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a b s t r a c t
The present study deals with the employ of the chemically activated pomegranate peel (PGP-1N 
H2SO4) as a low-cost adsorbent for the retention of Cr(VI) ions from aqueous solutions. The phys-
icochemical characteristics of the chemically activated pomegranate peel were studied using 
Fourier transform infrared spectroscopy, powder X-ray diffraction, thermogravimetric analysis, 
and scanning electron microscopy. The influences of several factors such as contact time, pH of the 
solution, initial concentration of the adsorbate ion, and adsorbent mass on the removal of Cr(VI) 
ions were studied using the batch sorption technique. The equilibrium data fitted reasonably well 
to the Langmuir model, while pseudo-second-order best designated the kinetics of the adsorption 
process. The maximum adsorption capacity for Cr(VI) ions onto pomegranate peel as calculated 
by the Langmuir model was found to be 28.28 mg/g at 25°C ± 1°C. The values of thermodynamic 
parameters (ΔG°, ΔH°, and ΔS°) were computed from the Van’t Hoff plot which revealed that the 
adsorption of Cr(VI) was feasible, endothermic, and spontaneous. Based on good uptake capacity, 
PGP-1N H2SO4 was successfully used for the removal and recovery of Cr(VI) from double-distilled 
water (DDW), tap water, synthetic seawater, natural seawater, and wastewater. The adsorbed metals 
were easily recovered by desorption in 0.5 N NaOH.
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Kinetics

1. Introduction

The existence of heavy metal ions from the transition 
series, viz, Pb, Cu, Ni, Fe, Cr, etc., in the environment is 
of most important due to their hazardous effect to many 
life forms. Many organic pollutants are liable to biologi-
cal decomposition but metal ions have a constant behavior, 
where they do not decompose into poisonous end products 
[1,2]. The contamination of aqueous waste stream by heavy 
metals is derived from many industrial activities such as 
mining, painting, metal plating, tanneries, manufacturing of 
car radiator, as well as fertilizers and fungicidal spray.

The most common oxidation states for chromium are 
Cr(III) and Cr(VI), the chemical properties of each of them 
are quite different. Cr(VI) can be converted to Cr(III) and 
vice versa depending on pH, the existence of oxidizing and 

reducing agents, redox potential, the kinetics of the redox 
reactions, and the total chromium concentration in soil, 
water, and atmospheric systems [3]. The hazardous effects 
of different oxidation states of chromium depend upon its 
degree of solubility and mobility. Cr(III) does an important 
responsibility in the metabolism process of living organ-
isms, quite insoluble and thus, can be easily precipitated 
out. As a result, it is less harmful. But the high concentration 
of Cr(III) is also dangerous [4,5]. Cr(VI) form needs more 
attention due to its high toxicity compared to Cr(III) form. 
The quite solubility of Cr(VI) causes many harmful effects 
such as diarrhea, liver infection, preventing germination of 
seeds, chlorosis of the plant leaves, etc [5–9]. It is also well-
known to be mutagenic and carcinogenic. Strong exposure 
to Cr(VI) causes cancer in the digestive tract and lungs and 
may cause epigastric pain, nausea, vomiting, severe diar-
rhea, and hemorrhage [10]. Cr(VI) can pass through the 
cell membrane and there occurs the reduction of Cr(VI) to 
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Cr(III). The reduced Cr(III) binds to the phosphate group 
of the DNA and stops its replication and transcription thus, 
destructive the cell and finally leads to the cell’s death 
[11–14]. The harmful effect of Cr(VI) can be reduced via 
its conversion to Cr(III) by using micro-organisms [15,16]. 
In an aqueous solution, the Cr(VI) exists in various forms 
depending upon pH, such as chromate (CrO4

2−), dichromate 
(Cr2O7

2−), or hydrogen chromate (HCrO4
2−). CrO4

2− is predom-
inant in basic solutions, H2CrO4 is predominant at pH < 1, 
while HCrO4

2−, and Cr2O7
2− are predominant at pH 2–6 [2,17]. 

In Russian Federation, the official standards for maximum 
permissible limits (MPL) for chromium in drinking and 
domestic water, are 0.05 and 0.5 mg/L for Cr(VI) and Cr(III), 
respectively. The EU standards imply 0.5–5 mg/L and 0.1–
0.5 mg/L for Cr(III) and Cr(VI), respectively [18,19].

Due to these adverse effects, chromium must be dras-
tically removed from wastewater before it infiltrated into 
the surrounding medium or needs to be converted to less 
toxic forms [20]. Various techniques have been used for 
the scavenging of Cr(VI) from aqueous solutions includ-
ing chemical precipitation, adsorption, ion exchange, elec-
trocoagulation, membrane separation, and electrodialysis 
[2,5,17,21–26]. However, most of these techniques have many 
disadvantages including incomplete metal sorption, use of 
costly tools, energy requirements, and production of poison-
ous sludge and other disposal waste products [27]. In com-
parison adsorption technique is the lowest in economic cost, 
simple to operate, solves the challenge of sludge disposal, 
and an effective technique for the removal of Cr(VI) and 
other toxic elements [3,27–29]. Recently, researchers directed 
their attention to using low-cost adsorbents to remove Cr(VI) 
from wastewater. Among these adsorbents clays [30,31], 
industrial by-products [32], agricultural wastes [33], biomass 
[34], and polymeric materials [35], and young vesicular vol-
canic rocks [36]. Pomegranate peel discarded as a pollutant 
residue that can be used as a low cost and renewable source 
of biomass. It a by-product of the pomegranate juice indus-
try is therefore a cheap and constitutes 5%–15% of its total 
weight [37]. In recent years, some researches used pome-
granate peel to treat the wastewater samples from Cr(VI), 
Pb(II), and congo red [38–40]. The agricultural products and 
by-products contain cellulose, lignin, pectin, and many other 
compounds that have potential functional groups such as 
hydroxyl, carbonyl, amino, carboxylic, and alkoxy, which 
have a high affinity for the metal ions [41]. Before the chemi-
cal treatment, the pores of cellulose fibers are occupied with 
many viscous compounds such as lignin and pectin and this 
hinders the adsorption of metal ions. The activation process 
eliminates such compounds and the pores of cellulose fibers 
become vacant and available for binding with adsorbate 
ions, accordingly the adsorption capacities of agricultural 
adsorbents are enhanced after the chemical treatment [42,43]. 
This activation process has two different techniques, physi-
cal and chemical activation. Chemical activation is known as 
a single-step method of preparation activated carbon using 
chemical activating agents such as zinc chloride, sodium 
hydroxide, potassium hydroxide, sodium carbonate, hydro-
chloric acid, nitric acid, sulfuric acid, phosphoric acid, etc. 
Physical activation carried out via the carbonization of car-
bonaceous materials followed by activation of the resultant 
char using activating agents such as steam [44].

The present paper is concerned with the synthesis of 
activated carbons derived from pomegranate peel by chem-
ical activation with NaOH, HNO3, H2SO4, and HCl. The 
chemically modified pomegranate peel carbon (PGP-1N 
H2SO4) has been characterized by Fourier transform infra-
red (FT-IR), scanning electron microscopy (SEM), thermo-
gravimetric analysis (TGA), and X-ray diffraction (XRD) 
techniques. It was employed as a low-cost adsorbent for the 
retention of toxic Cr(VI) from different environmental water 
samples such as double-distilled water (DDW), tab water, 
synthetic seawater, natural seawater, and real wastewater 
obtained from Teraat Al Esmaieliah and Bahr El-Baqar drain. 
The adsorption ability of PGP-1N H2SO4 for Cr(VI) removal 
from aqueous solution was studied at different pH, con-
tact time, initial concentrations of adsorbate, sorbent mass, 
and temperature. The kinetics, isotherms, and thermody-
namics for the sorption of Cr(VI) on the prepared samples 
were studied.

2. Experimental setup

2.1. Biosorbent preparation

The pomegranate peel waste was washed with tap 
water, dried in sunlight until the moisture was partially 
evaporated, and was further washed by DDW then dried 
in a hot air oven at 80°C ± 2°C for 1 d. This dried material 
was crushed into small granules and divided into five parts, 
each part weighted 20 g. The first part was soaked with 
DDW overnight and then filtered, this process was repeated  
several times until get rid of all colored or soluble materials, 
then filtered and dried in a hot air oven at 80°C ± 2°C for 
2 d. The remaining four parts were boiled with 1 N (NaOH, 
HNO3, H2SO4, and HCl) solution respectively, in a ratio of 
pomegranate peel to treatment solution 1:10 w/v and kept 
to cool at room temperature overnight. Thereafter, each 
part was washed with DDW several times to remove the 
excess treatment solution if any, until the pH of the suspen-
sion reached ~4.75, then filtered and dried in a hot air oven 
at 80°C ± 2°C for 2 d. All the dried materials were ground 
well-using a ball mill and sieved to obtain particle sizes 
in the range of 168–212 μm. The product is preserved in 
airtight vessel for further studies.

2.2. Preparation of synthetic solution and analysis

All the chemicals used in this work were of an analytical 
grade and used as purchased without additional purifica-
tion. Except for the reaction temperature parameter, all the 
adsorption experiments were carried out at room tempera-
ture 25°C ± 1°C. A stock solution of Cr(VI) (1,000 mg/L) was 
obtained by dissolving 2.8288 g of K2Cr2O7 in 1,000 mL of 
DDW and then was used for further experimental solution 
preparation. Before mixing the adsorbent and chromium 
solution, the initial pH of each test solution was adjusted 
to the required value with 0.1 M HCl or 0.1 M NaOH, pH 
measurements were done using a pH meter of model 601A 
(USA). The concentration of free Cr(VI) ions in the stock 
solutions and unadsorbed Cr(VI) in the reaction medium 
was determined using inductively coupled plasma spectro-
photometer (ICPs-7500, Shimadzu, Kyoto, Japan).
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2.3. Simulation studies

About 75 mg/L from Cr(VI) ions were prepared in 
different water samples by dissolving about 0.021216 g 
of K2Cr2O7 in 100 mL of the desired water sample. These 
water samples include DDW, tab water, synthetic seawa-
ter, natural seawater, and real wastewater obtained from 
Teraat Al Esmaieliah and Bahr El-Baqar drain. The syn-
thetic seawater was obtained by dissolving 3.5 g of NaCl 
in 100 mL DDW. The natural seawater was obtained from 
coastal water (salinity 37 ± 1 g/L). The filtered wastewa-
ter, which was collected from Teraat Al Esmaieliah (Egypt) 
contains several industrial effluents and agriculture drain. 
The filtered sewage was collected from the Bahr El-Baqar 
drain (in northeastern Egypt). The pH of the desired water 
sample was adjusted to be 3.0 using 0.1 M HCl.

2.4. Activated carbon selection

The five-carbon samples understudies were evaluated 
for their specific ability to remove Cr(VI) from aqueous 
solutions. These experiments were done at the original pH 
of the solutions. In this concern, 0.1 g of each carbon was 
conducted with 25 mL of 75 mg/L of Cr(VI) solutions using 
a thermostatic shaker water bath (Kottermann D-1362, 
Germany) at 25°C ± 1°C for 24 h. The solutions were fil-
tered. The amount of Cr(VI) sorbed on the selected car-
bon sample was evaluated and the sample which gave the 
maximum uptake was selected and utilized for the remain-
ing experiments. To correct for any adsorption of Cr(VI) 
on containers, control experiments were done without 
adsorbent. There is no adsorption by the container wall.

2.5. Characterization of selected biosorbent material

The particle diameter of the prepared PGP-1N H2SO4 was 
determined using a sieving technique with different mesh 
sizes ranging from 100 to 1,000 μm using RP 200N Model, 
Spain, UE. Some physical and chemical properties of the 
PGP-1N H2SO4 such as apparent and packed densities, ash, 
and moisture contents were studied using the techniques 
presented in the previously reported work (for a sake of 
brevity) [27].

FT-IR (BOMEM-FTIR Model, Shimadzu, Kyoto, Japan) 
for the prepared samples was done to investigate their 
surface functional groups; the condition of the experiment 
was adjusted in the wavenumber range of 400–4,000 cm–1. 
The FT-IR spectra of the prepared adsorbent were achieved 
using the KBr disc method. The solid PGP-1N H2SO4 sample 
was mixed with KBr in a ratio of 1:5 and ground to a very fine 
powder. A transparent disc was formed in a moisture-free 
atmosphere. SEM (Jeol SEM of JSM-6510A model, Japan, 
operating with beams of primary electrons ranging from 5 
to 30 keV) was used to identify the morphological structure 
of the chemically activated pomegranate peel samples. TGA 
was completed using a Shimadzu thermal analyzer obtained 
from Shimadzu (Kyoto, Japan). PGP-1N H2SO4 sample was 
heated from room temperature up to 1,000°C in the N2 atmo-
sphere with a heating rate of 20°/min and using alumina 
powder as reference material. ΧRD analysis (XD–Dl model, 
Shimadzu, Kyoto, Japan) was employed to identify any 

crystallographic structure in the adsorbents. The operating 
conditions were 30 kV and 30 mA and a diffraction angle 
(2θ) range of 4°–90°. A nickel filter and Cu Kα-X-ray tube 
(λ = 1.5418 Å) were used.

2.6. Batch adsorption studies

2.6.1. Effect of pH (Optimum pH determination)

To know the optimum solution pH at which the 
maximum adsorption of Cr(VI) was achieved, the initial 
pH values were adjusted to 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 
and 6.0 using 0.1 M HCl or 0.1 M NaOH solutions. 0.1 g of 
adsorbent was contacted with 25 mL of Cr(VI) solution of 
75 mg/L at 25°C ± 1°C in a thermostatic water bath shaker 
(Kottermann D-1362, Germany) at a constant agitation 
speed of 250 rpm for the minimum contact time required 
to reach the equilibrium (180 min). The solution pH for 
maximum metal adsorption was then selected and utilized 
for the remaining experiments.

2.6.2. Effect of biosorbent mass

The effect of sorbent mass on the sorption of Cr(VI) was 
studied by mixing 25 mL solution containing 75 mg/L of 
Cr(VI) ions with different PGP-1N H2SO4 mass (0.03, 0.05, 
0.08, 0.1, 0.2, 0.4, and 0.6 g) for respective equilibrium times 
(180 min) at 25°C ± 1°C and optimum pH value of 3.0. The 
solution was filtered and the chromium concentration was 
determined.

2.6.3. Effect of temperature

The influence of temperature on the sorption of Cr(VI) 
was determined by using five different temperatures 
(i.e., 298, 308, 318, 328, and 338 K). 0.1 g of the sorbent was 
transferred into conical flasks containing 25 mL of 100 mg/L 
Cr(VI) ions, the conical flasks were shaken in a thermo-
static water bath shaker at a constant agitation speed of 
250 rpm for 180 min.

2.6.4. Kinetics studies

Kinetic studies were achieved by shaking 0.1 g of PGP-1N 
H2SO4 adsorbent with 25 mL Cr(VI) solution (75 mg/L) at 
25°C ± 1°C and an optimum pH value of 3.0 in a thermo-
static water bath shaker (Kottermann D-1362, Germany) at 
a constant agitation speed of 250 rpm. The residual Cr(VI) 
concentration was measured after fixed time period (15, 30, 
45, 60, 75, 90, 120, 150, 180, and 240 min).

2.6.5. Adsorption isotherm

Adsorption isotherm experiments were carried out in 
100 mL conical flasks at 25°C ± 1°C on a shaker for 180 min. 
0.1 g of PGP-1N H2SO4 sample was completely mixed with 
25 mL of Cr(VI) solutions. The isotherm studies were done by 
varying the initial Cr(VI) concentrations from 20 to 400 mg/L 
at pH 3.0. After shaking the flasks for 180 min, the mixture 
was filtered and the residual Cr(VI) concentration in the 
separated solution was measured using ICPs-7500. All the 
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experiments are repeated three times and then the average 
for the values are assigned. The total experimental percent-
age error did not exceed 3%. The removal percentage and 
amount of Cr(VI) adsorbed onto PGP-1N H2SO4 adsorbent at 
equilibrium, qe (mg/g) were calculated using Eqs. (1) and (2), 
respectively:

Removal (%) = 
C C
C

e0

0

100
−







×  (1)

q
C C V
me

e( )mg/g =
−( )0  (2)

where C0 and Ce (mg/L) are the initial and equilibrium con-
centrations of Cr(VI) ions, respectively. V is the volume of 
the solution (L), and m is the mass of dry adsorbent used (g).

3. Results and discussion

3.1. Activated carbon selection

To select the best carbon sample appropriate for the 
retention of Cr(VI) ions from wastewater streams, Table 1 
illustrates the results obtained for the scavenging of Cr(VI) 
ions from the polluted water using unmodified and chemi-
cally modified pomegranate peel. There is an obvious differ-
ence in the efficiency of the five-carbon samples to uptake 
Cr(VI) ions from polluted water. This significant difference 
in the amount of Cr(VI) ions adsorbed on the tested sam-
ples indicates different interaction mechanisms between 
chromium ions and carbon surface. As shown from Table 1, 
the sample treated with H2SO4 is found to be superior in 
the scavenging of Cr(VI) ions from polluted solution, so 
this sample was selected for further investigations. The 
detailed characteristics of PGP-1N H2SO4 obtained are given 
in Table 2. It was granular in nature, exhibited consider-
able apparent and bulk density, resistant to HNO3 and HCl 
media, and showed high Cr(VI) removal, therefore it was 
chosen for detailed study.

3.2. Characterization

3.2.1. Scanning electron microscopy

The surface physical morphology of raw pomegranate 
peel (untreated-PGP), chemically modified pomegranate 
peel (PGP-1N HNO3, PGP-1N HCl, PGP-1N NaOH, and 
PGP-1N H2SO4), and Cr-sorbed PGP-1N H2SO4 samples 

were observed by SEM as shown in Fig. 1. The SEM micro-
graphs of untreated pomegranate peels (Fig. 1a), PGP-1N 
HNO3 (Fig. 1b), and PGP-1N NaOH (Fig. 1d) are similar in 
appearance were showed that the fibers are stuck together 
due to the existence of crude fibers, protein, lignin, and 
other viscous compounds [2]. The surface morphology of 
untreated-PGP wasn’t affected by modification with HNO3 
and NaOH, and this is the main reason that their efficiencies 
for Cr(VI) removal are low compared to PGP-1N HCl and 
PGP-1N H2SO4. The chemically modified pomegranate peels 
PGP-1N HCl (Fig. 1c) and PGP-1N H2SO4 (Fig. 1e(1)), show 
extensive external surface with extremely irregular cavities 
and pores. These pores and cavities result from the evapo-
ration of chemical reagent (HCl or H2SO4) during activation 
leaving the space open that was previously occupied by 
HCl or H2SO4 [17,45], in addition to, the viscous compounds 
are removed during chemical treatment [2]. This notice-
able change in appearance after the modification with HCl 
and H2SO4 is the main reason for increasing the chromium 
removal efficiency. As it is obvious from Fig. 1e(2) that an 
obvious change in the surface of the PGP-1N H2SO4 after 
Cr(VI) adsorption has been noticed, the surface morphology 
of the adsorbent became much smoother after the adsorption 
of Cr(VI), and the pores and cavities are filled by Cr(VI) ions.

3.2.2. FT-IR analysis

The functional groups onto the surface of selected acti-
vated pomegranate peel samples (PGP-1N H2SO4) were 
analyzed by FT-IR. The FT-IR bands of PGP-1N H2SO4 and 
Cr-sorbed PGP-1N H2SO4 are given in Fig. 2. Abroad peak 
at 3,425 cm−1 represents the –OH stretching vibrations of cel-
lulose and lignin [46,47]. Bands at 2,924 and 2,853 cm−1 are 
mainly due to asymmetric vibration mode and symmetric 
stretching of CH and indicative of the presence of aliphatic 
–CH2 groups [48]. There was an obvious band at 1,717 cm−1, 
which may be characteristic of stretching mode of C=O in 
acetyl or ester groups of hemicelluloses and ester linkage 
in lignin [49,50]. The band at 1,618 cm−1 corresponds to the 

Table 2
Characteristics of chemically activated pomegranate peel 
(PGP-1N H2SO4)

Characteristics Values

Moisture content (%) 11.40
Ash content (%) 6.56
Bulk density (g/mL) 0.420
Apparent density (g/mL) 0.305
Average particle size (μm) 168–212
Yield % 35
pH 4.75
Adsorption capacity (mg/g) 18.0
Solubility in water (%) 0.075
Solubility in 0.5 M HCl (%) 0.30
Solubility in 5 M HCl (%) 1.20
Solubility in 0.5 M HNO3 (%) 0.35
Solubility in 5 M HNO3 (%) 1.45

Table 1
Preliminary tests for untreated and chemically modified 
pomegranate peel

Adsorbent qe (mg/g)

Untreated-PGP 7.46
PGP-1N NaOH 0.05
PGP-1N HCl 15.04
PGP-1N HNO3 4.21
PGP-1N H2SO4 18.00
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Fig. 1. SEM micrographs of (a) untreated-PGP, (b) PGP-1N HNO3, (c) PGP-1N HCl, (d) PGP-1N NaOH, (e) [(1) PGP-1N H2SO4 and 
(2) Cr-sorbed PGP-1N H2SO4] magnitude of 1,000×.
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bending vibrations of adsorbed water [51]. The peaks at 
1,450 and 1,115 cm−1 are ascribed with the C–O stretching 
[12,51,52]. The absorbance band near 1,348 cm−1 was related 
to –CH symmetric bending vibrations [53]. The peaks at 1,196 
and 1,054 cm−1 correspond to the non-symmetrical C–O–C 
and C–OH vibrations of cellulose, respectively [54]. The 
bands between 603 and 758 cm−1 are associated with metal–
oxygen bonds [51]. After Cr(VI) adsorption, a slight shifting 
of the band from 3,425 to 3,415 cm−1 has been occurring and 
it proves the electrostatic interaction between Cr(VI) ions 
and PGP-1N H2SO4 biosorbent material. The new band at 
456 cm−1 in the Cr-sorbed PGP-1N H2SO4 could be due to the 
formation of Cr(OH)3 which suggests the reduction of Cr(VI) 
to Cr(III) [55,56]. The obtained results confirm that the –OH 
group of cellulose and lignin was involved in the adsorption 
of Cr(VI).

3.2.3. Thermogravimetric analysis

The TGA curve of the PGP-1N H2SO4 sample is pre-
sented in Fig. 3. Regarding the TGA curve, observe that as 
the sample heated from room temperature up to 1,000°C. 
PGP–1N H2SO4 sample exhibits a significant weight loss of 
about 11.4% when the sample heated from room tempera-
ture to 180°C attributed to the evaporation of the coordi-
nated or adsorbed water [29]. At the temperature range of 
180°C–332°C, the percent weight loss gradually increases 
until reaches to 29.8% and this may be due to the loss of an 
organic part of the PGP–1N H2SO4 adsorbent [29]. Further 
increase in temperature causes the percentage of weight loss 
to increase, at the temperature range of 332°C to 850°C, the 
weight loss of about 52.30% was observed. Such weight loss 
is probably attributed to the loss of the more stable organic 
part of PGP–1N H2SO4 [29].
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Fig. 2. FT-IR spectrum of (a) PGP-1N H2SO4 sample and (b) [(1) unloaded PGP-1N H2SO4 and (2) Cr-sorbed PGP-1N H2SO4].



E.A. Abdel-Galil et al. / Desalination and Water Treatment 211 (2021) 250–266256

3.2.4. XRD analysis

The XRD analysis was carried out to know the crystal 
structure of the PGP-1N H2SO4 as well as to use in qualitative 
analysis through knowing the corresponding component at 
each spectrum. The spectrum of the PGP-1N H2SO4 sample 
is presented in Fig. 4. The diffraction pattern for PGP-1N 
H2SO4 shows an intense peak at 2θ = 16.96°, 22.34°, and 
27.72° are the characteristic peaks of cellulose fibers, which 
coincides with reported literature values [28,54,57,58].

3.3. Adsorption studies

3.3.1. Effect of contact time

Fig. 5a shows that the sorption of Cr(VI) by PGP-1N 
H2SO4 was affected by the variation of contact time. At the 
starting, the rate of adsorption reaction is so rapid, about 
50% of Cr(VI) was retained on the adsorbent surface at 
first 15 min, and thereafter the rate of adsorption of Cr(VI) 
onto activated pomegranate peel found to be slow, repul-
sion force, or electrostatic hindrance which initiate between 
pomegranate peel surface loaded with negative chromium 
ions and the anionic Cr(VI) available in solution may 
responsible for slows down of the reaction, as well as the 
slow pore diffusion of the Cr(VI) ion into the bulk of adsor-
bent [31]. The removal percentage and amount of Cr(VI) 
ions adsorbed by PGP-1N H2SO4 (qe) have become constant 
about 96% and 18 mg/g respectively, at 3 h. Therefore the 
time at which the equilibrium is achieved is 3 h and all 
experiments have been performed.

3.3.2. Effect of pH

The solution pH mainly affects the surface charge, the 
degree of ionization, and the adsorbates species [51,59]. 
Fig. 5b shows the extent of removal of Cr(VI) as a function of 
pH for an initial concentration of 75 mg/L using the PGP-1N 
H2SO4 sample. It was noticed that the maximum removal 
percentage (96%) was attained at pH 3.0. The predominant 
species of chromium ions in the acidic medium are Cr2O7

–2, 

HCrO4
–, Cr3O10

–2, and Cr4O13
–2 [2,38]. At low pH, the adsor-

bent surface becomes highly protonated, so the adsorption 
of anionic Cr(VI) ions on the protonated adsorbent sur-
face is enhanced. The protonation of the adsorbent surface 
is reduced with increasing the pH value which causes the 
electrostatic attraction between PGP-1N H2SO4 surface and 
anionic Cr(VI) is reduced, then the sorption of Cr(VI) ions 
by PGP-1N H2SO4 sample is decreased [2,38]. Besides, the 
competition occurred between OH– and chromate ions, 
CrO4

–2 when the pH value increases, and alkaline properties 
predominated. The mechanism of Cr(VI) adsorption on the 
surface of PGP-1N H2SO4 is illustrated in Fig. 6.

3.3.3. Effect of initial metal ion concentration

The retention of Cr(VI) by PGP-1N H2SO4 was studied 
by varying initial Cr(VI) concentration from 20 to 400 mg/L 
using optimum PGP-1N H2SO4 mass (0.1 g), temperature 
(25°C ± 1°C) for a contact time of 180 min (Fig. 5c). It was 
found that the % removal of Cr(VI) was decreased from 97.0% 
to 28.3% when the concentration of Cr(VI) was increased 
from 20 to 400 mg/L, which may be due to the less availability 
of adsorption sites at a higher dose of Cr(VI) ions [60].

3.3.4. Effect of biosorbent mass

Studying the effect of the sorbent mass on the removal 
of Cr(VI) ions was carried out by varying the adsorbent 
quantity from 0.03 to 0.6 g in solution while consider-
ing the other operational parameters be constant (initial 
chromium concentration, 75 mg/L; temperature, 298 K; pH, 
3.0; time, 3 h.). The values of % removal and qe at a differ-
ent mass of PGP-1N H2SO4 were presented in Fig. 5d. The % 
removal of Cr(VI) ions increased from 38.32% to 96.65% with 
increasing the biosorbent mass from 0.03 to 0.6 g, respectively. 
This is a result of more available binding sites when the 
mass of biosorbent increased [2,5,38,56,61]. However, the 
values qe (mg/g), was reduced from 23.95 to 3.02 mg/g with 
increasing biosorbent mass. This caused by the existence of 
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a high number of vacant available sites during biosorption 
process. Comparable results were previously obtained by 
other researchers [62,63].

3.4. Adsorption kinetic studies

Discussing the kinetic modeling for the adsorption 
process leads to understanding the dynamics of the adsorp-
tion reaction as well as the order of the rate constant. 
Batch experiments were done to investigate the rate of 
Cr(VI) adsorbed by PGP-1N H2SO4. It is very important to 
study the mechanism of the reaction and the mechanism 
of diffusion to examine the rate-controlling steps of the 
adsorption process.

3.4.1. Mechanism of the reaction

To achieve the mechanism of adsorption, three different 
kinetic models (pseudo-first-order, pseudo-second-order, 
and Elovich) were applied and illustrated as follows:

The pseudo-first-order model [64]:

log log
.

q q q
k

te t e−( ) = − 1

2 303
 (3)

The pseudo-second-order model [65,66]:

t
q

t
q k qt e e

= +
1

2
2

 (4)

The Elovich model [67]:

q tt = +
1 1
β

αβ
β

ln( ) ln( )  (5)

where qe and qt are the amounts of Cr(VI) adsorbed at 
equilibrium and at any time t, respectively, in mg/g, 
k1 (1/min) and k2 (g/mg min) are the pseudo-first-order and 
pseudo- second-order rate constant, respectively, α (mg/g/
min), and β (g/mg) are the Elovich constants. The results 
of the above three kinetics models are given in Table 3. 
The correlation coefficient values were much higher for the 
pseudo- second-order (R2 > 0.992) (Fig. 7b) than the pseudo- 
first-order (R2 > 0.968) (Fig. 7a) and Elovich (R2 > 0.963) 
(Fig. 7c) kinetics model. In addition to the calculated qe 
value obtained from pseudo-second-order rate expres-
sion (20.44) are closely agrees with the experimental data 
(18.00). These results proposed that experimental data are 
applicable well with the pseudo-second-order model. So a 
chemical interaction occurred between functional groups 
on the adsorbent surface and Cr(VI) ions, then the rate- 
determining step of the reaction is the chemisorption of 
Cr(VI) ions in the adsorption process [68].

3.4.2. Mechanism of the diffusion

The diffusion of the adsorbate on the adsorbent surface 
can be controlled by three steps viz. film diffusion, pore 
diffusion, and intra-particle transport. The slowest of the 
three steps controls the overall rate of the process. Generally, 

pore diffusion and intra-particle diffusion are often rate- 
limiting in a batch reactor, which for continuous flow sys-
tem film diffusion is more probably the rate-limiting step 
[69]. The intra-particle diffusion model can be investigated in 
its linear shape using the next equation [70]:

q k t Ct = +id
0 5.  (6)

The intra-particle diffusion rates (kid) and the con-
stant (C) were evaluated from the graphing of qt vs. t0.5 as 
illustrated in Fig. 7d. If intra-particle diffusion is a rate- 
controlling step, then the plot should be linear and pass 
through the origin, which is not the case in this study. 
The deviation of straight lines from the origin, as shown in 
Fig. 7d, suggesting the involvement of intra-particle diffu-
sion in the adsorption process but not as the rate- controlling 
step, other kinetic models along with the intra-particle 
diffusion may dominate the rate of adsorption, which 
can be operating concurrently [71].

3.5. Adsorption isotherm investigation

The experimental data were analyzed using different iso-
therm models such as Langmuir, Freundlich, Temkin, and 
Dubinin–Radushkevich (D–R) isotherm models, and the con-
stant parameters of the isotherm equations were estimated 
and summarized in Table 4. For each isotherm, various con-
centrations of Cr(VI) ions solution were mixed with a fixed 
adsorbent weight in each sample. Fig. 8 shows the adsorption 
isotherm of Cr(VI) onto the PGP-1N H2SO4 sample.

3.5.1. Langmuir isotherm

The Langmuir equation assumed the validity of a homo-
geneous monolayer surface with a finite number of identi-
cal sites for the adsorption process. The interaction between 
adsorbed molecules is negligible; the linear form is presented 
as following [72]:

Table 3
Parameters of different estimated kinetics models for the 
adsorption of Cr(VI) onto PGP-1N H2SO4

Model Parameter Value
Pseudo-first-order  
kinetic model

k1 (min–1) 0.015

qe,cal (mg/g) 12.81

R2 0.96861
Pseudo-second-order  
kinetic model

k2 (g/mg min) 0.00145
qe,cal (mg/g) 20.44
R2 0.99257

Elovich equation α (mg/g min) 0.864
β (g/mg) 0.284

R2 0.96399
Intraparticle diffusion kid (mg/g min1/2) 0.925

C 5.316
R2 0.99127

Practical capacity qe,exp (mg/g) 18.00



259E.A. Abdel-Galil et al. / Desalination and Water Treatment 211 (2021) 250–266

C
q

C
q bq

e

e

e= +
max max

1  (7)

where Ce is the equilibrium concentration in solution 
(mg/L), qe is the amount of metal ion adsorbed at equilib-
rium (mg/g), qmax is the maximum monolayer capacity of the 
adsorbent (mg/g), and b is Langmuir equilibrium constant 
(L/mg) that related to the apparent energy of sorption. Eq. (7) 
is the most popular linear form of the Langmuir isotherm 
model. The values of qmax and b constants and correlation 
coefficients for Langmuir isotherm were evaluated from the 
plot of Ce/qe vs. Ce (Fig. 8a) and presented in Table 4. The cor-
relation coefficient (R2) for the adsorption of Cr(VI) onto the 
PGP-1N H2SO4 sample is higher than 0.999, and the theoret-
ical values of qmax consistent well with the experimental val-
ues, which indicate that the Langmuir model is applicable.

The dimensionless constant separation term (RL) was 
used to prove the applicability of the Langmuir isotherm 
model. The RL value can be estimated using the following 
equation [73]:

R
bCL = +
1

1 0

 (8)

where C0 is the largest initial concentration of Cr(VI) ions 
in solution (400 mg/L). The RL is greater than 0 but less 
than 1 suggesting that Langmuir isotherm is applica-
ble [74]. Langmuir isotherm model is symmetrical to the 
experimental data which may be due to the homogeneous 
distribution of active sites on the PGP-1N H2SO4.

Table 5 summarizes the reported values of qmax in 
the literature using various adsorbents. PGP-1N H2SO4 
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adsorbent gave good values of qmax compared with other 
adsorbents.

3.5.2. Freundlich isotherm

Freundlich isotherm suggested that the heterogeneous 
surface character of the sorbent material and the distri-
bution of heat of sorption over that surface is non- uniform. 
The linear mathematical expression is formulated as 
follows [90]:

log log logq K
n

Ce F e= +
1  (9)

where KF (mg/g) and 1/n are Freundlich isotherm con-
stants indicate the capacity and intensity of the adsorption, 

respectively. The values of KF and 1/n were calculated 
from the linear plot of logqe vs. logCe (Fig. 8b) which are 
given in Table 4. It was found that the plots exhibit devi-
ation from linearity at the concentration range (>75 mg/L). 
However, the correlation coefficients in Table 4 indicate 
the data are not well-correlated to Freundlich correla-
tion coefficients (R2 = 0.88117) compared to the Langmuir 
correlation coefficients (R2 = 0.99928). By comparing the 
results presented in Table 4, it is possible to conclude that 
the Langmuir sorption isotherm can accurately describe the 
adsorption of Cr(VI) onto PGP-1N H2SO4 in this study.

3.5.3. Temkin isotherm

The Temkin isotherm model describes the adsorbent 
species–adsorbate interactions. It postulates the following 
basics:
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• When the surface of the adsorbent is completely covered 
with adsorbate ions, this leads to adsorbate–adsorbate 
repulsions, accordingly the heat of adsorption of all the 
molecules in the layer decreases.

• The adsorption is a uniform distribution of maximum 
binding energy.

• The lowering in the heat of sorption is linear rather than 
logarithmic, as denoted in the Freundlich equation. It is 
commonly expressed in the next linear equation;

q B A B Ce T e= +ln ln  (10)

B RT
b

=  (11)

where AT is Temkin isotherm equilibrium binding constant 
(L/g), B is a constant corresponding to the heat of sorp-
tion (J/mol), T is the absolute temperature (K), and R is 
the universal gas constant, 8.314 J/mol/K. The linear plot 
of qe vs. lnCe for adsorption of Cr(VI) onto PGP-1N H2SO4 
adsorbent is illustrated in Fig. 8c while, the Temkin con-
stants for adsorbent are given in Table 4. The correlation 
coefficient (R2 = 0.96348) was relatively high, which indi-
cates the applicability of the Temkin equation. This could 
mean that the adsorption of Cr(VI) using PGP-1N H2SO4 
adsorbent was a chemical adsorption process [91].

3.5.4. Dubinin–Radushkevich isotherm

Another equation employed in the explication of 
isotherms was submitted by Dubinin and Radushkevich 
(D–R) isotherm [92]. The linear form of the D–R isotherm 
equation can be expressed using the next equation:

Table 4
Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich pa-
rameters for the sorption of Cr(VI) onto PGP-1N H2SO4

Model Parameter Value

Langmuir qmax (mg/g) 28.28
b (L/mg) 0.203
R2 0.99928
RL 0.012

Frendlich KF (mg/g) 9.08
1/n 0.225
R2 0.88117

Temkin AT (L/g) 19.79
BT (J/mol) 3.36
b 737.94
R2 0.96348

Dubinin–Radushkevich qm (mg/g) 23.06
KD–R (mol2/kJ2) 2.765 × 10–7

E (kJ/mol) 30.07
R2 0.95707

Experimental capacity qe,exp (mg/g) 28.30

Table 5
Comparison of the maximum Cr(VI) adsorption capacity of 
various adsorbents

Adsorbent Maximum 
adsorption 
capacity, 
qmax (mg/g)

References

Red mud 75.00 [1]
Grafted banana peels (GBPs) 6.17 [2]
Besicular basalt (VB) 104.0 [3]
CN-cl-PL(AA)NHG 26.49 [5]
Unoxidized carbon 13.68 [17]
Oxidized carbon 16.26 [17]
PANI/SiO2 composite 63.41 [56]
β-CCWB450 124.42 [68]
Polypyrrole-polyaniline nanofibers 227.27 [75]
Sugar beet tailing biochar 123.00 [76]
FAC 21.75 [77]
SAC 9.535 [77]
ATFAC 9.866 [77]
ATSAC 11.51 [77]
ACF 96.30 [77]
Sago waste activated carbon 5.78 [78]
Clarified sludge 26.31 [79]
Rice husk ash 25.64 [79]
Activated alumina 25.57 [79]
Fuller’s earth 23.58 [79]
Fly ash 23.86 [79]
Saw dust 20.70 [79]
Neem bark 19.60 [79]
Almond 10.62 [80]
Coal 6.78 [80]
Pine needles 21.50 [80]
Cactus 7.082 [80]
Tyres activated carbon (TAC) 48.08 [81]
Fe(III)/Cr(III) hydroxide 1.38 [82]
Mango stone ash (MSA) 4.73 [83]
Orange peel powder (OPP) 6.01 [83]
Corn cob ash (CCA) 4.21 [83]
Cow dung ash (CDA) 5.75 [83]
Granulated activated carbon (GAC) 10.17 [83]
Wheat bran 0.942 [84]
Hazelnut shell 17.70 [85]
Maize cob 13.8 [86]
Sugar cane bagasse 13.4 [86]
Sugar beet pulp 17.2 [86]
Palm pressed-fibers 15.00 [87]
Waste tea 1.55 [88]
Walnut shell 1.33 [88]
Modified oak sawdust 1.7 [89]
PGP-1N H2SO4 28.28 Current 

work
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ln lnq q Ke m= − D-Rε
2  (12)

where KD–R is D–R constant (mol2/KJ2) and ε is a Polanyi 
potential (J/mol) which estimated by the next equation:

ε = +








RT

Ce
ln 1 1  (13)

In general, this model is used to estimate the value of free 
energy (E) which was used to differentiate the physical and 
chemical adsorption of metal ions, the value of mean free 
energy (E) can be calculated using the following equation 
[93,94]:

E
K

=
1

2 D-R

 (14)

The slope and intercept acquired from the linear plot 
of lnqe vs. ε2 (Fig. 8d) are used to estimate the values of qm 
and KD–R, respectively. These values and the value of cor-
relation coefficient (R2) are given in Table 4. The correlation 
coefficient of D–R isotherm (R2 = 0.95707) for adsorption 
of Cr(VI) onto PGP-1N H2SO4 adsorbent is lower than the 

correlation coefficient of Langmuir isotherm (R2 = 0.99928) 
and the theoretical value of qm is much lower than the 
experimental value and even lower than that value obtained 
from Langmuir isotherm. We suggest that D–R isotherm is 
less applicable for the adsorption of Cr(VI) onto the PGP-1N 
H2SO4 sample compared to the Langmuir isotherm model. 
The values of the mean adsorption energy were found to 
be in the range of a chemical adsorption reaction, that is, 
16–40 kJ/mol [74].

3.6. Effect of temperature and thermodynamics

The batch adsorption method was used to see the 
effect of varying temperatures (298–338 K) on the removal 
of Cr(VI) by PGP-1N H2SO4. The experimental results are 
illustrated in Fig. 9a which showed that the sorption of 
Cr(VI) was increased with temperature which may be due 
to increasing the mobility of the adsorbate ions within the 
pores of the adsorbent as a result of decreasing solution 
viscosity, in addition to some internal bonds on the edge 
of the sorbent surface were broken resulting in the creation 
of new active sites available for adsorption, so the adsorp-
tion capacity improved [62]. The adsorption of Cr(VI) was 
81% at 298 K (25°C ± 1°C) but it was reached up to 95% 
at 338 K (65°C ± 1oC) which showed that the endothermic 

Table 6
Thermodynamic parameters for the adsorption of Cr(VI) ions onto PGP-1N H2SO4

Sorbate Temperature (K) Removal, % ∆H° (kJ/mol) ∆S° (J/mol K) ∆G° (kJ/mol)

Cr(VI)

298 81.0

31.08 161.29

–17.27
308 84.0 –18.39
318 88.0 –19.86
328 92.0 –21.71
338 95.0 –23.80

0.0029 0.0030 0.0031 0.0032 0.0033 0.0034
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Fig. 9. Effect of reaction temperature on (a) removal (%) and (b) Van’t Hoff plots for the removal of Cr(VI) by using PGP-1N H2SO4 at 
an agitating rate, 250 rpm; initial metal concentration, 100 mg/L; contact time, 180 min; volume, 25 mL; weight, 0.1 g; pH, 3.
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nature of the adsorption process [95]. The dependence of 
temperature on the adsorption process is connected with 
several thermodynamic parameters viz. ΔG° (standard free 
energy change), ΔH° (standard enthalpy change), and ΔS° 
(standard entropy change). The values of ΔH° and ΔS° were 
calculated from the slopes and intercepts of the plots of lnKd 
vs. 1/T (Fig. 9b) by using the Van’t Hoff equation:

lnK S
R

H
RTd =

°
−

°∆ ∆  (15)

K
C C
C

V
md

e

e

( )mL/g =
−







×

0  (16)

The values of ΔG° were determined using the following 
equation:

∆G RT Kd° = − ln  (17)

The values of thermodynamic parameters for Cr(VI) 
adsorption onto PGP-1N H2SO4 are given in Table 6. 
The value of ΔH° was found to be positive (31.08 kJ/mol), 
which designated the endothermic nature of the process 
[5,17,96]. The positive value of ΔS° (161.29 J/mol K) indi-
cated an increase in the randomness at the solid/solution 
interface during the adsorption of Cr(VI) onto PGP-1N 
H2SO4 [2,5,17,96]. The negative values of ΔG° proved 
that the adsorption process is spontaneous and does not 
need any external power source. Decreasing the values of 
ΔG° with increasing temperature indicates the better fea-
sibility of the adsorption at a lower temperatures [2,5,96].

3.7. Application

3.7.1. Removal of Cr(VI) from different environmental 
water samples

The retention of Cr(VI) from different environmental 
water samples was investigated using the batch technique. 
This work was achieved using DDW, tab water, synthetic 
seawater, natural seawater, and real wastewater obtained 
from Teraat Al Esmaieliah and Bahr El-Baqar drain and 
the results are given in Table 7. The percentage of Cr(VI) 
removal from aqueous solutions prepared by dissolving of 
the Cr(VI) into DDW, tab water, synthetic seawater, natu-
ral seawater, and real wastewater obtained from Teraat Al 

Esmaieliah and Bahr El-Baqar drain were 96.0%, 95.55%, 
94.70%, 93.65%, 91.05%, and 89.95% for PGP-1N H2SO4, 
respectively, which indicates that the% removal of Cr(VI) 
adsorption was a slightly affecting by the changing of the 
type of chromium ion solution. The slight decrease in the 
removal percentages and maximum capacities may be due 
to the competition which occurred between Na+ (Which is 
abundant in saltwater), some of the heavy metals (which 
are abundant in Teraat Al Esmaieliah and Bahr El-Baqar 
drain), and Cr(VI) for occupying the available active sites.

3.8. Desorption and regeneration studies

Desorption is a very important process in terms of 
assessing the economic value of the PGP-1N H2SO4 sor-
bent material. Moreover, it also will help to regenerate the 
spent adsorbent so that it can be used again to adsorb metal 
ions, and to develop the successful sorption process [38,68]. 
Desorption studies were done at 25°C ± 1°C by shaking 
25 mL 0.5 N different eluting agents (HCl, HNO3, H2SO4, 
and NaOH) with 0.1 g PGP-1N H2SO4 sample loaded with 
Cr(VI). The order of desorption for Cr(VI) metal ions was 
NaOH (99.00%) > HNO3 (46.87%) > HCl (23.40%) > H2SO4 
(9.87%). The better recovery of Cr(VI) metal ions was 
achieved using 0.5 N NaOH giving 99.00% desorption after 
180 min contact time. Activation of the washed PGP-1N 
H2SO4 after the desorption process was achieved by agita-
tion with 1N HNO3 for 180 min followed by washing with 
DDW.

4. Conclusion

• The present study shows that the chemically treated 
pomegranate peel (PGP-1N H2SO4) is an efficient adsor-
bent for the retention of Cr(VI) ions from polluted 
solutions.

• Characterization of the prepared adsorbent was 
achieved via FT-IR, SEM, TGA, and XRD analyses.

• The optimized conditions for Cr(VI) removal was 
attained at pH 3.0, adsorbent dose 4 g/L, concentration 
400 mg/L, and contact time of 180 min.

• The pseudo-second-order equation represented the bet-
ter adsorption kinetics for the adsorption of Cr(VI) onto 
PGP-1N H2SO4.

• The isotherm equilibrium studies confirmed that the 
Langmuir model is the best suitable model for repre-
senting the adsorption of Cr(VI) by PGP-1N H2SO4 with 

Table 7
Removal efficiency and maximum capacity of Cr(VI) ions from different water samples using PGP-1N H2SO4 (4.0 g/L)

Sample Removal (%) Maximum 
capacity (mg/g)No. Type pH

1 Double-distilled water (DDW) 3.00 96.00 18.00
2 Tap water 3.00 95.55 17,91
3 Synthetic sea water 3.00 94.70 17.76
4 Natural sea water 3.00 93.65 17.56
5 Wastewater (Teraat Al Esmaieliah) 3.00 91.05 17.07
6 Wastewater (Bahr El-Baqar drain) 3.00 89.95 16.87
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maximum monolayer adsorption capacity (qe) equal to 
28.28 mg/g at 25°C ± 1°C.

• The adsorption capacity of PGP-1N H2SO4 is much better 
than other adsorbents.

• The negative values of ΔG° suggested the spontaneous 
nature of Cr(VI) adsorption onto PGP-1N H2SO4, while 
the positive value of ΔH° and ΔS° indicated the endother-
mic adsorption process and Cr(VI) adsorption caused 
the randomness in the system.

• The desorption results showed that the best recovery 
for Cr(VI) metal ions was achieved using 0.5 N NaOH.
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