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Abstract 

A new and cost-effective adsorbent material was developed by chemical modification of cucumber peels (CP) 
with a cationic surfactant, cetyltrimethylammonium bromide (CTAB). The adsorptive behavior of CTAB-modified 
cucumber peels (CMCP) was investigated in the retention of an organic pollutant (4-chlorophenol) and an inor-
ganic pollutant (Cr(VI)) through batch experiments. The adsorbents were characterized by Fourier transform infrared 
spectroscopy (FTIR) analysis and scanning electron microscopy (SEM) technique. Influences of initial concentra-
tions of both pollutants, dosage of CMCP, initial solution pH, contact time, and foreign ions were parameters used 
to specify the optimized conditions. Results of the experiments were evaluated by three kinetic models, namely 
pseudo-first-order, pseudo-second-order, and intraparticle diffusion models, to find out the dominant mechanisms 
in the retention of 4-chlorophenol and Cr(VI). Langmuir, Freundlich, and Dubinin–Radushkevich isotherm models 
were applied to the adsorption data to estimate the adsorption capacity of CMCP and to describe the interactions 
between the species. Langmuir isotherm model fitted the data well, and the maximum Cr(VI) and 4-chlorophenol 
adsorption capacities of CMCP were 84.03 mg g−1 and 107.5 mg g−1, respectively. Consequently, CMCP demonstrated 
outstanding performance in the adsorption of both inorganic and organic pollutants, offering a low-cost, easily pre-
pared alternative to other adsorbents reported in the literature.

Highlights 

•	 Cucumber peels were modified by  CTAB for  the  first time to  obtain an  inexpensive and  efficient adsorbent 
for the removal of organic and inorganic pollutants.

•	 CTAB modification significantly enhances the adsorption capacity of cucumber peels in Cr(VI) and 4-chlorophe-
nol retention.

•	 CTAB-modified cucumber peels performed high capacity for  the retention of  inorganic and organic pollutants 
as compared with other adsorbents in the literature.
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Graphical abstract

Introduction
The presence of organic and inorganic contaminants 
in industrial effluents attracts the attention of environ-
mentalists and researchers because of their hazardous 
effects on the ecosystem and living things. Physical, 
chemical, and biological methods such as advanced oxi-
dation, nanofiltration, precipitation, coagulation–floc-
culation, and filtration are widely applied to overcome 
environmental problems by eliminating these pol-
lutants. Most of these methods, in addition to having 
advantages over others, also have one or more disad-
vantages such as generating secondary sludge or highly 
toxic by-products, excessive chemical consumption, 
requiring high technological equipment, being imprac-
tical, and expensive (Zeghioud et  al. 2022). However, 
the adsorption technique offers technologically simple 
solutions, effectively adapts to purification processes, 
and has better selectivity (Rambabu et  al. 2021). Nev-
ertheless, the high costs of commercial adsorbents 
activated by physical or chemical methods through 
high-energy-requiring technologies impede invest-
ments in these materials in the wastewater treatment 
sectors (Rambabu et al. 2020). This reason encouraged 
the researchers to develop eco-friendly materials that 
may substitute the high-cost commercial adsorbents 
with the advantages of being synthesized inexpensively 

and responding to pollutants efficiently (Rambabu et al. 
2021).

Chlorinated phenols are widely used toxic compounds 
in sectors due to their industrial importance despite their 
being responsible for many environmental problems, 
including large amounts of recalcitrant wastes contami-
nated to wastewater after secondary treatments in paper 
and pulp industries (Rubilar et al. 2008). 4-chlorophenol 
(p-chlorophenol), a toxic and stable organic pollutant 
with a disturbing odor, shows toxicity caused by inha-
lation, ingestion, and adsorption through the skin and 
emits fumes that irritate the tissues when heated to the 
decomposition (Gomez et  al. 2012). Ding et  al. (2016) 
investigated 4-chlorophenol adsorption performance 
of carboxylated and hydroxylated single-walled carbon 
nanotubes (SWCNTs). Ding et  al. (2021) researched 
4-chlorophenol adsorption capacity of N-doped porous 
carbon material obtained by HCl treatment applied to a 
substance prepared in a process including carbonization–
activation of the amine residue which was previously 
pulverized with NaOH. Li et  al. (2009) used salicylalde-
hyde-, β-cyclodextrin-, and cross-linked β-cyclodextrin-
modified chitosan to remove 4-chlorophenol from 
aqueous solution. On the other hand, natural materi-
als and their modified forms, such as cetyltrimethylam-
monium bromide (CTAB)-modified zeolite and benzyl 
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tetradecyl ammonium chloride-modified zeolite (Kuleyin 
2007), dodecyl trimethylammonium bromide and CTAB-
modified organoclay (Zhang et al. 2015), activated carbon 
from jack fruit (Jain and Jayaram 2007), hulls of Prosopis 
africana seeds (Garba and Rahim 2016), and pomegran-
ate husk (Hadi et al. 2021), were used to remove 4-chlo-
rophenol from aqueous solutions.

Cr(VI), another emerging pollutant, contaminates 
groundwater as a result of industrial applications such 
as plating, dyeing, and chromate production (Ou et  al. 
2020). The International Agency for Research on Cancer 
has stated that exposure to Cr(VI) compounds through 
inhalation is categorized as carcinogenic. In nature, chro-
mium can be found as oxides and hydroxides of Cr(III) 
or salts of Cr(VI). Chromium (VI) is toxic, while Cr(III) 
is essential for human life. Thus, the solubility of Cr(III) 
compounds is poor compared to very soluble and mobile 
Cr(VI) forms, including strongly oxidant species such 
as Cr2O7

−2, CrO4
−2, and HCrO4

− (Georgaki et al. 2023). 
Adsorption technique provides an effective and eco-
nomic means for the retention of chromium species. 
Many adsorbent materials were used to treat Cr(VI) 
pollution in the water. Cr(VI) removal performances of 
carbon, silicon, iron, polymer and titanate-based materi-
als, and microplastics, mono- and multimetallic layered 
double hydroxides, hydrogels, aerogels, three-dimen-
sional nanocomposites, montmorillonite clay, and bio-
logical adsorbents were criticized by Liu et  al. (2023). 
Additionally, many raw or modified natural materials 
were researched as adsorbents to remove Cr(VI) species 
from wastewater. Sulfuric acid-modified peat (Li et  al. 
2019), natural moss (Racomitrium ericoides (Brid.) Brid.) 
(Ozeken et  al. 2023), biofilm of bacterial species (Strep-
tococcus equisimilis, Bacillus coagulans, Escherichia coli) 
supported on granular AC (activated carbon) (Quinte-
las et  al. 2008), magnetic Fe3O4-loaded EDTA-modified 
brewed tea waste (Camoglu et al. 2023), date palm empty 
fruit bunch (Rambabu et  al. 2020), and normal powder 
and nanopowder of watermelon peel (El-Tawabty et  al. 
2024) were researched for Cr(VI) retention.

Waste peels, thanks to their lignocellulosic content, 
serve new gateways as adsorbent materials in water treat-
ment methods and contribute to the solution of health 
and environmental problems caused by the decrease in 
water quality as a result of anthropogenic activities such 
as unqualified use, industrialization, and urbanization 
(Bhatnagar et al. 2015). Cucumber peels (CP), which con-
tain high amounts of cellulose, hemicellulose, and lignin, 
can provide a high adsorption capacity by interacting 
with heavy metals and organic pollutants through the 
hydroxyl (–OH) and carboxyl (–COOH) groups on their 
surface (Prasanna and Mitra 2020). From an environ-
mental perspective, the use of CP, which are a significant 

waste product in household consumption and the food 
industry, as an adsorbent and recycling them is of great 
importance (Basu et  al. 2018). Compared to chemical-
based adsorbents, CP are environmentally friendly 
and can be disposed of without harming the environ-
ment after use. Cucumber is a widely grown vegetable 
worldwide, making it a sustainable source of adsorbents 
(Stavrinou et  al. 2018). Modification of organic wastes 
with a cationic surfactant increases hydrophobic inter-
actions, allowing organic species such as 4-chlorophe-
nol to be adsorbed more effectively. On the other hand, 
modification with a cationic surfactant can also make the 
adsorbent surface positively charged, which facilitates 
the adsorption of anionic ions, such as Cr(VI), or anionic 
dyes, through stronger electrostatic interactions (Tam-
jidi et  al. 2021). Barboza et  al. (2024) modified banana 
peels with CTAB, dodecyltrimethylammonium bromide 
(DTAB), and sodium dodecyl sulfate (SDS) and then 
used them for the removal of an anionic dye, Direct Blue 
86. Foroughi-Dahr et  al. (2015) researched the removal 
of Congo red dye from aqueous solutions using CTAB-
modified tea waste. Abadian et  al. (2023) utilized tetra-
decyltrimethylammonium bromide (TTAB)-modified 
Cuminum cyminum agri-waste to investigate the removal 
of diclofenac sodium from aqueous solutions.

In this study, CP were modified by CTAB, a cationic 
surfactant, to obtain a new, low-cost, and effective adsor-
bent for the retention of an organic pollutant (4-chloro-
phenol) and an inorganic pollutant (Cr(VI)). To the best 
of our knowledge, the modification of CP with CTAB for 
the removal of any toxic organic and inorganic pollutants 
has not been reported so far. CP and CTAB-modified CP 
(CMCP) were characterized by Fourier transform infra-
red spectrometer (FTIR), scanning electron microscope 
(SEM), and pHpzc analysis, and the adsorptive perfor-
mances of CMCP were researched through the influences 
of initial solution pH, contact time, CMCP dosage, and 
initial Cr(VI) and 4-chlorophenol concentration. Kinetic 
studies were used to define the mechanisms of adsorp-
tion. Isotherm models were evaluated to describe the 
interactions of CMCP surface sites with each interacting 
adsorbate species.

Experimental
Chemicals
Analytical-grade chemicals obtained from Fluka (Buch, 
Switzerland) and Merck (Darmstadt, Germany) were 
preferred in the experiments. CTAB was used as the 
chemical modifier. 4-chlorophenol and K2Cr2O7 were 
used to prepare the stock solutions of pollutants. The ini-
tial pH values of the solutions were adjusted by diluted 
HNO3 and NaOH. The effects of the foreign ions were 
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investigated in the presence of Na2SO4 and Na3PO4 salts 
in aqueous media. Distilled water was used in all stages of 
the experimental studies.

Apparatus
The adsorbent materials and the solid chemicals were 
weighed with Sartorius BP1106 model (Sartorius AG, 
Germany) analytical balance. IKA RCT Basic model 
(IKA-Werke GmbH & CO. KG, Germany) magnetic stir-
rer was used to stir the solutions, and Hanna pH-2221 
model (Hanna Instruments, USA) digital pH meter was 
utilized to adjust the initial pH of the pollutant solu-
tions. Surface structures of CP and CMCP were identi-
fied by PerkinElmer 1600 model (PerkinElmer, Inc., USA) 
FTIR, and the surface morphologies were examined by 
ZEISS Evo Ls 10 model (Carl Zeiss AG, Germany) SEM. 
The test samples, consisting of the pollutant solutions 
and adsorbent materials, were processed for adsorption 
on an Edmund Bühler GmbH KS-15 model (Germany) 
mechanical shaker (motion; horizontal, shaking plat-
form; 400 × 300  mm, max. load; 15  kg, shaking speed; 
30–420  rpm, stroke; 17  mm) in each batch experiment, 
and the liquid phase of each sample was separated by 
centrifugation on a BOECO S-8 model (Boeckel & Co. 
GmbH) centrifuge. The concentration of the Cr(VI) was 
determined by utilizing the PerkinElmer AAnalyst 400 
model (PerkinElmer, Inc., USA) flame atomic absorp-
tion spectrometer (FAAS) at a wavelength of 357.87 nm. 
The concentration of 4-chlorophenol was determined 
by utilizing a PerkinElmer Lambda 25 model (Perkin 
Elmer, Inc., USA) UV–Vis spectrophotometer at a wave-
length of 280 nm. The limit of detection (LOD) for Cr(VI) 
and 4-chlorophenol analysis has been determined to be 
120 µg L−1and 100 µg L−1, respectively.

Surface modification of CP adsorbent
The cucumbers were obtained from a local seller. CP 
were washed with tap water to remove any dust or dirt, 
then washed with distilled water, and dried in the oven 
at 105 °C for 24 h. The CMCP was prepared based on a 
revised version of the simple method used by Liu et  al. 
(2019) to synthesize CTAB-modified activated carbon 
for the removal of sulfamethazine and sulfamethoxa-
zole. Accordingly, 30 g of dried CP sieved with a blender 
was added into 15 g L−1 of CTAB solution (500 mL) and 
stirred for 24 h at room temperature. Then, the suspen-
sion was filtered through a 0.45-μm cellulose nitrate 
membrane filter. The solid substance was washed with 
distilled water several times. The final product (CMCP) 
was sifted to obtain the particles smaller than 100  μm, 
dried in an oven at 105 °C for 8 h, and placed in a glass 
container for experimental studies.

Batch experiments
All parameters were investigated by the experiments car-
ried out by batch method. Cr(VI) or 4-chlorophenol solu-
tions, with a definite concentration (50–1000 mg L−1) and 
a known pH (1.5–10.0), were added to planned amounts 
of adsorbent material (1.0–20.0 g L−1) which was previ-
ously weighed in a polypropylene centrifuge tubes with 
a 15  mL volume. The suspensions were processed for 
adsorption for the scheduled contact times (1–480 min) 
on a mechanical shaker at 350 rpm and then centrifuged 
at 4500 rpm for 5 min, and the residual concentration of 
Cr(VI) and 4-chlorophenol were determined by FAAS 
and UV–Vis spectrophotometer, respectively. The initial 
and equilibrium concentrations are evaluated through 
Eqs.  1 and 2 to calculate Cr(VI) and 4-chlorophenol 
adsorption capacities (qe) of CMCP and the percentages 
of adsorption (%) in the present processes, respectively.

qe (mg g−1) is the amount of Cr(VI) or 4-chlorophenol 
pollutant adsorbed by 1 g of CP or CMCP. Co and Ce (mg 
L−1) are the concentrations of the pollutant in initial and 
equilibrium stages, respectively. V is the volume (L) of 
the solution added onto weighed amounts (ms (g)) of CP 
or CMCP.

Adsorption kinetics
Adsorption data were evaluated by pseudo-first-order 
(PFO), pseudo-second-order (PSO), and intraparticle dif-
fusion (IPD) models, to determine the reaction rates and 
to explain the dominant mechanisms in the adsorption 
of Cr(VI) and 4-chlorophenol onto CMCP. Equations 3, 
4, and 5 represent the linear forms of PFO (Lagergren 
1898), PSO (Ho and McKay 1998), and IPD (Weber Jr 
and Morriss 1963) models, respectively:

qt (mg g−1) and qe (mg g−1) are the amounts of Cr(VI) 
and 4-chlorophenol adsorbed onto 1  g of CMCP at 
any time t (min) and at equilibrium, respectively. k1 
(min−1) and k2 (g mg−1  min−1) are the rate constants of 
the PFO and PSO kinetic models, respectively. kid (mg 

(1)qe =
V (Co − Ce)

ms

(2)Adsorption(%) =
(Co − Ce)

Co
× 100

(3)ln (qe − qt) = ln qe − k1t

(4)
t

qt
=

1

k2q2e
+

t

qe

(5)qt = kidt
1/2

+ c
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g−1  min−1/2) represents the rate constant of IPD model. 
C value informs about the extent of boundary layer. k1 
and qe values in the PFO model can be acquired by the 
slope and intercept of ln(qe–qt) versus t plot, and qe and 
k2 values in the PSO model can be obtained by the slope 
and intercept of the t/qt versus t plot, respectively. The 
slope and intercept of the figure drawn between qt versus 
t1/2 correspond to kid and C parameters in the IPD model, 
respectively.

Adsorption isotherms
The adsorption isotherms were evaluated by Langmuir, 
Freundlich, and Dubinin–Radushkevich (D–R) isotherm 
models. The Langmuir model describes the monolayer 
adsorption of the species onto a surface consisting of 
co-energized sites (Langmuir 1918), and the Freundlich 
model defines the multilayer adsorption of the adsorbate 
species onto a surface consisting of differently energized 
sites (Freundlich 1906). The D–R model donates infor-
mation about the adsorption type (Dubinin and Radush-
kevich 1947).

Experimental data can be used to obtain b and qmax 
from the intercept and the slope of Ce/qe versus Ce 
graph, respectively, according to the linear equation of 
Langmuir model (Eq. 6). Then, b is used to calculate the 
non-dimensional RL values by using Eq. 7 to evaluate the 
feasibility of present process to be irreversible (RL = 0), 
favorable (0 < RL < 1), linear (RL = 1), or unfavorable 
(RL > 1). qe (mg g−1) represent the amount of the inorganic 
or organic pollutant species adsorbed per g of CMCP at 
the equilibrium, and qmax (mg g−1) represents the mon-
olayer adsorption capacity. C0 (mg L−1) is the initial, and 
Ce (mg L−1) is the equilibrium concentration of species 
in aqueous media. Langmuir constant, b (L mg−1), repre-
sents the free energy.

The constants of the Freundlich model, n (unitless), and 
Kf (mg g−1) can be obtained by the slope and the intercept 
of lnqe versus lnCe plot, respectively, according to the 
linear form of this model (Eq. 8). The process developed 
is commented to be favorable if the value of n ranges 
between 1 and 10.

The constants qm (mol g−1) and β (mol2 kJ−2) of the 
D–R isotherm model can be determined using Eqs. 9, 10, 

(6)
Ce

qe
=

Ce

qmax
+

1

bqmax

(7)RL =
1

1+ b · Co

(8)ln qe = lnKf +
1

n
lnCe

and 11. The Polanyi potential (ε) calculated by using Eq. 9 
is evaluated in Eq. 10 to determine the adsorption capac-
ity (qm) and the activity coefficient (β) corresponding to 
the intercept and slope of lnqe versus ε2 plot, respectively. 
Moreover, the mean adsorption energy (E) calculated by 
Eq. 11 provides extra information about the mechanisms. 
Chemical adsorption (E > 16 kJ mol−1) based on chemical 
interactions, physical adsorption (E < 16 kJ  mol−1) based 
on the van Der Waals, or dipole–dipole interactions or 
ion-exchange (16 > E > 8  kJ  mol−1)-based mechanisms 
can dominate the process according to the calculations 
(Helfferich 1962).

Results and discussion
Characterization of the CP and CMCP
According to the images of CP (Fig.  1a, b) and CMCP 
(Fig. 1c, d) obtained by SEM technique, CTAB modifica-
tion expanded the surface of the CP. The surfaces of both 
samples had non-uniform structures, yet the aggregation 
in unmodified CP seemed to be more than in the CMCP, 
and the flake-like structures in CP (Fig.  1b) decreased 
in CMCP (Fig.  1d). Moreover, the aggregated species 
seemed to spread and the bulk material seemed more 
regular in CMCP than in CP (Shirzad-Siboni et al. 2015).

Each FTIR spectrum was obtained within the 500–
4000  cm−1 range and plotted in this wavenumber scale 
versus transmittance ordinate (Fig.  2) to identify the 
functional groups present in unmodified and CTAB-
modified adsorbents by their vibrational frequencies. The 
broad band between 3000 and 3500 cm−1 corresponds to 
the stretching vibrations of –OH groups. The two peaks 
that appeared at 2919 cm−1 and 2851 cm−1 correspond to 
–CH stretching in –CH3 and –CH2 groups, respectively, 
and seemed to sharpen in the FTIR spectrum of CMCP 
adsorbent caused by modification process. Modification 
with CTAB alters the surface properties of the adsor-
bent, leading to observable differences in the FTIR spec-
trum. Due to the long alkyl chain of CTAB, the bands 
at 2850  cm−1 (–CH2 stretching) and 2920  cm−1 (–CH3 
stretching) become more prominent. Consequently, the 
appearance of distinct –CH2 and –CH3 stretching vibra-
tion bands in the FTIR spectrum is expected after CTAB 
modification. This phenomenon is also observed in other 
CTAB-modified adsorbents (Hua et  al. 2023; Luo et  al. 
2024). The peaks at 1729  cm−1 and 1627  cm−1 are com-
mented to indicate the C=O stretching of aliphatic acids 

(9)ε = RT ln(1+ 1/Ce)

(10)Inqe = Inqm − βε2

(11)E = 1/(−2β)1/2
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Fig. 1  SEM images of a, b CP and c, d CMCP

Fig. 2  FTIR spectra of CP and CMCP
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and C=O vibration of ionic carboxylate groups, respec-
tively (Akkaya and Guzel 2013). Several peaks appearing 
between 1300 and 1500  cm−1 are commented to belong 
to phenolic groups in the adsorbents (Khosravi et  al. 
2014). The peak at 1025  cm−1 reveals the presence of 
amine groups in the structure (Akkaya and Guzel 2013). 
These results indicated that CP and CMCP adsorbents 
consist of various functional groups responsible for the 
adsorption of Cr(VI) and 4-chlorophenol.

One key property of an adsorbent material used to 
assess its interactions through the electrical behaviors 
in aqueous media is the value of pHpzc (point of zero 
charge). Surface functional groups of the adsorbent 
charged negatively if the pH of the solution is higher 
than pHpzc or charged positively if the pH of the aque-
ous media is less than pHpzc. The pHpzc of CP and CMCP 
were determined to be 6.2 and 5.0, respectively. A close 
pHpzc value (6.42) was determined by Akkaya and Guzel 
(2013) for cucumber peel.

Influences of the initial pH
Given that the ionization degrees of pollutants and the 
surface charge of the adsorbent are greatly influenced by 
the pH of the aqueous environment, optimizing pH is the 
primary focus in adsorption studies. Cr(VI) solution in 
100 mg L–1 concentration or 4-chlorophenol solution in 
50 mg L–1 concentration was used in pH investigations. 
The pH was adjusted to various values in the range of 
1.5–7.0 for Cr(VI) retention and in the range of 2.0–10.0 
for 4-chlorophenol retention. 10 mL of pollutant solution 
was added to each adsorbent material (CP and CMCP) 
in a 3.0  g L–1 dosage. Batch experiments were utilized 
for 120  min. As demonstrated in Fig.  3, Cr(VI) adsorp-
tion is higher at lower pH levels, reaching its maximum 

at pH 2.5, before rapidly decreasing as the pH increases. 
When the pH of Cr(VI) solutions increases from 2.5 to 
7.0, the adsorbed amount of Cr(VI) ions onto CMCP 
and CP decreases from 22.2 to 10.3  mg  g–1 and from 
4.40 to 2.87  mg  g–1, respectively. This phenomenon 
can be explained by the predominance of HCrO4

−2 and 
Cr2O7

−2 at pH range of 2.0–6.0, while CrO4
−2 dominated 

when pH > 6.0 (Chen et al. 2023). Figure 3 demonstrates 
that with decreasing pH, the surface of CMCP and CP 
becomes increasingly positively charged. This enhances 
the electrostatic attraction between the anionic Cr(VI) 
species and the CMCP and CP surface, making Cr(VI) 
adsorption more favorable at lower pH values. Con-
versely, at higher pH levels, the surface of CMCP and CP 
becomes more negatively charged, leading to increased 
competition between OH⁻ ions and anionic Cr(VI) spe-
cies, as well as stronger electrostatic repulsion between 
the adsorbate and the adsorbent surface (Nguyen et  al. 
2025). These results are compatible with the pHpzc values 
determined for the CP and CMCP (6.2 and 5.0, respec-
tively). When the pH of the aqueous solution is lower 
than the pHpzc of the adsorbent (pH < pHpzc), the sur-
face of the adsorbent becomes positively charged. As a 
result, the adsorption efficiency of anionic species, such 
as Cr(VI), which are present in the solution in their ani-
onic form, increases. This result is consistent with previ-
ous studies on chromium removal using various other 
adsorbents (Khalfaoui et al. 2024; Masuku et al. 2024). In 
addition to these, it is observed that the modification of 
CP with CTAB significantly increases the Cr(VI) adsorp-
tion efficiency. Cationic surfactants like CTAB can bind 
to the CP surface, making the surface positively charged. 
The positively charged surface can then adsorb anionic 

Fig. 3  Influences of initial pH on the uptake of Cr(VI) and 4-chlorophenol
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Cr(VI) species more effectively through electrostatic 
attraction (Karnjanakom and Maneechakr 2019).

On the other hand, when comparing the 4-chlorophe-
nol adsorption capacities of CP and CMCP across differ-
ent pH levels, it is observed that CP adsorbs a negligible 
amount of 4-chlorophenol in the pH range of 2.0–10.0, 
whereas CMCP exhibits significant adsorption over a 
wide pH range. The maximum 4-chlorophenol adsorp-
tion capacities of CP and CMCP at pH 7.0 are recorded as 
0.67 mg g–1 and 10.2 mg g–1, respectively (Fig. 3). 4-chlo-
rophenol behaves as a weak acid with a pKa value of 9.38. 
Below this pH, 4-chlorophenol predominantly exists 
in molecular form, and a neutral molecule has greater 
hydrophobicity than its ionic form. The modification 
of CP with CTAB introduces a long alkyl chain into the 
structure, indicating that hydrophobic interactions play a 
dominant role in the adsorption of 4-chlorophenol onto 
the CMCP surface in the pH range of 2.0–9.0. Similar 
results have been reported by Zhang et al. (2015) in the 
evaluation of the adsorption behavior and mechanism of 
chlorophenols onto organoclays in aqueous solutions. At 
pH 10.0, the significant retention of 4-chlorophenol sug-
gests that the 4-chlorophenolate ions formed at this pH 
interact electrostatically with the positive charge induced 
on the CMCP surface due to CTAB modification. As a 
result, subsequent removal experiments were conducted 
with a fixed initial pH value of 2.5 for Cr(VI) and a natu-
ral initial pH value of 7.3 for 4-chlorophenol.

Influences of the contact time and the kinetic studies
To investigate how contact time affects the adsorption 
capacity, a solution of 100 mg L–1 Cr(VI) was adjusted to 
an initial pH of 2.5, while 50  mg L–1 of 4-chlorophenol 
was processed at its natural initial pH of 7.3. Both pollut-
ants were treated with 3.0 g L–1 of CMCP for durations 
ranging from 1 to 480 min. At the end of each duration, 
the liquid phases of the centrifuged samples were ana-
lyzed to determine the final concentrations of Cr(VI) and 
4-chlorophenol remaining in the solution, to compute 
the adsorbed amounts (qe) by using Eq. 1. The processes 
occurred rapidly at the beginning of the adsorption 
because many adsorption sites were readily available 
for uptake (Fig.  4). The adsorption capacity of CMCP 
increased in the range of 1–120 min of contact time for 
both adsorbates and then became almost constant since 
the attainable surface sites of CMCP reached saturation 
in the state of equilibrium (El-Tawabty et  al. 2024). The 
contact time for the CMCP with both pollutants was 
optimized to be 120 min from this stage.

The kinetic parameters obtained by PFO, PSO, and IPD 
models and the correlation coefficients (R2) are repre-
sented in Table 1.

According to Table  1, the calculated capacities (qe 

cal) for the adsorption of Cr(VI) and 4-chlorophenol 
(26.31 mg g–1 and 10.42 mg g–1, respectively) in the PSO 
model are compatible with the experimental capaci-
ties (qe exp, 25.80 mg g–1 and 10.35 mg g–1, respectively). 
However, qe cal values calculated by using PFO model 
(11.28  mg  g–1 for Cr(VI) and 2.53  mg  g–1 for 4-chloro-
phenol) are not compatible with qe exp. Moreover, another 
result is that the R2 values of the PSO model found to 
be 0.9992 for Cr(VI) and 0.9999 for 4-chlorophenol 

Fig. 4  Impact of contact time on the adsorption of Cr(VI) 
and 4-chlorophenol

Table 1  Kinetic model parameters for the adsorption of Cr(VI) 
and 4-chlorophenol onto CMCP

Adsorbate

Cr(VI) 4-chlorophenol

qe exp 25.80 10.35

PFO

 k1 − 0.0099 − 0.0152

 qe cal 11.28 2.53

 R2 0.7105 0.8992

PSO

 k2 0.003 0.029

 qe cal 26.31 10.42

 R2 0.9992 0.9999

IPD

 kid,1 2.45 0.71

 R2 0.9780 0.9399

 kid,2 0.05 0.01

 R2 0.6140 0.9745

 C 9.44 2.84
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retention are higher than obtained for PFO model (0.7105 
and 0.8992, respectively) and closer to linear. According 
to these results, PSO model is favorable for the adsorp-
tion processes as the correlation coefficients (R2) of PFO 
and PSO kinetic models are compared to each other, 
and the experimental adsorption capacities (qe exp) are 
compared to calculated ones (qe cal) predicted from both 
models revealing that chemical adsorption is the domi-
nant mechanism in the adsorption processes of Cr(VI) 
and 4-chlorophenol onto CMCP (Ho and McKay 1998; 
Gao et  al. 2023). Similarly, PSO kinetic model is dem-
onstrated to be favorable for the adsorption of Cr(VI) 
onto calcined CoFe-LDH/T g-C3N4 (Ou et al. 2020) and 
H3PO4-activated carbon prepared by from apple peels 
(Enniya et al. 2018), and for the adsorption of 4-chloro-
phenol onto surfactant-modified zeolite (Kuleyin 2007), 
chemically modified chitosan (Zhou et al. 2014) and acti-
vated carbon obtained from the hulls of Prosopis africana 
seed (Garba and Rahim 2016).

In addition, the adsorption process is controlled 
by intraparticle diffusion if a straight line is obtained 
from qt vs. t1/2 plot, yet the multilinearity of the same 
plot is the clue of adsorption occurring in several 
stages where more steps may have control on the pro-
cess (Huang et  al. 2009). Thus, situated, film diffusion 
is the first stage in which the pollutant species in bulk 
solution are transported to the external surface of the 
solid material. Here, pore diffusion (or intraparticle dif-
fusion) occurs as the second stage, where the pollutant 
species at the external surface are gradually adsorbed 
into the pores of the solid adsorbent. In the third stage 
(the equilibrium), the pollutant species rapidly attack 
to the internal surfaces of the pores and get adsorbed 

onto the available active sites. The second stage usually 
controls the adsorption rate, yet the third stage usually 
occurs so rapidly. The rate constant of the rapid stage 
(3rd stage) is neglected, and the rate constants of the 
1st and 2nd ones (kid,1 and kid,2, respectively) were cal-
culated to state the dominant one for a better definition 
of the mechanisms since the slowest stage determines 
the rate of adsorption. As noticed in Table 1, intrapar-
ticle diffusion seems to control the reaction rates in the 
adsorption mechanisms of Cr(VI) and 4-chlorophenol 
effectively since kid,2 values are smaller than the kid,1 
values, whereas C values, found to be unequal to zero, 
revealed that the film diffusion, besides the intraparti-
cle diffusion, contributed the adsorption of Cr(VI) and 
4-chlorophenol onto CMCP (Chieng et al. 2015).

Impact of CMCP dosage
Solutions of Cr(VI) at an initial pH of 2.5 and 4-chlo-
rophenol at a natural pH of 7.3 were prepared at a 
concentration of 250  mg L−1. A 10  mL of each pol-
lutant solution was treated with varying amounts of 
CMCP (ranging from 1.0 to 10.0  g L−1) over a period 
of 120  min to study the effects of dosage, and the 
results are depicted in Fig.  5. As the adsorbent dos-
age increased, the adsorption capacities of Cr(VI) and 
4-chlorophenol on CMCP at equilibrium decreased. 
This decrease could be attributed to an excess of active 
sites, many of which remain unsaturated after only a 
portion of the CMCP participates in pollutant adsorp-
tion at a constant concentration. Additionally, pos-
sible agglomeration may occur, leading to a reduced 
overall surface area (Huang et  al. 2014). However, the 

Fig. 5  Effect of adsorbent amount on adsorption of Cr(VI) and 4-chlorophenol
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percentage of adsorption increase in accordance to 
increasing amounts of the adsorbent, which means 
exchangeable numbers of candidate active sites were 
available for adsorption (Semerjian 2010).

Influences of Cr(VI) and 4‑chlorophenol concentrations 
and isotherm studies
A dosage of 3.0  g L−1 of CMCP was treated with 
10 mL of pollutant solutions at varying concentrations 
(50–1000  mg L−1) over a period of 120  min. The ini-
tial pH of the solutions was adjusted to 2.5 for Cr(VI) 
and remained at a natural pH of 7.3 for 4-chlorophe-
nol. As the pollutant concentration increased from 50 
to 1000  mg L−1, the capacity of CMCP also increased 
from 13.15 to 77.00  mg  g−1 for Cr(VI) adsorption and 
from 8.65 to 78.33  mg  g−1 for 4-chlorophenol adsorp-
tion, while the percentage of adsorption decreased 
from 78.9 to 23.1% for Cr(VI) and from 51.9 to 23.1% 

4-chlorophenol (Fig.  6). In brief, the amounts of 
adsorbed organic and inorganic pollutants increased 
with the increase in initial concentrations in the liquid 
phase suggesting that adsorption is driven by the con-
centration gradient (Nasanjargal et al. 2021), as higher 
concentrations of pollutant species more effectively 
occupied the active sites of the CMCP. Moreover, the 
chlorine in the chemical structure of 4-chlorophenol 
may cause low energy for interactions with water, low 
water-solubility, and highly hydrophobic interactions 
with CMCP, which enhances the adsorption capac-
ity (Rawajfih and Nsour 2006). However, the adsorp-
tion percentages decreased due to surface saturation, 
as the constant number of available active sites became 
clogged and fully occupied by the highly concentrated 
pollutant species (Senturk et al. 2009).

Equilibrium data were evaluated by Langmuir, Fre-
undlich, and Dubinin–Radushkevich (D–R) isotherm 

Fig. 6  Effect of initial adsorbate concentration on their uptake

Fig. 7  Adsorption isotherm models for a Cr(VI) uptake by CMCP b 4-chlorophenol uptake by CMCP
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models to commentate the characteristics of the pro-
cess by interpreting the information on the interactions 
between CMCP and the inorganic and organic adsorb-
ate species (Fig. 7a, b). The results of the isotherm stud-
ies are presented in Table 2.

Langmuir monolayer adsorption capacity (qmax) of 
CMCP was 84.03  mg  g−1 for Cr(VI) and 107.5  mg  g−1 
for 4-chlorophenol adsorption. The monolayer adsorp-
tion capacity of CMCP in the retention of inorganic and 
organic pollutants is higher than many other adsorbent 
materials (Kuleyin 2007; Ding et al. 2016; Gao et al. 2023; 
Kurniawan et al. 2010; Gupta and Babu 2009; Quintelas 
et al. 2008; Rambabu et al. 2020) reported in the literature 

(Table 3). On the other hand, RL values were in the range 
of 0–1, and n values were in the range of 1–10, showing 
that both pollutants’ adsorption processes were favora-
ble in optimized experimental conditions. As the corre-
lation coefficients were compared, R2 values obtained by 
the Langmuir model were higher than Freundlich model 
(Table 2), revealing that the adsorption processes in the 
retention of Cr(VI) and 4-chlorophenol onto CMCP can 
be interpreted better by Langmuir equation (Park et  al. 
2021). This result demonstrates that the CMCP surface 
comprises uniform binding regions with areas of identi-
cal energy. Mean adsorption energies were 9.71 kJ mol−1 
and 10.4 kJ mol−1 for Cr(VI) and 4-chlorophenol, respec-
tively, indicating that ion-exchange-based mechanism is 
dominant in the adsorption processes of both pollutants.

Influences of ionic strength
Separate solutions of Cr(VI) at a concentration of 125 mg 
L–1 (pH 2.5) and 4-chlorophenol at 100 mg L–1 (natural 
pH 7.3) were treated with 3.0 g L–1 of CMCP for 120 min 
in the presence of 0.01–0.1  M Na2SO4 and Na3PO4 to 
investigate the influence of foreign ions on the pro-
cess (Fig.  8). The Cr(VI) adsorption capacity of CMCP 
decreased in the presence of Na2SO4 and Na3PO4. The 
presence of sulfate and phosphate was commented to 
decrease the adsorption of Cr(VI) because of the compet-
ing behavior of multivalent anions with the targeted pol-
lutant (chromate anions) to adsorb to the available sites 
on CMCP (Korus et  al. 2020). The decreasing trend in 
the adsorption capacity was stronger in the presence of 
phosphate anions as compared to that of sulfate anions. 
Heidari et  al. (2011) observed this trend in the adsorp-
tive removal of the As(V), which behaves chromium-like 

Table 2  Langmuir, Freundlich, and Dubinin–Radushkevich (D–R) 
isotherm parameters for the adsorption of organic and inorganic 
pollutants onto CMCP

Cr(VI) 4-chlorophenol

Langmuir isotherm model

 qmax 84.03 107.5

 b 0.0120 0.0038

 R2 0.9907 0.9958

Freundlich isotherm model

 Kf 5.60 1.26

 n 2.44 1.54

 R2 0.9775 0.9706

D–R isotherm model

 qm 11.94 13.03

 β − 0.0053 − 0.0046

 E 9.71 10.4

 R2 0.9885 0.9879

Table 3  Comparison of 4-chlorophenol and Cr(VI) adsorption capacities of various adsorbents

Adsorbent Adsorbate qmax (mg g−1) Reference

HDTMA-zeolite 4-chlorophenol 12.7065 Kuleyin (2007)

BDTDA-zeolite 6.4102

Hydroxylated and carboxylated SWCNTs 4-chlorophenol 29 Ding et al. (2016)

Hydroxylated CNT composites (HCNTs/Fe3O4) 4-chlorophenol 41.6 Gao et al. (2023)

NaOH-treated coconut shell charcoal 54.65 Kurniawan et al. (2010)

HNO3-treated coconut shell charcoal 23.13

TiO2-coated coconut shell charcoal 4-chlorophenol 48.42

CMCP (CTAB-modified cucumber peels) 4-chlorophenol 107.5 This study

Sawdust Cr(VI) 41.9 Gupta and Babu (2009)

Streptococcus Equisimilis, Bacillus coagulans, Escherichia coli 
supported on granular AC

Cr(VI) 16.077 Quintelas et al. (2008)

19.455

9.533

Date palm empty fruit bunch Cr(VI) 70.49 Rambabu et al. (2020)

CMCP (CTAB-modified cucumber peels) Cr(VI) 84.03 This study
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in the aqueous solution by being predominantly present 
in anionic species (H2AsO4

− and HAsO4
−2), and reported 

a stronger competition between the phosphate anions 
and arsenate species than that of the sulfate anions. Phos-
phate anions strongly interfered with the Cr(VI) spe-
cies and reduced the capacity of the CMCP adsorbent in 
adsorbing the targeted Cr(VI) species in this study.

Moreover, the presence of Na3PO4 reduced the 
4-chlorophenol adsorption capacity, yet the presence of 
Na2SO4 improved the 4-chlorophenol adsorption capac-
ity of CMCP. Phosphate anions compete with 4-chloro-
phenol to adsorb to the active sites of CMCP, and this 
competition becomes stronger with the increasing con-
centrations of salt. Conversely, the presence of sulfate up 
to 0.05 M concentration improved the adsorption capac-
ity of CMCP, and beyond that concentration, the effect of 
the ionic strength became almost constant. Navarro et al. 
(2017) also investigated a similar effect for the presence 
of sulfate ions with various concentrations in 0–0.2  M 
range for the adsorption of phenol onto Chaetomorpha, 
which tended to increase the adsorption in 0–0.05  M 
range and then became nearly stable, and reported that 
sulfate anions didn’t compete to adsorb to the active sites 
because of their being very poor nucleophiles.

Conclusion
A novel and cost-effective adsorbent was developed 
by chemically modifying cucumber peels (CP) with 
the cationic surfactant cetyltrimethylammonium bro-
mide (CTAB). The adsorptive properties of the CTAB-
modified cucumber peels (CMCP) were examined for 
the first time in the present study for the removal of 

an organic pollutant, 4-chlorophenol, and an inorganic 
pollutant, Cr(VI). At pH 2.5, the adsorption amount of 
Cr(VI) was obtained as 4.40  mg  g−1 and 22.15  mg  g−1 
for natural CP and CMCP, respectively, while at pH 7.0, 
the adsorption amount of 4-chlorophenol was deter-
mined as 0.67  mg  g−1 and 10.22  mg  g−1, respectively. 
The results indicate that CTAB modification signifi-
cantly enhances the adsorption capacity of cucumber 
peels in Cr(VI) and 4-chlorophenol retention. With the 
advantages of being low-cost, easily prepared, and effi-
cient adsorbent material, CTAB-modified cucumber 
peels performed high capacity for the retention of inor-
ganic and organic pollutants as compared with other 
adsorbents in the literature. In our future research, we 
plan to investigate the removal of other toxic organic 
and inorganic pollutant species from water and 
wastewaters through adsorption, using CMCP as the 
adsorbent.
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