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a peel as a low-cost adsorption
material for removing hexavalent chromium from
tannery wastewater: optimization, kinetic and
isotherm study, and regeneration aspects†
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Belay Getye,d Destaw Agumass Mengiea and Shiferaw Ayalnehc

When the concentration of hexavalent chromium (Cr(VI)) in the environment is greater than a certain limit, it

becomes a global concern. Thus, the aim of this study was to use banana peel as an adsorbent to remove

heavy metals, specifically Cr(VI) ions from wastewater. Banana peel (BP) was activated in a furnace for 2 h (h)

at 450 °C and 50% humidity. Subsequently, the activated BP was characterized by proximate analysis,

elemental analysis, scanning-electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform

infrared spectroscopy (FTIR), Brunauer Emmett Teller (BET) analysis, and thermogravimetric analysis

(TGA). According to the characterization results, the activated BP possessed a porous surface and high

surface area of 200 m2 g−1, which are important adsorption parameters. Additionally, the removal

efficiency for Cr(VI) was evaluated in terms of pH, contact time, initial concentration, and adsorbent dose.

Consequently, the optimal operating conditions for removing 94% of Cr(VI) were found to be an

adsorption time of 92 min, adsorbent dose of 1.5 g L−1, pH of 3, and initial Cr(VI) concentration of

38 mg L−1. In addition, the adsorption kinetics and isotherms were examined. The pseudo-first-order

model with an R2 of 0.996 and the Langmuir isotherm with an R2 of 0.997 were found to be the most

effective mathematical representations of the rate and nature of Cr(VI) adsorption on the surface of the

activated BP, respectively. Furthermore, it was discovered that the activated BP could be reused six times

before its removal efficiency was reduced to less than 70%.
1. Introduction

Hazardous compounds have spread in the aquatic environment
at an unprecedented rate as a result of the global Industrial
Revolution.1 Specically, various manufacturing sites are
responsible for polluting fresh water and the ecosystem with
their wastewater containing different heavy metals,2 including
the leather tanning, electronics, metal nishing, electroplating
industries, if they discharge their effluents without treatment.3

Heavy metals are also present in water bodies as a result of
home and agricultural contaminants. Besides, various inor-
ganic and organic contaminants are present in the effluents of
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industries. Heavy metals, for example, alter the chemical
composition of diverse water sources, while also posing a major
health risk due to their toxicity.4,5 Large amounts of heavy
metals such as lead (Pb), zinc (Zn), copper (Cu), arsenic (As),
cadmium (Cd), chromium (Cr), nickel (Ni), and mercury (Hg)
are among the heavy metals from various industries that are the
most concerning.6,7 Thus, contamination with these heavy
metals has become a signicant issue globally. Although
humans require trace amounts of heavy metals such as copper
and zinc, high levels of these metals can be dangerous.8

Naturally, heavy metals can be found immobilized in sedi-
ments and as ores. However, due to anthropogenic activity,
there is an increase in heavymetal deposition in the aquatic and
terrestrial environments as a result of these metals becoming
mobilized and released as well as natural biogeochemical cycles
being upset.9 Hexavalent chromium is one of the many heavy
metals that contaminates water from the paint, alloying, animal
hide tanning, textile, dye, pigment, ceramic glaze, refractory
brick, and pressure-treated wood industries.10 Thus, because of
the extensive anthropogenic use of chromium, its environ-
mental pollution is increasing. This pollutant causes various
diseases, including cancer, nephritis, gastrointestinal
RSC Adv., 2024, 14, 3675–3690 | 3675
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ulceration, and perforation in a partition of the nose, affect the
central nervous system and cause respiratory issues and lung
tumors when inhaled.8,11 Thus, chromium-containing effluents
requires treatment before their discharge in the environment
due to their carcinogenic and mutagenic properties. In this
case, adsorption via activated carbon (AC) is a popular and
effective method for treating wastewater that contains metals
such as chromium.12

To date, a variety of methods have been developed for the
removal of chromium from wastewater, including coagulation,
occulation, membrane processes, ion exchange, and chemical
precipitation. However, these methods are limited, given that
they oen involve high capital and operational costs. Also, most
of these methods are not suitable for application on a small
scale because of their high operational costs and use of excess
chemicals and disadvantages such as incomplete metal removal
and production of sludge.13

Currently, most industries release wastewater containing
heavy metals, which can be absorbed in living tissues, causing
various disorders.14 There are numerous sources of waste
biomass in nature with reported adsorption properties,
including rice husk, sawdust, tea and coffee waste, orange peel,
peanut shells, dry tree leaves, and bark.15 Among the different
categories of adsorbents, BP seems to be a suitable adsorbent
because of its low cost and environmentally friendly nature.
Because of the excess BP waste worldwide, it is considered to be
a low-cost adsorbent with promising application for the reme-
diation of a variety of contaminants. BP has diverse functional
groups, which enable the high sorption of various cationic and
anionic substances on its surface active sites.16 However,
although the use of BP for adsorption was previously studied,
the potential of activated BP in treating actual tannery waste-
water has not been reported to date. To the best of our knowl-
edge, there are no studies in the literature on the removal of
chromium from actual industrial wastewater using BP;
however, the majority of current research has demonstrated the
application of banana peel for the removal of specic heavy
metals and dye from a standard solution.

An inexpensive and eco-friendly material for the possible
removal of chromium from wastewater is activated BP. This
study aimed to synthesize activated BP from BP and examine its
potential application as an adsorbent for the removal of hex-
avalent chromium from tannery wastewater. The primary
motivations for removing heavy metals from contaminated
wastewater are to protect the environment and prevent human
health concerns caused by direct emissions from various
industrial processes. Furthermore, this study has the potential
to reduce the threat of industrial wastewater polluted with Cr(VI)
to human help and equip the community with a simple and
cheap technique for treating water.

2. Materials and methods
2.1 Raw materials and chemicals

The raw BP sample was collected from the surrounding garbage
using a polyethylene bag. The chromium-containing wastewater
required for the study was obtained from the Batu Leather
3676 | RSC Adv., 2024, 14, 3675–3690
Industry, which is located around Akaki Kality Sub-city, Addis
Ababa, Ethiopia. The chemicals used were sodium hydroxide
(NaOH) (98%, Sigma-Aldrich, USA), hydrochloric acid (HCl)
(37%, Sigma-Aldrich, USA), phosphoric acid (H3PO4), potas-
sium dichromate (K2Cr2O7) (99.9%, Sigma-Aldrich, USA), and
1,5-diphenylcarbazide (C13H14N4O) (98.0%, Sigma-Aldrich,
USA). These chemicals were purchased from commercial sour-
ces in Addis Ababa, Ethiopia, and used as received without
further purication.

2.2 Methods

2.2.1 Material preparation. BP was collected, washed
repeatedly with distilled water to eradicate impurities, and then
dried in an oven at 60 °C for 24 h. The dry sample was kept at
room temperature in a plastic bowl for further experiments. The
standard Cr(VI) solution with a concentration of 1000 ppm was
prepared by mixing 2.835 g potassium dichromate in 1 L
distilled water. The required initial Cr(VI) concentration was
obtained by adding pure water to the standard solution, and the
adsorption process was tested in an incubation shaker.

2.2.2 Preparation of adsorbent from waste banana peel. To
scrutinize the favorable activation parameters and the corre-
sponding parameters, a preliminary study was conducted.
Specically, the activation temperature, activation time, and
acid (phosphoric acid) concentration were the parameters
considered for the activation process, as presented in Table 1.
Firstly, the waste BP was ground and sieved. Then, 50 g of
prepared BP was transferred to conical asks containing 10%,
30%, 50%, 70%, and 90% phosphoric acid in a wt./wt. ratio at
a xed activation temperature of 450 °C. Then, the asks were
covered with aluminum foil and leover for 2 h. The treated
samples were washed carefully with distilled water, moved to
labeled clean dry crucibles, dried at 105 °C in an oven for 24 h,
and kept in a desiccator to remove moisture prior to carbon-
ization. Then, the samples in the crucibles placed in a furnace
at 350 °C, 400 °C, 450 °C, 500 °C, and 550 °C at a xed time of
2 h and an acid concentration of 50% to study the effect of the
activation temperature. Similarly, the activation time was varied
to 1, 1.5, 2, 2.5, and 3 h at a xed activation temperature of 450 °
C and acid concentration of 50%.

Aer carefully washing and rinsing each sample by vacuum
ltration with hot distilled water to remove all the excess acid,
the pH of the ltrate was roughly 7.0. Then, it was dried for 24 h
at 105 °C in an oven and stored in a desiccator for additional
analysis.17 To study the effect of the activation parameters on
BP, 40 mg L−1 hexavalent chromium solution was absorbed on
the surface of 1.5 g L−1 BP. The contact time and pH were kept
at 90 min and 3, respectively. The removal efficacy was quanti-
ed using a UV-spectrophotometer and calibration curve.

2.3 Characterization

2.3.1 Proximate analysis. The proximate results (moisture
content, volatile matter, xed carbon, and ash content) of the
raw and activated BP were determined using the American
Society for Testing and Materials (ASTM D2866-2869) standard
techniques.18
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Parameter level for the BP activation process

Varying parameter
Parameter
level Fixed parameter

Activation time (h) 1–3 450 °C and 50% of acid concentration
Activation temperature (°C) 350–550 2 h time and 50% of acid concentration
Acid concentration (%) 10–90 2 h time and 450 °C temperature
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2.3.2 Elemental analysis. Elemental analysis is crucial in
determining the potential application of BP for the adsorption
of hexavalent chromium and it environmental impact and
suitability. The elemental analysis of raw BP and activated BP
was investigated using a CHNS/O analyzer (EMA 502, VELP
China). The elemental composition carbon (C), hydrogen (H),
nitrogen (N), and sulfur (S) of both the raw and activated BPs
were examined using 5 mg of powder samples in clean tin cups
with the ASTM testing method (D5373). The samples were
completely dried sample with a moisture content of less than
one percent. The elemental analyzer was calibrated, and the
combustion furnace set at a temperature of 1060 °C. The results
were automatically calculated by the EMASo™ soware
receiving real-time data in terms of elemental weight
percentage from the atomic ratio for each element. For the
determination of the percentage of oxygen (O), the sum of C,
H, N, and S was subtracted from 100%.

2.3.3 Brunauer Emmett Teller (BET). A BET (Horiba 96 000
series) surface area analyzer was used to determine the surface
area of the adsorbent. The procedure and operation involved
using 0.8 g of sample, and then heating it at a temperature of
110 °C for 2 h to remove the moisture content. Then, the sample
was weighed again aer cooling, and its weight recorded. The
prepared sample was transferred to the surface area test part of
the BET. The pore size distribution was determined using the
Barrett–Joyner–Halendamethod. The surface area of the sample
was calculated using the nitrogen adsorbed–desorbed multi-
point data and the surface area of a single nitrogen molecule.19

2.3.4 Fourier transform infrared spectroscopy (FT-IR). The
functional groups on the surface of the adsorbent or AC BP
(before and aer adsorption, respectively) were studied using
FT-IR (Fourier Transform Infrared, PerkinElmer, USA) analysis.
Briey, 2 g sample was mixed with 0.3 g of anhydrous KBr, and
the mixture was pressed using a hydraulic press and put in the
FTIR spectrometer. Subsequently, the spectrum was recorded in
the wavenumber range of 400–4000 cm−1.20

2.3.5 Scanning electron microscopy (SEM). The morpho-
logical structure of the raw and activated BP before and aer
adsorption was investigated using SEM (FEI, INSPCT-F50, Ger-
many). The procedure and operating conditions were set
according to the method used by J. F. Nohl et al.21

2.3.6 X-ray diffraction (XRD). The crystallographic struc-
ture formed in the activated BP was analyzed using an X-ray
diffractometer (XRD-7000S, Cu-Ka radiation) operating at
a voltage of 40 kV and current of 30 mA in a continuous scan-
ning path. The data (2q versus intensity) was recorded in the 2q
range of 10–80° and plotted using Origin (OriginPro 2018). The
© 2024 The Author(s). Published by the Royal Society of Chemistry
average crystal size of the activated BP was calculated using the
Scherrer equation.22

2.3.7 Thermogravimetric analysis (TGA). TGA (DTG-60H,
Shimadzu, Japan) was used to analyze the effect of tempera-
ture on the raw and activated BP, where 10 g of sample was
heated from ambient temperature to 800 °C and its decompo-
sition was recorded by the gravimetric analyzer.23

2.3.8 Point of zero charge (pzc) determination. The pzc is
the point on the adsorbent surface where the net charge is
zero.24 The pH of the solution and its point of zero charge
(pHpzc) determine the surface charge of the adsorbent. When
the pH is greater than pHpzc, the adsorbent surface will be
negatively charged, whereas it is positively charged if the pH is
less than pHpzc. Briey, 1.5 g of adsorbent was added to 45 mL
of 0.1 N KNO3 solution with a pH value in the range of 2 to 14.
Drops of 0.1 N HCl and NaOH solutions were added to the
initial pH solution to adjust it. Each ask was closed and
thoroughly shaken for 48 h at room temperature. Finally, the pH
level was determined and recorded. The difference between the
initial pH and the pH aer 48 h was used to calculate the net
charge (pH) on the activated BP surface. The experiment data
were plotted with the pH values along the x-axis and DpH along
the y-axis. The intersection point was used as the reference to
calculate pHpzc.25
2.4 Batch adsorption experiments on activated BP

To investigate the chromium adsorption capacity of the acti-
vated BP under different operating conditions, one variable at
a time (OVAT) and response surface methodology (RSM)
experiments were performed. The results of OVAT were used as
the feed for the interaction effects. The parameter interaction
effects on the adsorption processes were investigated using
RSM and CCD (central composite design).26

Aer reviewing various articles in the literature, four
parameters (contact time, adsorbent dose, pH, and initial
chromium concentration) were considered to have a high
inuence on adsorption processes, and thus chosen to for the
experiment. To analyze the effect of each variable, the chemicals
used in UV-spectrophotometry were prepared following ASTM
standard procedures.

2.4.1 Preparation of diphenyl carbazide and Cr(VI) stock
solutions. Briey, 0.25 g diphenyl carbazide was weighed, dis-
solved in 25 mL acetone, and then mixed thoroughly. Then,
using deionized water, the solution was diluted to a nal
volume of 50 mL. This reagent was stored in an amber glass
bottle and kept in a refrigerator.27 Potassium dichromate
(K2Cr2O7) was used as the source of hexavalent chromium.
RSC Adv., 2024, 14, 3675–3690 | 3677
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Briey, 2.835 g of 99% K2Cr2O7 crystals was dissolved accurately
in 1 L of double-distilled water to prepare a 1000 (mg L−1) ppm
Cr(VI) stock solution. Besides, hexavalent chromium concen-
trations of 0, 10, 20, and up to 100 mg L−1 were prepared and
a calibration curve was plotted using these concentrations and
the corresponding absorbance.17
2.5 Preliminary study on the effect of the adsorption
parameters

Using the one variable-at-a-time approach, the effect of each
parameter on the chromium adsorption uptake capacity of the
activated carbon products was investigated. Specically,
adsorption times in the range of 30–210 min, pH values of 1–7,
adsorbent load of 0.5 to 3.5 g L−1, and initial chromium
concentration of 20–80 mg L−1 were considered. Only the effect
of one variable was investigated in this approach, while the
others were kept constant. Hence, by changing the adsorption
time from 30 to 210 min at 30 min intervals and xing the pH at
3, adsorbent dose at 1.5 g L−1, and chromium concentration at
40 mg L−1, the effect of the time on the adsorption process of
chromium with activated BP was studied.28 Similarly, the effect
of each adsorption process parameter under different condi-
tions was investigated in their respective range (Table 2).

The adsorption process was performed in Erlenmeyer asks,
in which the adsorbate and adsorbent were allowed to contact at
a xed magnetic agitation of 300 rpm. Aer passing the ltrate
through Whatman lter paper, the amount of residual chro-
mium was measured. The removal efficiency of activated BP was
determined using eqn (1). The concentration of hexavalent
chromium (Cr(VI)) aer the adsorption was determined using
a UV-spectrophotometer and a calibration curve. Each experi-
ment in the spectroscopy analyses was conducted by pouring
the ltrate into a cuvette and adding diphenyl carbazide solu-
tion dropwise to specically quantify the available hexavalent
chromium in the solution.28

Rð%Þ ¼
�
C0 � Cf

�
C0

� 100 (1)

where R (%) is the removal efficiency and C0 (mg L−1) and Ct (mg
L−1) are the initial and nal Cr(VI) concentrations, respectively.
2.6 Model evaluation using RSM-CCD to study interaction
effects

Several experiments were carried out to determine the interac-
tion effects of the operational parameters simultaneously.
Consequently, the preliminary data screening was used to
determine the appropriate range of parameters and develop the
Table 2 Level of parameters for preliminary study

Factor Level of parameters

Time (min) 30 60 90 120 150 180 210
pH 1 2 3 4 5 6 7
Adsorbent dose (g L−1) 0.5 1 1.5 2 2.5 3 3.5
Initial concentration (mg L−1) 20 30 40 50 60 70 80

3678 | RSC Adv., 2024, 14, 3675–3690
experimental design using RSM-CCD (Table 3). Subsequently,
statistical evaluations were performed to determine the
correctness of the model. Next, the system output was adjusted
and optimized using the model to yield the best possible
outcome given the available operational parameters, which was
designed to highlight any potential relationships among the
operating parameters.

The total number of experiments required for ‘n’ indepen-
dent parameters is 2n + 2n + c, where c denotes the center point
in the experiment.29 Therefore, a total of 30 experimental runs
was conducted separately for the experimental response of
chromium removal efficiency and to discover the optimum
conditions with six center-point experiments. Each experiment
was conducted twice and average results were utilized. A
mathematical model was selected to correlate the removal
efficiency with all the factors. A quadratic model created by the
Design Expert soware was used to analyze the response surface
regression for the design response, as given in eqn (2).

Y = b + a1X1 + a2X2 + a3X3 + a4X4 + b1X1X2

+ b2X1X3 + b3X1X4 + b4X2X3 + b5X2X4 + b6X3X4

+ c1X12 + c2X22 + c3X32 + c4X42 + x (2)

where Y is the predicted response variable, b is the intercept
constant, a1–a4 are the main linear effect constants, b1–b4 are
the linear–linear coefficients, c1–c4 are the main quadratic effect
coefficients, x is the error and X1–X4 are independent variables.30

2.7 Parameter optimization and evaluation of model
performance

Statistical tests were performed with analysis of variance
(ANOVA) and correlation coefficient (R2) to evaluate the model
equation performance and signicance. To achieve a high
removal efficiency using the activated BP, parameters such as
time, adsorbent dose, pH, and Cr(VI) concentration were opti-
mized through numerical optimization. The criteria set to solve
the optimization are shown in Table 4. The optimal conditions
were validated and conrmed with triplicate experimental data,
and then the error was determined.

2.8 Kinetics of adsorption and isotherm studies

To examine the rate of Cr(VI) adsorption on the activated BP and
to mathematically model the adsorption process, the kinetics
and isotherm models of well-known models were studied.

2.8.1 Adsorption kinetics. The dynamics of the adsorption
process, also known as kinetics, denes how quickly the
Table 3 RSM-CCD experiment parameter levels

Factor Factor code

Level of parameters

Lower Upper

Adsorption time (min) X1 60 120
pH X2 2 4
Adsorbent dose (g L−1) X3 1 2
Initial conc. (mg L−1) X4 30 50

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Criteria for the optimization process of the parameters

Parameter Criteria Lower limit Upper limit Importance

Time Minimum 60 120 3
pH In a range 2 4 3
Adsorbent dose Minimum 1 2 3
Initial concentration In a range 30 50 3
Removal efficiency Maximum 38 94 3
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adsorbent adsorbs the molecules of hexavalent chromium.31,32

In a 500 mL ask, 1.5 g L−1 of the sample was added to 250 mL
of chromium solution with a pH of 3.0 and an initial concen-
tration of 40 mg L−1 to study the adsorption of Cr(VI) on the
activated BP. A magnetic stirrer was used to agitate the solution
at room temperature at 300 rpm. At various contact times of 10–
180 min with a step of 10 min, the adsorption process was
investigated. The trace concentration of chromium in each
adsorption ltrate was examined. Using spectroscopy at
a wavelength of 540 nm, the amount of chromium that was still
present aer adsorption in the specied period was
analyzed.32–34 The quantity of chromium adsorbed with time (qt)
was determined using eqn (3).35 The pseudo-rst-order and
pseudo-second-order kinetic model non-linear equations (eqn
(4) and (5), respectively) were tted to the hexavalent chromium
kinetics on the surface of the acid-activated BP samples, and the
best t was chosen based on the higher value of R2.36,37

qt ¼ ðC0 � CtÞ
m

� V (3)

qt = qe (1 − e−k1t) (4)

qt ¼ qe

�
qek2t

ð1þ qek2tÞ
�

(5)

where qt (mg g−1) is the quantity of adsorbate at time t, C0 (mg
L−1) denotes the initial concentration of chromium, Ct (mg L−1)
is the Cr(VI) concentration at time t, V (L) is the volume of
solution containing Cr(VI), and m (g) represent the adsorbent
mass.

k1 and k2 are the adsorption rate constant in min−1 and g
mg−1 min−1, respectively. The adsorbate at equilibrium (qe) was
calculated using eqn (6).35

qe ¼ ðC0 � CeÞ � V

m
(6)

where qe (mg L−1) denotes the equilibrium adsorption
capacity.

According to the non-linear curve of t versus qt, all the kinetic
parameters (k1, k2 and qe) were determined.

2.8.2 Adsorption isotherm models. The most reliable
isotherm models for predicting equilibrium adsorption
processes mathematically are the Langmuir and Freundlich
models. The Langmuir model predicts the adsorption capability
of the adsorbent when a monolayer is completely formed on its
surface. Alternatively, according to the Freundlich model,
adsorption takes place on different surfaces.38 Thus, to determine
the most suitable model, different experiments were conducted.
© 2024 The Author(s). Published by the Royal Society of Chemistry
In the adsorption isotherm experiments, 500 mL of various
initial Cr(VI) concentrations of 20, 40, 60, 80, 100, and
120 mg L−1 as the adsorbate were mixed with 1.5 g L−1 of
adsorbent at a pH of 3.0. The adsorption process was carried out
by stirring for 5 h using a magnetic stirrer. Following each
adsorption, the adsorbent was ltered, the equilibrium
concentrations were ascertained by UV spectroscopy, and the
analogous amount of adsorbate at equilibrium (qe) was
computed. The non-linear equation for the Langmuir isotherm
model is provided by eqn (7).

qe = qmax (KLCe)/(1 + KLCe) (7)

where KL is the Langmuir equilibrium constant in L mg−1, Ce is
the equilibrium adsorbate concentration in mL L−1, and qmax is
the total equilibrium monolayer sorption capacity in mg g−1.
The Langmuir constants qmax and KL were computed from the
nonlinear regression of the experimental data as qe versus Ce.

Furthermore, eqn (8) represents the non-linear Freundlich
isotherm model to which the experimental data was tted.

qe = KFCe
1/n (8)

where KF represents the adsorption capacity Freundlich
constant and n the adsorption intensity Freundlich constant.
Similarly, KF and n were determined from the nonlinear
regression of the Ce versus qe experimental data.39
2.9 Recyclability study

Desorption and adsorbent regeneration studies were performed
in a beaker, where 1.5 g adsorbent was mixed with 100 mL
solution and shaken for 2 h at 300 rpm. The precipitate was
collected and rinsed with distilled water repeatedly until the
ltrate pH was 7.0. Subsequently, the Cr(VI)-loaded adsorbent
was soaked for 2 h in a 400 mL, 0.05 M NaOH solution. Then,
the adsorbent was collected and used again for adsorption. The
UV-vis spectra at 540 nm were recorded to examine the super-
natant solutions.40 The adsorption and desorption operations
were repeated seven times in total.
3 Results and discussion
3.1 The removal efficiency of activated BP

BP was activated at different activation times in the range of
1–3 h, with activation temperatures in the range of 350 °C to
550 °C and phosphorus acid concentration in the range of 10%
to 90%. The activation process was conducted by changing one
RSC Adv., 2024, 14, 3675–3690 | 3679
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variable and keeping the other two parameters constant
(Fig. 1(a)–(c)). The removal efficiency of the activated BP as
a function of activation time of 1, 1.5, 2, 2.5, and 3 h at an
activation temperature of 450 °C and 50% phosphoric acid is
shown in Fig. 1(a). The results unequivocally demonstrate that
when the activation time increased from 1 h to 2 h, the effi-
ciency of the activated BP increased from 78% to 98.2%. Aer
2 h, the removal efficacy surged slightly, and then remained
almost constant. This showed that the activation process
improves the adsorption performance of the activated banana
peel. This may be due to the removal of volatile components in
BP as it was subjected to a prolonged activation time at 450 °C.
Besides, it seems that the surface area of the activated BP
increased as a result of the porosity created when the volatile
components evaporated.41

The removal efficacy of the adsorbent with respect to acti-
vation temperature in the range of 350 °C to 550 °C at an acti-
vation time of 2 h and 50% acid concentration is described in
Fig. 1(b). The effectiveness of the activated BP increased from
69% to 98.6% when the activation temperature varied from
350 °C to 450 °C and declined to 45% as the activation
temperature further increased to 550 °C. This experiment
revealed that the activation temperature has a positive and
negative effect on the adsorption capacity of the activated BP.
Activating BP at a temperature of 450 °C increased its surface
area, and thus its removal ability. However, its performance
declined at higher temperatures, as can be observed in Fig. 1(b).
The lower removal efficiency of activated BP at higher temper-
atures can be attributed to the decomposition of the sample at
activation temperatures higher than 450 °C.42

Fig. 1(c) depicts the removal efficacy of the activated BP as
a function of phosphoric acid concentration. At a temperature
of 450 °C and activation time of 2 h, the efficiency was deter-
mined in acid concentrations in the range of 10–90%. Fig. 1(c)
shows that as the acid concentration changed from 10% to 50%,
the removal efficiency of the activated BP increased from 66% to
97.6%. When the acid concentration increased to 90%, the
Fig. 1 Removal efficiency as a function of (a) activation time, (b)
activation temperature, and (c) acid concentration.

3680 | RSC Adv., 2024, 14, 3675–3690
performance of the activated BP dropped dramatically to 76.5%.
The increased removal efficiency indicates that the acid reacts
with the impurities and washes them out. However, due to the
reactive nature of strong acid, BP lost its adsorption properties
at higher acid concentrations, i.e., above 60%.43

Besides the interactive effect of each parameter of the acti-
vation process of BP, it can be deduced from these experiments
that the best activated BP was produced at an activation time of
2 h, activation temperature of 450 °C, and acid concentration of
50%. Accordingly, BP specically activated at 2 h, 450 °C, and
50% acid was characterized for further application.
3.2 Characteristics of adsorbent (activated BP) and raw BP

The raw and chemically and thermally activated BP were char-
acterized using different techniques, namely, proximate anal-
yses, SEM, BET, and FTIR.

3.2.1 Analysis of proximate results. Table 5 shows the
moisture content, volatile material, xed carbon content, and
ash content results for the raw and activated BP using the ASTM
standard methods. It can be seen that the moisture content of
the well-activated BP is much less than the prepared raw BP.
Previous studies by Kramarenko et al. and others showed that
activated BP has a moisture content of about 5–7% and raw BP
has a moisture content in the range of 7–10%. It can also be
observed from the TGA analysis that the activated BP main-
tained a nearly constant weight up to 300 °C, indicating that
a considerable amount of water was already removed.44–46

3.2.2 Elemental analysis. The CHNS/O analysis of the raw
and activated BP is summarized in Table 6. The carbon content
of the raw BP was found to be 44.54%, indicating its signicant
potential application as an adsorbent. The activation of BP
substantially increased the carbon content to 64.67% and
reduced the content of oxygen by 35% compared to raw BP. This
may be due to the removal of some volatile components during
the chemical treatment and the breakdown of the double-
bonded carbon in the calcination process.47 Also, N and S
showed a very small change aer the activation process.

3.2.3 FTIR analysis. Fig. 2 depicts the FTIR spectra of the
raw and activated BP. The spectra revealed the presence of some
functional groups in both samples with peaks located at wave-
numbers of 3349.8, 2927.5, 1710.6, 1602.6, 1384.7, and
1035.6 cm−1. The weak peak at 3349.8 cm−1 indicates the
presence of moisture, most likely in the OH group. The inci-
dence of stretching in the C–H alkane group may explain the
peak at 2927.5 cm−1. Furthermore, an aromatic compound,
specically the C–H stretching group, can be assumed to exist
Table 5 Proximate analysis results for raw and activated BP

Parameter

Result (%)

Raw Activated

Moisture content 9.2 � 0.02 6.1 � 0.02
Volatile content 18 � 0.01 15.93 � 0.03
Ash content 5 � 0.04 4.5 � 0.05
Fixed carbon 67.8 � 0.03 73.47 � 0.04

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Elemental analysis of raw and activated BPa

Element

Elemental composition (%)

Raw BP
Activated
BP

Carbon (C) 44.54 64.67
Hydrogen (H) 7.24 3.74
Nitrogen (N) 1.26 1.24
Sulfur (S) 0.053 0.048
Oxygen (O)diff. 46.91 30.302

a diff. = 100 − (C + H + N + S).

Fig. 2 FTIR-spectra of raw and activated BP.

Fig. 3 Nitrogen adsorption–desorption isotherms curves (a) and pore
size distribution of activated BP, raw BP, and after Cr(VI) absorption (b).

Fig. 4 Morphology study of activated BP (a) before and (b) after
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due to the weak peak of 1710.6 cm−1. The presence of the C]C
stretching group, O–H bending phenol, and C–N amine group
in the sample is indicated by the medium-intensity peaks
located at 1602.6, 1384.7, and 1035.6 cm−1, respectively. More
precisely, the transition of one or more strong peak patterns to
weak peak patterns may indicate that some or all the
compounds, including water, were eliminated during the
calcination process. The two spectra have a similar pattern but
differ in the number of functional groups available. These
results are also consistent with the recent studies by T. A. Ara-
gaw and others, who recorded the spectra of raw and activated
BP, matching with the spectra in the present study.48–50

3.2.4 BET analyses. The surface area and pore volume
according to the nitrogen adsorption–desorption isotherms for
the raw and activated BP (before and aer adsorption) were
studied and BET analyses were performed. The surface area of
the raw and activated BP before and aer adsorption was found
to be 10 m2 g−1, 200 m2 g−1, and 80 m2 g−1, respectively. This
gives clear information that the activation process produced
a relatively high surface area. Moreover, the BET result aer
adsorption revealed that most of the surface is occupied by
adsorbate molecules. Fig. 3 displays the N2 adsorption–
desorption isotherms and the pore size distribution curves of
the raw BP, activated BP, and activated BP aer the absorption
of Cr(VI). The isothermal curves of the raw, activated BP, and
activated BP following Cr(VI) adsorption differed signicantly,
© 2024 The Author(s). Published by the Royal Society of Chemistry
indicating differences in their adsorption behaviors. This
suggests that BP activation modies the pore structure and
produces high porosity, which is consistent with the BET
analysis reported by Rashudi et al.51

3.2.5 SEM analyses. The SEM results of both the activated
BP before and aer the adsorption process are demonstrated in
Fig. 4(a) and (b), respectively. It was revealed that the activated
BP before adsorption was more porous than the activated BP
aer hexavalent chromium was adsorbed on its surface. More-
over, the SEM image shows that most of the surface of the
adsorbent is occupied by the adsorbate. A similar result in
terms of porosity can be seen from the previous work, where the
porosity was coated with the adsorbate.52

3.2.6 XRD analysis. The XRD pattern of the activated BP is
shown in Fig. 5, showing the presence of broad and weak
diffraction peaks located at 2q values of 26° and 46°, respec-
tively. This result suggests that activated BP contains graphite
crystallite. The presence of graphite crystallites in the activated
BP could have interesting implications for its properties,
namely, adsorption capacity. The above-mentioned peaks
correspond to the 002 and 100 planes of the carbon material,
respectively.22 The crystallite size of the activated BP based on
these two peaks (46° and 26°) is 37.91 and 15.07 nm, respec-
tively, with an average crystal size of 26.5 nm.

3.2.7 TGA analyses. The thermal decomposition of the raw
and activated BP was studied to determine the effect of
temperature and compare the raw material and the product
under oxidized conditions. According to Fig. 6, the activated BP
began to decompose aer 500 °C, whereas the raw BP started to
decompose aer 350 °C. The release of bound water and other
adsorption.

RSC Adv., 2024, 14, 3675–3690 | 3681
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Fig. 5 XRD pattern of activated BP.

Fig. 6 TGA curves.

Fig. 7 Point of zero charge of activated banana peel.
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impurities may be responsible for the mass loss between 350 °C
and 500 °C. The sample breaking down into smaller compo-
nents, such as carbon dioxide, may be the cause of the steep
decline in both curves above 600 °C.

3.2.8 Point of zero charge analysis. It can be observed from
Fig. 7 that the point of zero charge of the activated BP is 5.83.
The adsorbent surface chemical nature varied with the pH of
the operating conditions. When the pH was less than the pH of
point of zero charge, the adsorbent surface is considered posi-
tively charged, and when the adsorbent surface pH is above the
pH of point of zero charge, the adsorbent is negatively charged.
Thus, it can be deduced that the adsorbent surface is positively
charged below a pH of 5.83 and negatively charged above a pH
of 5.83. Moreover, the adsorption of Cr(VI) on activated BP
seems more favorable below pH 5.83 conditions.
Fig. 8 Cr(VI) removal efficiency of activated BP with (a) contact time,
(b) pH, (c) initial concentration and (d) adsorbent dose.
3.3 RSM-CCD experiment and parameter optimization

An initial investigation was carried out on the one variable-at-a-
timemethod for the removal of Cr(VI) by adsorption utilizing the
3682 | RSC Adv., 2024, 14, 3675–3690
activated BP and the interactive inuence of process variables
such as contact time, pH, adsorbent dosage, and initial
concentration. Nature, especially regarding adsorption, does
not work based on one set of parameters. Specically, the
parameters dening the process are interactive, with each
variable inuencing the others and the process as a whole.
Thus, the effect of all the relevant parameters must be
considered.

The chromium adsorption capacity of the activated BP as
parameterized by the variables was determined by conducting
the adsorption process on its surface. Subsequently, the trace
amount of Cr(VI) remaining was quantied using UV-
spectroscopy. The concentration was determined based on the
standard calibration curve.

3.3.1 Individual parameter effect. The effect of individual
parameters on the process adsorption was examined in the
preliminary study by varying one parameter, while keeping the
others constant (Fig. 8(a)–(d)).

3.3.1.1 Effect of contact time. The effect of contact time on
the hexavalent chromium adsorption process on the surface of
the activated BP at various times in the range of 30–210 min at
30 min intervals was studied at a xed adsorbent dose of 1.5 g
L−1, pH of 3, and chromium initial concentration of 40 mg L−1.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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As depicted in Fig. 8(a), the chromium removal efficacy of the
activated BP increased from 30% to 95% as the contact time
increased from 20 to 60 min. However, as the adsorption
duration was prolonged from 90 to 210 min, the removal effi-
ciency increased slightly, and then tended to be constant. This
may be the adsorption equilibrium point was approaching, and
nally attained. This indicates that all, if not most of the surface
available for hexavalent chromium is occupied. Moreover, the
adsorption process is expected to slow down with time, and thus
the driving force for adsorption decreases.41

3.3.1.2 Effect of pH. The effect of pH on the adsorption
process of hexavalent chromium on the surface of the acid-
activated BP at pH of 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 6.0, and 7.0 was
studied at a xed adsorbent dose of 1.5 g L−1, contact time of
90 min, and initial chromium concentration of 40 mg L−1.
Fig. 8(b) shows that the activated BP has the highest chromium
removal efficiency at around pH 1 and 3, which is approximately
98%. As the pH increased to 7, the removal efficiency decreased
to 44%. Thereaer, the removal efficiency remained almost
constant. The dependence of adsorption on pH is largely deter-
mined by the type and ionic state of the surface functional groups
in the adsorbent and the metal chemistry in the solution.53

According to Afshin et al.,28 at low pH, bichromate and
dichromate become the predominant species in solution. Given
that the point of zero charge of the solution is 5.83 pH, the
charge of the adsorbent is positive at low pH and negative at
higher pH. Therefore, OH− ions seem to compete with the
chromate ions when the pH increases, which causes the Cr(VI)
adsorption capacity to decline sharply. Similarly, Gue et al. and
other researchers discussed that Cr(VI) adsorption is more
favorable at low pH values, preferably not more than pH 3.29,54–56

When the pH exceeds 5.83, the amount of hydroxyl ions in the
solution increases and metal ions react and precipitate with the
OH− ions, making biosorption impossible.57 Therefore, the
optimum pH seems to be in the vicinity of pH 2 to 3, given that
a recent article stated that Cr6+ adsorption is more effective in
acidic solution.58

3.3.1.3 Effect of initial concentration. At a xed time of
90 min, pH of 3, and adsorbent dose of 1.5 g L−1, the impact of
the initial concentration of hexavalent chromium on the
process of adsorption on the surface of the activated BP at 20,
30, 40, 50, 60, 70, and 80 mg L−1 was investigated. The chro-
mium removal versus chromium initial concentration is shown
in Fig. 8(c). As observed, when the initial concentration
increased from 20 to 80 mg L−1, the chromium removal effi-
ciency rapidly decreased from 98.2% to 45%. The apparent
reason for this decrease in efficiency with concentration is the
disproportionate amount of adsorbent available for the
adsorption of chromium. The graph shows that 1.5 g L−1

adsorbent is capable of adsorbing about 90% of chromium
molecules when the concentration is below 40 mg L−1. In this
case, given that the amount of adsorbent remained constant at
1.5 g L−1, it is inevitable that the removal efficiency sharply
decreased with an increase in the concentration of chromium
beyond 45 mg L−1. This indicates that 1.5 g L−1 adsorbent at the
given adsorption time and pH exceeds its adsorbing capacity
limit at higher initial concentrations of chromium.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.3.1.4 Effect of adsorbent dose. The impact of the dosage of
the adsorbent on the adsorption process of hexavalent chromium
using the activated BP at 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, and 3.5 g L−1

was studied at a xed contact time of 90 min, pH of 3 and
chromium initial concentration of 40 mg L−1. Fig. 8(d) shows the
removal efficiency with the adsorbent dose. The removal effi-
ciency of the activated BP increased from 80% to 94% as the
adsorbent dose increased from 1 to 2 g L−1. It is expected that the
removal efficiency will increase with an increase in the adsorbent
dose, where the amount of chromium adsorbed increases with
the amount of adsorbent. This is because when the amount of
adsorbent increases, there will be more space (surface) available
for chromium molecules. Nevertheless, there are always limita-
tions, including mass transfer and adsorption affinity, in this
physical phenomenon to remove (adsorb) all the chromium in
the solution. There was a decrease in the removal efficiency when
the dosage was low. This may be owing to the small surface
availability for adsorption. The adsorbent would adsorb propor-
tional chromium and reach a point aer which no further
adsorption could occur. The excess chromium leover certainly
affects the efficiency. Thus, it can be inferred from the graph that
it is uneconomical to use doses of 2.5 and 3 g L−1 given that the
removal showed a change of less than 1%.

3.3.2 Optimization of parameters and their interaction
effect. The effects of the individual parameters were used to
determine the levels of the variables in the RSM-CCD study. In
the adsorption process, the parameters were set as follows:
contact time (60–120min), adsorbent dose (1–2 g L−1), pH (2–4),
and initial concentration (30–50 mg L−1). Around 30 runs were
performed at various levels and the model, parameters, and
terms that were used to optimize the process and validate the
result were analyzed.

3.3.2.1 Model tting and ANOVA. The Design Expert soware
builds a mathematical model that depicts the response as
a function of the relevant variables using experimental data and
non-linear regression. Next, process variables are optimized and
3D surface plots are produced using this model. The created
mathematical model was statistically assessed considering the
experimental data to determine whether it accurately captures
the process in terms of the variables considered. The P-value
and R2 (coefficient determination) values describe how signi-
cant the model t is. A signicant and close relationship
between the model-predicted response and the experimental
data is indicated by a model with P values less than 0.05 and an
R2 near unity. Among the models proposed by the soware, the
quadratic model gave the best t with a P-value of 0.0001 and R2

value of 0.983. Eqn (9) presents the equation in quadratic form
that predicts the hexavalent chromium removal efficiency of the
activated BP as a function of initial chromium concentration,
adsorbent dose, pH, and contact time.

RE (%) = 25.1554 + 0.6339 × A + 13.3566 × B + 88.1102

× C + 0.1560 × D − 0.0016 × AB − 0.0277

× AC + 0.0150 × AD + 2.6460 × BC + 0.2230

× BD + 0.0.3822 × CD − 0.0048 × A2 − 5.3104

× B2 − 33.1485 × C2 − 0.0418 × D2 (9)
RSC Adv., 2024, 14, 3675–3690 | 3683
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where RE is the removal efficiency in % and A, B, C, and D are
the contact time, pH, adsorbent dose, and initial concentration,
respectively.

The statistical signicance of the main parameters and
interaction terms was assessed using the P-values and F-values
(Table 7). It can be seen from Table 7 that the independent
variables are all signicant and some of the interactive terms
are also signicant.

It is expected that the mathematical model-predicted
response (removal efficiency) values and the actual values
found from experimental data will be close. Both values were
similar in this study because the R2 is close to unity (0.983) and
the P-value is less than 0.0001. The adjusted R2 is 0.968 and the
predicted R2 is 0.905. The actual and predicted values along the
four parameters are shown in Table 8. To further compare both
the model-predicted and actual values, a graph of predicted
values as a function of actual values was drawn, as depicted in
Fig. 9. The R2 of 0.983 of the graph indicates that the two values
are reasonably close.

3.3.2.2 Interaction effect of variables. The relationship
between pH and adsorption time and removal efficiency of the
activated BP in the event of adsorbing hexavalent chromium
solution is shown in Fig. 10(a)–(c). Fig. 10(a) shows the surface
plot of removal efficiency versus pH and contact time. At an
initial concentration of 40 mg L−1 and adsorbent dose of 1.5 g
L−1, it displays the interaction effect of pH and contact time. It
was found that when the pH decreased from 4 to 3 and the
contact time increased from 60 to 90 min, the removal efficiency
increased from 69% to 93.5%. Above pH 3 and contact time of
90min, the removal efficiency remained slightly constant. Thus,
it can be inferred that the removal efficiency seems to have
favorable operating conditions with pH of 3 and adsorption
time of 90 min for a solution that contains 40 mg L−1 of hex-
avalent chromium and adsorbent dose of 1.5 g L−1. The increase
in removal efficiency as the adsorption process was extended for
a prolonged time is apparent, which overcomes the mass
Table 7 Analysis of variance in terms of coded factors

Source Sum of squares df Squares mean

Model 7549.15 14 539.22
A 2176.20 1 2176.20
B 797.83 1 797.83
C 529.22 1 529.22
D 853.00 1 853.00
AB 0.0384 1 0.0384
AC 2.78 1 2.78
AD 325.15 1 325.15
BC 28.01 1 28.01
BD 79.53 1 79.53
CD 58.43 1 58.43
A2 520.18 1 520.18
B2 773.49 1 773.49
C2 1883.70 1 1883.70
D2 480.02 1 480.02
Residual 127.13 15 8.48
Lack of t 126.86 10 12.69
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transfer barrier and allows more adsorbate to be transferred
from the high Cr(VI) concentration solution to the adsorbent.

In terms of a surface plot and contour plot, Fig. 10(b) shows
the removal efficiency as a function of adsorption time and
adsorbent dose. It reveals the interaction between the variables
of adsorbent dose and contact time with the response (removal
efficiency) at a pH of 3 and initial concentration of 40 mg L−1.
The plot indicates that the removal efficiency increased from
67% to 94% as the adsorbent dose increased from 1 g L−1 to
1.5 g L−1 and the contact time increased from 60 to 92 min. It is
evident that an increase in the adsorbent dose and contact time
caused the removal efficiency to increase. An increment in
adsorbent dose implies more surface for adsorption, and hence
higher removal efficiency. Besides, the longer the adsorption
time, the higher the removal efficiency as the adsorbate gets
sufficient time to be adsorbed. Thus, more room and time imply
an enhanced efficiency. However, it tended to remain constant
when equilibrium was attained and when the hexavalent chro-
mium molecules were uptaken exhaustively.

The impact of contact time and initial concentration on the
chromium(VI) removal efficiency at a xed adsorbent dose of 1.5 g
L−1 and pH of 3 is shown in Fig. 10(c). With a decrease in the
initial hexavalent chromium concentration from 60 mg L−1 to
38mg L−1 and an increase in the contact time from 60 to 95 min,
the removal efficiency increased from 65% to 97%, as illustrated
in Fig. 10(c). However, a reduction in the initial concentration
and longer contact times had little effect on the removal effi-
ciency. The decrease in removal efficiency with an increase in
initial concentration can be attributed to two apparent reasons.
At an adsorbent dose of 1.5 g L−1, a higher concentration
demands more surface for adsorption. In the case of a xed
available surface area, the efficiency tends to decline given that
some molecules remain unabsorbed. Alternatively, the mass
transfer restriction of the adsorption process becomes appre-
ciable when most of the surface available is occupied. Also, the
contact time has a remarkable effect on the adsorption efficiency
F value P-value prob > F

63.62 <0.0001 Signicant
256.78 <0.0001
94.14 <0.0001
62.44 <0.0001

100.65 <0.0001
0.0045 0.9472
0.3275 0.5756

38.37 <0.0001
3.30 0.0891
9.38 0.0079
6.89 0.0191

61.38 <0.0001
91.27 <0.0001

222.26 <0.0001
56.64 <0.0001

241.64 0.05141 Not signicant

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Experimental design matrix used in RSM-CCD

Run A: time (min) B: pH
C: adsorbent
dose (g L−1)

D: initial concentration
(mg L−1)

Removal efficiency (%)

Actual Predicted

1 60 4 1 30 57.43 59.70
2 120 4 1 50 69.09 68.20
3 60 2 1 30 81.54 78.24
4 60 2 2 50 59.19 60.42
5 30 3 1.5 40 59.29 56.90
6 120 2 1 50 78.60 78.01
7 60 4 2 50 54.39 56.09
8 90 3 1.5 40 93.10 93.36
9 60 2 1 50 47.33 49.02
10 90 3 1.5 60 66.64 64.70
11 90 3 1.5 40 93.59 93.36
12 90 3 1.5 40 93.30 93.36
13 120 2 2 50 85.75 87.75
14 60 4 1 50 39.69 39.40
15 90 3 0.5 40 48.80 50.82
16 120 4 2 30 75.26 77.85
17 120 2 2 30 93.59 91.29
18 90 5 1.5 40 59.88 60.59
19 60 4 2 30 70.76 68.75
20 90 3 1.5 40 93.30 93.36
21 150 3 1.5 40 94.28 94.99
22 90 3 1.5 40 93.20 93.36
23 120 4 1 30 74.28 70.47
24 120 2 1 30 86.63 89.20
25 90 1 1.5 40 86.04 83.65
26 90 3 1.5 20 88.30 88.55
27 90 3 1.5 40 93.69 93.36
28 90 3 2.5 40 73.30 69.60
29 120 4 2 50 82.52 83.22
30 60 2 2 30 76.83 82.00

Fig. 9 Model-predicted versus experimental values.

Fig. 10 Effect of parameters on Cr(VI) removal: (a) contact time and
pH, (b) adsorbent dose and contact time, and (c) contact time and
initial concentration.
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as a step-wise process. On average, industrial wastewater
contains no more than 30 mg L−1 Cr(VI).59 Therefore, this will be
the threshold limit in terms of initial concentration.

The interaction effect between pH and the adsorbent dose is
depicted in Fig. 11(a) for a 3D surface with an initial concen-
tration of 40 mg L−1 and an adsorption time of 90 min. As can
be seen, the highest removal efficiency was found at around pH
© 2024 The Author(s). Published by the Royal Society of Chemistry
2 and towards a higher adsorbent dosing. Thus, considering the
effects of the parameters considered, the removal efficiency
varied from 88.3% to 95%. It seems that pH 2 is the key oper-
ating condition to enhance the adsorption procedure.
RSC Adv., 2024, 14, 3675–3690 | 3685
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Fig. 11 Effect of parameters on Cr(VI) removal efficiency: (a) adsorbent
dose and pH, (b) pH and initial concentration, and (c) adsorbent dose
and initial concentration.

Fig. 12 Adsorption kinetics study using (a) pseudo first-order and (b)
pseudo-second-order kinetics of Cr(VI) adsorption on activated BP
surface.

Fig. 13 Adsorption mechanisms on activated BP using Langmuir
model (a) and Freundlich model (b).
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The removal efficiency of hexavalent chromium by adsorp-
tion on the activated BP surface from aqueous chromium
solutions is indicated in Fig. 11(b), which is displayed as
a function of pH and initial concentration for 90 min with an
adsorbent dose of 1.5 g L−1. When the pH and initial concen-
tration decreased from 4 to 2.5 and 50 mg L−1 to 36 mg L−1,
respectively, the removal efficiency increased from 75% to 97%.
Fig. 11(b) presents evidence that the operating parameters for
the maximum hexavalent chromium adsorption are low pH and
low initial concentration. Generally, the wastewater from
industries has low pH and chromium concentration
(30 mg L−1). Thus, the need for pre-treatment or pH adjustment
can be avoided.54

Fig. 11(c) depicts the interaction effect of adsorbent dose and
initial concentration on the removal efficiency at 90 min
adsorption time and pH 3. As presented in Fig. 11(c), the
removal efficiency increased from 69% to 95% when the
adsorbent dose decreased from 2 g L−1 to 1.5 g L−1 and the
initial concentration decreased from 50 mg L−1 to 36 mg L−1.

3.3.2.3 Parameter optimization. The removal efficacy
decreased with respect to initial concentration, with the
adsorbent dose and time it increased, and at pH 3, the
maximum efficiency was observed, while above pH 3 it tended
to decrease sharply. Due to the trade-off among the parame-
ters, this pattern requires optimization, which results in two-
way effects. The variables were set in the study range to opti-
mize the adsorption process, and the optimum value was
Table 9 Experimental response and model predicted under the optima

Contact time
(min)

Adsorbent dose
(g L−1)

Predicted 92 1.5
Actual 92 1.5

3686 | RSC Adv., 2024, 14, 3675–3690
adsorption time of 92 min, adsorbent dose of 1.5 g L−1, pH of
3, and initial concentration of 38 mg L−1. The best predictions
of the model were veried by triplicate experiments conducted
under the optimal conditions determined by numerical opti-
mization (Table 9). The difference between the actual and
predicted values was 0.05%. Consequently, it can be
concluded that the tted model signicantly and reliably
predicts the response.
3.4 Isotherm models and adsorption kinetics

3.4.1 Kinetics study. To understand the kinetics of hex-
avalent chromium adsorption on the activated BP, the pseudo-
rst-order and pseudo-second-order kinetics were examined, as
presented in Fig. 12(a) and (b), respectively. The pseudo-rst-
order data from qt versus t of adsorption were regressed using
MATLAB nonlinear regression (Fig. 12(a)). Similarly, the
pseudo-second-order kinetic equation was analyzed and the
experimental results presented in Fig. 12(b). The coefficients of
determination were found to be 0.996 for the pseudo-rst-order
kinetics and 0.973 for the pseudo-second-order kinetics. Thus,
it can be concluded that the hexavalent chromium adsorption
process taking place on the surface of the activated BP is
mathematically described by the pseudo-rst-order kinetic
l conditions

pH
Initial concentration
(mg L−1)

Removal efficiency
(%)

3 38 94.6
3 38 95.1

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 10 Summary of nonlinear kinetics and adsorption isotherm model parameters

Kinetic model qe (mg g−1) K1 (min−1) K2 (g (mg)−1 min−1) R2

Pseudo-rst-order 29.67 0.00285 0.996
Pseudo-second-order 36.09 — 0.00085 0.973

Isotherm models qm (mg g−1) KL (L mg−1) KF (mg g−1) n R2

Langmuir 35.01 0.41 0.988
Freundlich — — 15.8 4.9 0.895
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model. Besides, it is apparent that physical sorption existed
between the homogeneous sorbent and the rate of sorption is
directly related to the adsorbate concentration.60

3.4.2 Adsorption isotherm analysis. Before determining
the nal concentrations, equilibrium concentrations, and the
amount of adsorbate at equilibrium, Cr(VI) concentrations of 20,
40, 60, 80, 100, and 120 mg L−1 were adsorbed on the surface of
the activated BP.

In both the Langmuir and Freundlich isotherm models, the
Ce versus qe data were regressed using the MATLAB nonlinear
regression method, as shown in Fig. 13(a) and (b) with the curve
tting coefficient of determination (R2), respectively. The R2

values were found to be 0.988 and 0.897 for the Langmuir and
Freundlich isotherm models, respectively. Besides, the
maximum sorption capacity at equilibrium was found to be
36.09 mg g−1 using the Langmuir isotherm model.

Based on the R2 values determined using the Langmuir
isotherm model and Freundlich isotherm model curve ttings,
it seems that the behavior of hexavalent chromium adsorption
on the activated BP surface is described best by the Langmuir
isothermmodel. Thus, it can be stated that the Cr(VI) adsorption
on the activated carbon follows a monolayer pattern, and
subsequently multilayer adsorption.60 The adsorption capacity
of the adsorbent was more than 35 mg g−1, where 1 g of
adsorbent could adsorb more than 35 mg of adsorbate. This is
comparable to the adsorption capacity of 31.3 mg g−1 of acti-
vated carbon synthesized from coconut shell.61 A summary of
the results of the adsorption kinetics and isotherm models is
presented in Table 10.
Fig. 14 Regeneration performance of activated BP.

© 2024 The Author(s). Published by the Royal Society of Chemistry
3.5 Reusability of the adsorbent

As shown in Fig. 14, the removal efficiency decreased from 94%
to 58% from run one to run seven due to the presence of
a reduced amount of adsorbent compared with the initial
removal efficiency for Cr(VI). The results display that the BP
adsorbent presented a good cyclic adsorption performance with
easy separation characteristics aer adsorption due to its
excellent regeneration properties, which can better meet the
treatment requirements for industrial wastewater.
4. Conclusion

A promising activated carbon material was prepared from
waste BP and shown to have potential as an adsorbent for the
removal of Cr(VI) from tannery wastewater containing chro-
mium and other heavy metals. The characterization methods
revealed that the produced activated BP is a good adsorbent
with considerable surface area, as determined by the BET
analysis, and high porosity, as seen in the SEM images. The
batch adsorption experiments revealed that the adsorbent was
capable of removing most of the Cr(VI) from aqueous solution
under the optimum operating conditions. It seems that the
rate of adsorption of Cr(VI) on the adsorbent surface can
mathematically be best modelled by the pseudo-rst-order
kinetic model and the behavior of adsorption follows the
Langmuir isotherm model. Besides the experimental results
for a synthetic aqueous solution of Cr(VI), the real wastewater
study showed that the adsorbent has good potential for the
removal of hexavalent chromium from effluents to the extent
that it fulls the standards. All the results showed that the
adsorbent made from waste BP to remove Cr(VI), which is an
efficient and cheap material, can be used repeatedly and keep
the concentration of chromium in wastewater effluents within
permissible limits.
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