. Their effects include reduced
growth and development, organ and nervous system damage, cancer, and even death [2,3]. These metals are introduced to the water
by industrial activities like mining, metal plating, smelting, leather tanning, dyeing, pigment manufacture, battery manufacture,
pesticides and fertilizer, and photography industries [4,5].

Chromium comes in contact with drinking water resources naturally through geochemical activity, soil and rock erosion, or
anthropogenically by contamination from industrial sources such as tanneries, electroplating, alloying, textile processing, dying,
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Scheme 1. Charring mechanism of RPP [33].

fertilizers, and pesticide production. It can exist in nine different oxidation states, among which the hexavalent and trivalent states are
the most common [6]. Cr(VI) is highly toxic because it is highly soluble in water and can also be easily reduced [7,8]. This causes
toxicity in living beings as it oxidizes some protein molecules and the DNA building block in humans [9], hence classified as the class
‘A’ human mutagen, carcinogen, and teratogen [10-13]. Cr(VI) concentrates in the food chain and causes several disorders in our
health, including vomiting, diarrhea, hemorrhage, stomach ulcer, liver and kidney damage, and cancer [14-16]. Based on its fatal
effects on human health, the WHO proclaimed that the maximum concentration of hexavalent chromium in drinking water should not
be higher than 0.05 pg/L [17]. Its high rate of dispersion in the wide pH range of the aqueous phase, non-biodegradability, and toxic
nature makes its removal from the natural environment necessary.

Several methods are being studied and used to eliminate Cr(VI) from the aquatic environment, some of which are ion exchange [18,
19], electro-dialysis [20], redox reaction, membrane technology [21], and adsorption [22-24]. Most of the aforementioned solutions
can only be used to a certain extent due to the requirement for expensive equipment, incomplete metal removal, hazardous waste
sludge, and disposal [16,25-27]. According to reports, the adsorptive method of removal is the one most frequently utilized to remove
Cr(VI) and other heavy metal contaminants from wastewater. The availability of less expensive materials for the manufacturing of
affordable adsorbents is what has made this technique so popular [28,29]. This approach is more effective since even very low metal
concentrations can be eliminated via biosorption. Agricultural by-products are found to possess ion exchange and adsorptive capacities
due to the abundance of various functional groups in them. They can be employed as effective adsorbents in natural as well as modified
forms.

Pomegranate, reported to be originated from Iran, is mainly cultivated in countries like Iran, Afghanistan, India, China, Saudi
Arabia, America, Palestine, Africa, and Italy. It is one of the emerging fruit crops in Nepal [30]. Peels of this fruit are found to be rich in
various functional groups such as carboxylic and hydroxyl groups [31]. After consumption of the fruit, the two-layered peel is dis-
carded as degradable waste. In the current study, pomegranate peel powder was treated with HySO4 to create a biomass-based
adsorbent that was used to remove hexavalent chromium from water. Additionally, desorption of the metal ion was performed to
investigate the possibility of recovering the adsorbed Cr(VI). We investigated the creation of inexpensive biosorbents using pome-
granate peel as financial appropriateness is required for the absorption of chromium from water in rural areas since there is a lack of
sufficient cheap material for the removal of Cr(VI) ions. The pomegranate peel is an excellent choice for us since it is often available as
bio-waste in many locations, includes a variety of surface functional groups, and does not release soluble contaminants into the treated
water. Additionally, acid modification may promote Cr(VI) ion adsorption because the acid treatment of pomegranate peel may offer a
higher number of active sites that can interact chemically with Cr(VI), thereby improving chemisorption. As far as we are aware, no
research has been done on the adsorption of Cr(VI) utilizing CPP as an adsorbent and subsequent regeneration of the metal ion. To
remove Cr(VI) from the aqueous environment, CPP is therefore suggested as a new adsorbent. The goal of the current study was to
examine the use of an accessible and widely available agricultural waste made from pomegranate peels that have undergone acid
modification to remove hexavalent chromium from water. The prepared material was characterized by various techniques, namely
EDS, XRD, SEM, and FTIR. Batch experiments were used to investigate the removal effectiveness of the adsorbent and the impact of
experimental parameters on Cr(VI) adsorption.

2. Experimental
2.1. Preparation of solution
To make a stock solution of Cr(VI) (1000 mg/L), crystals of potassium dichromate were dissolved in distilled water. The dilution

procedure was used to create working solutions from the stock solution at the required concentrations. 0.1 M HCI and 0.1 M NaCl
solutions were used to adjust the desired initial pH value of the solution.

2.2. Preparation of the adsorbent

The pomegranate peels were collected from juice vendors around Kathmandu, Nepal. The tougher outer layer of the peel was
washed with distilled water, dried in daylight for 15 days, and then oven-dried for 12 h at 80 °C. It was then ground into a fine powder
and sieved to produce particles not larger than 220 pm in size. The pulverized pomegranate peel was considered raw adsorbent (RPP).
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Scheme 2. Flowsheet showing the biosorbent synthetic route and Cr(VI) adsorption-desorption process.

Concentrated sulfuric acid was used to treat the dry RPP powder at a solid-liquid ratio of 1:2 g/mL. The biomass (RPP) is rich in
cellulose content, and the acid modification of the adsorbent provides favorable conditions for the cellulose ring opening. Also, this
causes sufficient micro-porosity and raises the surface area of the adsorbent [32]. The RPP’s cellulose, hemicellulose, and lignin all
have hydroxy surface functional groups that are meant to be activated by the modification. The charring mechanism is schematically
shown in Scheme 1. The modified adsorbent was then washed until neutral pH and oven dried. The product thus obtained was named
cross-linked pomegranate peel (CPP), which was further sieved to 220 pm and stored for its use during the experiment.

2.3. Adsorbent characterization

Identification of the point of zero charges (pHpzc) value of the adsorbent (CPP) was carried out by using a Zeta potential analyzer
(HORIBA Scientific SZ-100). The biosorbents’ shape and elemental composition were examined using SEM pictures and EDS (JEOL
JSM-6700F, Jeol Ltd., Tokyo, Japan). The surface functional groups of RPP, CPP, and Cr(VI)-adsorbed CPP were examined by using
FTIR spectroscopy (IR AFFINITY-1 Shimadzu, Kyoto, Japan). XRD (Rigaku Ultima IV X-ray diffractometer (Rigacu Co., Japan) with Cu
Ky (A = 1.54056 A°) radiation was employed to analyze the crystal structures of the adsorbents.

2.4. Biosorption experiments

Exactly 40 mL of known initial concentration with 40 mg of the adsorbent was taken in a volumetric flask for the adsorption studies
of both RPP and CPP. At room temperature (298 + 0.5K), the mixture was shaken for 24 h at 150 rpm to achieve equilibrium. After
filtering the solution, the filtrates obtained were used to measure the residual chromium ion concentration. The initial, as well as
residual Cr(VI) concentrations in aqueous samples (1-500 mg/L), were analyzed by an Inductively Coupled Plasma — Optical Emission
Spectrometer (PerkinElmer Avio 220Max, ICP-OES). The calibration solutions were prepared by ICP standards of Cr (1000 mg/L,
Sigma-Aldrich). To measure the concentration in the ppb level (0.2-1000 ppb), an Inductively Coupled Plasma — Mass Spectrometer
(ICP-MS) (Agilent Technologies, 7900 ICP-MS, Santa Clara, CA, USA) was used. Batch biosorption tests conducted at different variables
of solution pH, contact time, and initial metal ion concentrations at room temperature gave equilibrium data. Each trial was repeated
thrice, and an average was calculated.

Equations (1) and (2) were employed to find out the biosorption capacity at equilibrium (g, (mg/g)) and efficiency of biosorption in
percentage.
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Where C, denotes the equilibrium time concentrations of Cr(VI) in mg/L, C, denotes the initial concentration in mg/L, M denotes the
mass of the biosorbent in grams, and V represents the volume of the solution in liters [34,35]. The methodology for the preparation of
the CPP and Cr(VI) adsorption-desorption process is schematically shown in Scheme 2.

2.4.1. Isotherm study
The Langmuir isotherm model explains the monolayer adsorption on the surface of the bio-adsorbent. It is expressed linearly as well
as non-linearly by Equations (3) and (4), respectively [36].

_ qnln)r'b-ce
“=ThC, 3)
c 1 C.
= + )

de Guaxb G

where, b denotes the Langmuir constant in L/mg, and g, represents the maximum biosorption capacity in mg/g.
The Freundlich isotherm explains the multilayer adsorption on the heterogenous surface of the adsorbent. Equation (5) (non-linear)
and Equation (6) (linear) are used to express this model [37].

q.=KF (Ce)l/n 5)
log q. =log KF + log Ce 6)
‘Ky’; the Freundlich constant represents the biosorption capacity in (mg/g) (L/mg)'/", and ‘n’; the Freundlich exponent represents

the intensity of biosorption.
Furthermore, the study applied a separation factor (Ry) to describe the Langmuir model’s important features which were defined by
Equation (7).

1

YN )

L

The Langmuir isotherm at constant temperature is implied by the Ry, value. The Ry, value of 1 suggests the linear Langmuir isotherm,
the Ry, value of 0 indicates irreversible sorption, whereas, values greater than 1 refer to unfavorable sorption, and values between 0 and
1 indicate favorable adsorption [38].

2.4.2. Adsorption kinetics
The kinetics of Cr(VI) adsorption on the biosorbent was determined by pseudo-first-, pseudo-second-order, and intra-particle
diffusion models, which revealed the controlling mechanism. Equation (8) expresses the pseudo-first-order linear equation [39].

log(q. —q:) =log q. — x t 3)

Where, k; in mg/g.min is the pseudo-first-order rate constant, while q; in mg/g is the adsorption capacity at time t. Equation (9)
represents the pseudo-second-order linear equation [40] as,

t 1

1
= F—xt (C)]
9 kgl q.
where kz in g/mg. min is the pseudo-second-order rate constant [35].

The Weber-Morris intraparticle diffusion model [41] (Equation (10)) and Boyd’s equations (Equations (11) and (12)) were used to
assess the kinetics data to clarify the diffusion mechanism.

g=(Kux1*)+C (10)
6
%:1 7;.exp(fB,) (11)
B, = —0.4977 —ln<1 —2) (12)
qe

Where K denotes the rate constant of intraparticle diffusion in mg/g min~*, and C is the Weber-Morris equation intercept in mg/g. A
Greater C value indicates a stronger boundary layer effect.
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Fig. 1. Zeta potential of CPP.

2.5. Thermodynamic studies

Isotherm constants and experimental data at 298K, 308K, and 318K were employed to calculate the change in thermodynamic
parameters (entropy (AS°), enthalpy (AH°), and Gibbs free energy (AG®)). The AG° values in KJ/mol of the adsorption process were
determined using Equation (13).

AG° = —RT InKC (13)
where K¢ denotes the dimensionless thermodynamic equilibrium constant, R is the universal gas constant, and T is the temperature in

kelvin. The value of K¢ was determined by using the Langmuir constant (b) in L/mg. Considering the experiment to be performed in
water, K¢ can be expressed by Equation (14) [42-44].

KC=b x 55.5 x 1000 x M, 14
where M,, = 52 g/mol is the molar mass of chromium, and 55.5 is the number of moles of H5O in 1 L of the solution.
Equation (15) shows the association of AG® with AS° and AH® at a given temperature.
AG® = AH° — TAS® (15)
From Equation (13) and Equation (15), the following Van’t Hoff equation (Equation (16)) is deduced:

AH°® n AS®
RT R

InKC= — (16)

2.6. Desorption followed by reusability of CPP

Metal ion solution (100 mL) of a known concentration and optimum pH was treated with 100 mg of CPP and was agitated for 24 h.
The adsorbed amount of the CPP was then computed by obtaining the equilibrium concentration. Exactly 50 mL of varying concen-
trations of NaOH solution were combined with the residue and agitated for about 24 h. The solution was then filtered, keeping the
residue for further desorption. The percentage desorption (% D) of the metal ions is expressed by Equation (17).

%D = x 100 17

Where A4 denotes the desorbed amount and A, is the amount of metal ions adsorbed in mg/g [45,46].

3. Results and discussion
3.1. Characteristics and chemical composition

Fig. 1 shows the zeta potential values of CPP at variable pH. It was observed that these values tend to decrease with the increase in
pH. The point of zero charges (pHpzc) of the CPP was determined to be 4.0. It indicates that the adsorption of anionic species of the
hexavalent chromium is more favorable at a pH lower than 4.0 [47]. The electrostatic interaction of the anions with the adsorbent’s
positively charged surface promotes the adsorption of anionic species when the pH of the solution is less than pHpzc whereas, when the
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Fig. 2. SEM images of (a) RPP, (b) CPP, and (c) Cr(VI) adsorbed CPP.
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Fig. 3. XRD pattern of RPP, CPP, and Cr(VI) adsorbed CPP at 2 theta.

pH is larger than pHpyc, the adsorption of cationic species is preferred.

Fig. 2 shows the SEM images of RPP, CPP, and Cr(VI) loaded CPP. The smooth, homogenous surface of the RPP (Fig. 2(a)) was
discovered to contain significantly fewer pores and voids. Whereas the CPP (Fig. 2(b)) showed rough surfaces with more cavities and
pores due to the acid modification process. The metal-loaded CPP (Fig. 2(c)) showed decreased surface roughness due to the adsorption
of Cr(VI) ions.

The amorphous biosorbent surface is comparatively more suitable for metal loading than a crystalline surface. XRD diffractogram
(Fig. 3) showed an intense peak at 2 @ around 22 ° to 24 ° in RPP, illustrating the presence of crystalline cellulose. On the other hand,
the peak intensity is noticeably reduced in the case of CPP. This signified that CPP possessed improved amorphous structure due to acid
treatment. Furthermore, a broader peak of CPP indicated a smaller particle size, facilitating the adsorption sites to better capture the
adsorbate species. This showed that CPP was more likely for metal sorption. The peak was further narrowed in Cr(VI)-adsorbed CPP,
which might be due to the increase in particle size after the Cr(VI) uptake.

The EDS analysis was used to determine the Cr(VI)-adsorbed CPP’s elemental composition. EDS electron image in Fig. 4(a) and
layered image in Fig. 4(b) showed that the elements are heterogeneously distributed on the surface of the biosorbent. Carbon, oxygen,
silicon, and chromium were all visible by color mapping of the overlapping components in Fig. 4(c) and (d) revealed that the Cr(VI)-
adsorbed CPP included a higher content of carbon and oxygen along with 3.99% abundance of chromium.

Fig. 5 displays the FTIR spectra of RPP, CPP, and Cr(VI) adsorbed CPP ranging from 4000 cm ™ to 500 cm ™', The broad peak at
3333 cm ! in RPP indicates the presence of hydroxyl (-OH) groups of cellulose, hemicellulose, and lignin. This peak disappeared after
the acid modification. A peak at 2924 cm ™! in CPP and RPP can be due to —~CH stretching vibrations. This peak disappeared after the Cr
(VD) intake. The carbonyl stretching vibration caused the appearance of peaks at 1620.21 cm ™' and 1728.22 cm ™! in RPP, which
shifted to 1697.36 cm ™! in CPP and the peak disappeared in Cr(VI)-adsorbed CPP, indicating the Cr(VI) adsorption on the adsorbent
surface. The effective chemical modification of RPP into CPP and the potent Cr(VI) adsorption on the CPP were suggested by all the
aforementioned factors.
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Fig. 4. (a) Electron picture from EDS, (b) layered picture, (c) color mapping of overlapping elements, and, (d) the elemental distribution of Cr(VI)-
adsorbed CPP shown by its atomic percentage.
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Fig. 5. FTIR spectrum of the RPP, CPP, and Cr(VI) adsorbed CPP.

3.2. Impact of solution pH

The adsorption of Cr(VI) onto the RPP and CPP was studied in the pH range of 1-7. At natural pH conditions (pH = 7), CPP showed
a Cr(VI) removal efficiency of 29.41% whereas, RPP had only 10.25%. Removal efficiencies of both RPP and CPP increased from pH 1
to 2 and then decreased with the further rise in pH. The ideal pH for maximum Cr(VI) removal by both CPP and RPP was determined to
be 2.0. Fig. 6 shows the maximal removal of chromium at a pH of 2.0 being 25.46% for RPP and 96.10% for CPP. Due to a huge
difference between the removal efficiencies of RPP and CPP, further studies were carried out for the CPP only. Similar results for the
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Table 1
Cr(VI) composition with pH.
pH Most common types of Cr (VI)
Below 1 H,CrO4
2ts0 4 Cr,03
4t06 HCrOg, Cr,0%
6to8 Cry03°, Cr0%”
Above 8 Ccroy
100

Fraction (%)

pH

Fig. 7. Speciation graph of Cr(VI) at variable pH values.

hexavalent chromium removal using bio-adsorbents have been reported in previous studies with the optimum pH being 2.0 [9,11,
48-50].

Cr(VI) chemistry is highly reliant on pH. Table 1 lists the predominant Cr(VI) species for each pH range [51].

In a basic medium, it forms CrO3~ ions whereas, in an acidic medium (pH 1 to 6), HCrO4 and Cr,02 jonsare in equilibrium, HCrO4
being the most common species. At pH below 1, HyCrOy4 is the dominating species [24,42,52]. A very high positive redox potential for
Cr (VI) in an acidic solution implies that it is strongly oxidizing in the presence of species that donate electrons. HCrOy is the prevalent
form of hexavalent chromium at a pH value of 2-6. The surface protonation of the adsorbent results in the creation of a positive charge
on the adsorbent surface because the solution contains a large number of H' ions in this pH range. HCrOj is significantly adsorbed onto
these positively charged surfaces as a result of their electrostatic interaction with the Cr(VI) anion. Consequently, in this pH range,
adsorption is more favorable [53]. However, at greater pH values, the percentage adsorption of Cr(VI) sharply declines as a higher
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Scheme 3. Complexation of Cr(VI) with cellulose and polyphenolic/polyhydroxy functional moiety contained in pomegranate peel [55].

24 4
e ————

10

T T T T T T T
0 50 100 150 200 250 300 350 400
Time (min)

Fig. 8. Impact of contact time on biosorption of Cr(VI) onto CPP.

concentration of hydroxyl ions strongly contends with CrO%~ ions for the adsorption site [52]. At pH less than 2, there is an extremely
high concentration of H' ions, encouraging the reduction of Cr(VI) to Cr(III). Hence, there is a decline in the adsorption of Cr(VI) at pH
values lower than 2 [42]. Moreover, the coexistence of Cr,02~ and CrO3~ with HCrO7 in the solution medium, which results in their
competition on the adsorption sites, is the cause of the decrease in the rate of adsorption [24,47]. Fig. 7 illustrates the speciation graph
of Cr(VI) at various pH values [54].

Figure: 7. From the pH studies, the RPP was observed to be comparatively less significant in comparison to the CPP for the
adsorption of Cr(VI), due to which further studies were carried out using only the CPP. The complexation mechanism of Cr(VI) with
cellulose and polyphenolic/polyhydroxy functional moiety contained in pomegranate peel is schematically shown in Scheme 3.

3.3. Impact of contact time on adsorption of Cr(VI) onto CPP

The batch biosorption of a 50 ppm Cr(VI) solution with 25 mg of the adsorbent was studied by assessing the influence of contact
time throughout time intervals ranging from 10 min to 24 h. Fig. 8 shows the adsorption of Cr(VI) onto CPP and RPP from 10 min to 24
h. Adsorption of chromium and adsorption percentages of chromium onto CPP was found to be constant after 180 min, indicating the
equilibrium time for the maximum adsorption.

3.4. Adsorption kinetics studies

To assess the kinetic data for the adsorption of chromium ions onto CPP, pseudo-first-order and pseudo-second-order kinetic models
were used. After analyzing these plots in Fig. 9, it was determined that the pseudo-second-order model, which had a higher correlation
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Fig. 9. (a) Pseudo-first-order and, (b) Pseudo-second-order kinetic models for the adsorption of Cr(VI) onto CPP.

Table 2
Kinetic parameter determined for the biosorption of Cr(VI) onto CPP at pH 2.0.

Qexp(mg/g) Pseudo-first order Pseudo-second order
K; (min™") qe(mg/gm) R Ko(mg/g/min) qe(mg/gm) R?
22.84 0.032 20.780 0.975 0.003 24.030 0.999
24
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Fig. 10. Intraparticle diffusion model for the Cr(VI) biosorption on CPP.

coefficient (R?) value than the pseudo-first-order kinetic model, best explained the adsorption of Cr(VI) onto CPP, suggesting that the
Cr(VI) adsorption onto CPP may be driven by chemisorption. The results of the kinetic study were found to align with similar studies
conducted previously, that used several biomass-based adsorbents for the adsorption of Cr(VI) ions [22,23]. The calculated kinetic
parameter values are shown in Table 2.

Intra-particle diffusion has an important role in biosorption on a porous adsorbent [56]. To study the diffusion mechanism and
rate-limiting step, a plot of q; vs. t%° (Fig. 10) was drawn. Adsorption is dominated by the intra-particle diffusion only when the plot is
linear. The intra-particle diffusion is responsible for the rate-limiting process if the plot intersects the origin. The multi-linear plot in
the study revealed that the adsorption mechanism was affected by two or more steps, and in addition to intra-particle diffusion, there
were other mechanisms too, which determined the rate-limiting step [4,57]. Two different lines in the fitted model indicated two
stages involved in the adsorption process. The first stage is external diffusion, which involved the transport of metal ions from the
solution to the external surface of the CPP. The second is intra-particle diffusion, in which the chromium ions got diffused from the

10
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Fig. 12. Adsorption isotherm of Cr(VI) onto CPP.

surface into the pores of the CPP [23].

The results obtained from the Weber-Morris model were further verified by Boyd’s model. If the B; vs. t plot (Fig. 11) is linear and
passes through the origin, the intra-particle diffusion governs the adsorption process. Otherwise, external diffusion (film diffusion) will
be the rate-determining step [58]. Boyd’s plot showed linearity but did not intersect the origin. This signified that film diffusion solely
controlled the Cr(VI) adsorption rate onto CPP. Norouzi et al. employed Boyd’s diffusion model and reported the film diffusion as the
rate-limiting step for Cr(VI) adsorption onto agro waste-based activated carbon [59].

3.5. Adsorption isotherm model

The efficiency of CPP at a pH value of 2.0 was studied at varying concentrations (10.03 mg/L, 25.54 mg/L, 50.21 mg/L, 100.11 mg/
L, 150.44 mg/L, 202.21 mg/L, 300.23 mg/L, 400.66 mg/L, and 500.52 mg/L) of Cr(VI) ions maintaining other parameters constant.
From Fig. 12 it is evident that with the increase of the equilibrium concentration of Cr(VI) from 0.57 to 462.46 mg/L, the adsorption
capacity increased from 18.92 to 82.99 mg/g.

To evaluate the best-fit isotherm model for biosorption, the experimental data of Cr(VI) adsorption onto CPP was analyzed using
Langmuir and Freundlich isotherm equations. Linear plots were obtained in both models as shown in Fig. 13.a. and 13.b., respectively.
The determined values of Freundlich and Langmuir parameters with their respective R? values have been listed in Table 3. The ob-
tained correlation coefficient (R?) value for Langmuir isotherm (R% > 0.99) was greater than that of Freundlich isotherm [R? > 0.86)
for a pH value of 2.0. Hence, the adsorption model is best fitted by the Langmuir isotherm model. This indicates that the distribution of
active sites on the adsorbent surface is homogeneous, and the adsorption is monolayer [36,60].

The maximal Cr(VI) adsorption capacity utilizing CPP examined in the present study has been compared with several other bio-
sorbents described in various literature and is shown in Table 4. The results unmistakably demonstrate that CPP has the best Cr(VI)
adsorption capacity among the described adsorbents, which suggests that CPP can be used as an effective biosorbent for the
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Fig. 13. (a) Linearized Langmuir isotherm plot, and (b) Linearized Freundlich isotherm plot of Cr(VI) adsorbed CPP at various temperatures.

Table 3
Langmuir and Freundlich parameters for Cr(VI) adsorption on CPP.
Isotherm Model Parameter 298 K 308 K 318K
Langmuir Qm (mg g™ ) 82.99 91.74 101.21
b (Lmg™) 0.044 0.055 0.071
R? 0.998 0.999 0.999
Freundlich K (mg g~ (L mg H!/? 9.27 10.91 13.64
N 2.54 2.57 2.67
R? 0.936 0.924 0.905
Table 4
Comparison of Cr(VI) biosorption capacities of several adsorbents with CPP.
SN Bio-adsorbent pH Biosorption Capacity (mg/gm) Reference
1 Pomegranate peel 3.0 28.28 (Abdel-Galil et al., 2021)
2 Walnut shell (diethyl triamine treated) 3.0 50.10 (Li et al., 2020)
3 Pomelo peel (FeCl; treated) 2.0 21.55 (Q. Wang et al., 2020)
4 Citrus limetta fruit waste (Fe modified) 3.0 2.00 (Pintor et al., 2018)
5 Sawdust (formaldehyde-treated) 2.0 8.84 (Chakraborty et al., 2021)
6 Betelnut powder 4.0 12.01 (Rahman et al., 2012)
7 Coconut husk 2.0 29.00 (Tan et al., 1993)
8 Fe3* /Fe?* black cumin seeds 5.0 15.75 (Thabede et al., 2021)
9 Rice husk (NaOH treated) 2.0 34.85 (Pant et al., 2022)
10 Arundo donax stem powder (H,SO,4 treated) 2.0 76.92 (Bhattarai et al., 2022)
11 Pomegranate peel (H,SO4 treated) 2.0 82.99 Present study

sequestration of Cr(VI) ions from contaminated water.

3.6. Thermodynamic studies

The study evaluated the thermodynamic parameters from the adsorption isotherm studies of Cr(VI) onto CPP at different tem-
peratures. Fig. 14 displays the Van’t Hoff plot of InK¢ against 1/T, which was employed to determine the values of AH® and AS°, and
Table 5 demonstrates the evaluated thermodynamic parameter values. The negative values of AG® suggested that the biosorption
process was feasible, spontaneous, and thermodynamically favorable [61]. The endothermic sorption process was suggested by the
positive values of AHC. Also, the q, value was found to rise with the elevation in temperature. The positive values of AS® indicate the
increase in randomness of Cr(VI) ions on the surface of CPP.

Fig. 15 demonstrates the variation of R, values with initial concentrations at varying temperatures. From the experimental data, the
values of R}, were determined between 0 and 1, indicating that the biosorption of Cr(VI) onto CPP is favorable and the bonding between
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Table 5
Thermodynamic parameters of CPP and Cr(VI) system.

Heliyon 9 (2023) 15698

T (K) b (L/mol) AG? (KJ/mol) AHC (KJ/mol) AS° (J/mol/K)
298 0.6507 —29.14
308 0.9422 —30.68 33.43 232.16
318 1.5312 —32.34
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Fig. 15. Ry, value as function of initial concentration of Cr(VI) at different temperatures.
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Cr(VI) and the CPP surface is strong at all three temperatures of 298K, 308K, and 318K.

3.7. Impact of adsorbent dosage for the Cr(VI) adsorption

Fig. 16 shows the relationship between the dose of CPP and residual Cr(VI) concentrations. As per the limit set by WHO, the Cr(VI)
concentration in drinking water should not exceed 0.05 mg/L. The outcome revealed that utilizing 1.2 g/L of CPP as an adsorbent
caused the concentration of chromium to drop from 24 mg/L to 0.05 mg/L. The further increase in the concentration led to the
complete removal of Cr(VI) from the aqueous solution. Due to the availability of surface-active sites, the amount of the metal ion that is
adsorbed increases as the adsorbent dosage increases. The results are found agreeing to the findings of Pant et al. [23].

3.8. Desorption study and reusability of CPP

The direct disposal of Cr(VI) loaded adsorbent in the environment is hazardous. For this, a method of regeneration of the bio-
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Fig. 17. (a) Cr(VI) desorption percentage Vs. molar concentration of NaOH and (b) Variation of the biosorption ability of CPP in several adsorption-
desorption cycles.

adsorbent (CPP) simultaneously disposing of the contaminated solution has been studied. Based on various literature studies, NaOH
has been considered best for the desorption of Cr(VI) from bio-adsorbents [31,62]. From the study of the impact of solution pH (Fig. 6),
it is clear that Cr(VI) can be easily loaded onto CPP at lower pH whereas, an increase in pH undermines the Cr(VI) uptake ability of the
adsorbent. This allowed the use of an alkaline solution as an eluent for the desorption process. The present investigation used varying
concentrations of NaOH solution as an eluent for the desorption study. The effect of eluent concentration on CPP is shown in Fig. 17(a).
The experiment demonstrated that as the concentration of NaOH was increased from 0.05 to 1.00 M, the desorption percentage
climbed from 17.13% to 98.04% and stayed consistent as the concentration increased further. It signifies the optimum concentration of
the NaOH for the desorption is 1.0 M. Fig. 17(b) shows the performance of CPP after some adsorption-desorption cycles. The efficiency
of removal was 88.12% in the first cycle, which decreased to 79.34%, 66%, and 51.67% in the second to fourth cycles, respectively.
The results showed that CPP can be effectively regenerated for its reuse for some cycles. The decrease in the removal efficiency may be
due to: (a) blockage of some pores of the adsorbent; (b) decreased number of active sites on the biosorbent surface due to the complex
formed between Cr(VI) and the functional groups [63]. The desorption mechanism of Cr(VI) is shown in Scheme 4.

Cr(VI) thus being desorbed is harmful to the environment, so it should be safely disposed of. The bio-adsorbed Cr(VI) was
precipitated as the hydroxide of chromium (Cr(OH)3), which was further calcined at the elevated temperature of 1200 °C to obtain
chromium oxide (Cr203). This oxide of chromium can easily be dissolved in acids such as H,SO4 and can be used in the tannery. Also, it
can be used for the manufacture of other chromium compounds [64]. Reactions involved in Cr(VI) recovery steps are as follows,
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Another alternative to disposing of the metal-loaded adsorbent is by heating it [65]. The Cr(VI) adsorbed CPP was heated at about
650 °C, generating ashes, followed by the leaching test. After a day, no percolation of Cr(VI) indicated the ash was safe. The outcome
suggested that the metal loaded CPP can be securely utilized as fuel.

4. Conclusions

The current work demonstrates that acid-treated pomegranate peels can be employed to remove hexavalent chromium from water
in an efficient manner. Tools like EDS, SEM, XRD, and FTIR were employed for the characterization of the adsorbent. The biomass was
amorphous with rough and porous surfaces, which later got occupied after Cr(VI) adsorption. The pHpzc of the adsorbent was
determined to be 4.0. Several parameters including contact time, adsorbent dose, and solution pH were examined in a batch method to
determine the effectiveness of the sorbent. The maximum adsorption (qm,) was found to be 82.99 mg/g at 298K with an optimum
contact time of 180 min. The isotherm data were following the Langmuir adsorption model and the kinetic data supported the pseudo-
second-order model. The biosorbent was found to be regenerable for several cycles by desorption study of Cr(VI) from the Cr(VI)
loaded CPP using NaOH as a regenerant. The recovered metal had a good potential for its use in the tannery and the manufacture of
other chromium compounds. Also, the spent adsorbent was easily and safely disposed of by burning it as fuel. This study demonstrates
that chemically modified pomegranate peel powder is more significant in the uptake of Cr(VI) in comparison to the raw adsorbent. On
the other hand, the negative impact of sulfuric acid on the environment necessitates the study and development of comparatively
benign bio-adsorbents. The present research was carried out on a laboratory scale using batch adsorption methods. There is a necessity
for further research in continuous column mode in a real environment for the development of large-scale applications of the adsorbent.
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