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A B S T R A C T   

The present study aims to prepare waste water caltrop (Trapanatans L.) epicarp (WCS)-based 
adsorbents such as raw WCS (WCS-Raw), citric acid-grafted WCS (WCS-CA), acrylamide-grafted 
WCS (WCS-AM), and calcined WCS (WCS–Si) for Ni(II) removal from aqueous solution in batch 
adsorption process. The physical and chemical properties of the prepared adsorbents were 
investigated by different characterization techniques such as scanning electron microscopy 
(SEM), Fourier-transform infrared (FTIR) spectroscopy, nitrogen adsorption-desorption analyses, 
and pH at the Point of Zero Charge (pHpzc) in order to assess the suitability and effectiveness of 
the adsorbents for the removal of Ni(II) by understanding their surface morphology, chemical 
composition, porosity, and surface charge properties. The experimental Ni(II) adsorption data 
followed both the Langmuir isotherm and the pseudo-second-order kinetic model suggesting the 
adsorption process on the prepared adsorbents is well-described by these models. The modified 
adsorbents WCS-CA, WCS-AM, and WCS-Si exhibited a maximum adsorption capacity of 52.08, 
40.32, and 158.73 mg/g, respectively, while WCS-Raw had a capacity of 29.06 mg/g. The 
thermodynamic study revealed that the adsorption process was feasible, spontaneous, and 
endothermic. The desorption study demonstrated that the adsorbents could be reused for multiple 
cycles with minimal loss of activity. The present work evidenced the potential practical appli-
cability and sustainability of the WCS-based adsorbents as promising adsorbents in treating and 
removing Ni(II) from wastewater.   

1. Introduction 

Rising industrialization is causing significant stress on our water environment, reducing the availability of clean water, which is 
crucial for aquatic life, ecology, human health, and a thriving economy [1]. Both humans and other living things are seriously at risk 
from water contamination caused by numerous toxins, such as heavy metal ions, dyes, pesticides, chemical compounds, bacteria, and 
viruses. Several processes, including mining, soil erosion, weathering of rocks and minerals, electroplating, nuclear power plant op-
erations, and the manufacturing of semiconductors, paper, ceramics, textiles, leather, and batteries, can release heavy metal ions, such 
as Ni2+, Cr6+, Pb2+, Cd2+, Zn2+, As3+, and Hg2+, into the environment and end up in water bodies [2–5]. Aquatic species, fish, and 
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humans at the top of the food chain can all accumulate these toxic metal ions that are present in wastewater. Bioaccumulation of these 
ions in the human body can also occur through drinking water. 

Nickel, a transition element widely present in the environment, has been taken into account in the present work. The US EPA has set 
specific nickel limits for wastewater effluent reuse, ranging from 0.2 mg/L for long-term reuse to 2 mg/L for short-term reuse [3,6,7]. 
Nickel may be advantageous as an activator of some enzyme systems in trace amounts and is known to participate in biological ac-
tivities such as respiration, metabolism, and biosynthesis; its intake in higher concentrations creates adverse health effects and causes 
different types of diseases, including gastrointestinal manifestations, pulmonary fibrosis, lung and bone cancer, renal edema, chronic 
asthma, skin dermatitis, and central nervous system dysfunction [3,8,9]. Furthermore, it is a teratogen and may cause malformations 
in embryos [10]. Hence, the removal of Ni(II) from wastewater is a major issue. 

Different techniques such as solvent extraction, ion exchange, electrochemical treatment, chemical precipitation, filtration, 
oxidation/reduction, membrane technologies, and evaporation recovery have been used to remove Ni(II) ions from aqueous solutions; 
however, most of these techniques are costly or produce toxic waste products [5,8,11–16]. Adsorption is one of the most effective 
techniques, offering several advantages, such as very effective metal extraction from diluted solutions, a reduction in secondary waste, 
ease of operation, and the ability to recover adsorbed metals for recycling or reuse [17,18]. Adsorbents like activated carbon, metal 
nanoparticles, and graphene are commonly used but are expensive and have poor recycling potential [19]. It is necessary to investigate 
a cheap, conveniently accessible, high-adsorption capacity adsorbent for heavy metal removal [20,21]. In this context, agricultural 
wastes and some other living or nonliving biomasses present a viable alternative as inexpensive adsorbents for the treatment of heavy 
metal-containing wastewater [16,20,22]. However, the use of these materials is limited due to issues such as poor metal removal 
efficiency and low biosorption dynamic sites [23]. 

Nowadays, the emphasis lies on chemically or thermally modified agricultural waste for enhancing metal ion removal from 
aqueous medium. Lignocellulosic agricultural wastes contain reactive functional groups like phenolic, carbonyl, hydroxyl, amino, 
acetamido, and sulfhydryl groups [2,24–26]. Chemical and thermal modification of waste biomass can enhance their functional group 
potential, thereby increasing the metal binding capacity of these biosorbents [2,27–30]. For example, the adsorption capacity of 
Trapanatan Biopolymer for Co(II) was improved by KMnO4 treatment [30]. Chemical treatment using HNO3, HClO4, and H2O2 
considerably enhanced the adsorption capacity of Trapabispinosa’speel for Pb(II) [31]. Thermal treatment of rice husk improved its 
sorption capacity for Pb(II) [32]. Various waste biomaterials, including citric acid-functionalized aloe vera leaf powder [19], 
Na2CO3-modified steam-heated aloe vera leaf [33], aloe vera waste leaves [34], lemon peel, cassava peel [35], sawdust [22], algae 
[20], tea waste [36], rice straw [37], tamarind bark [38], oil cake [39], litchi chinensis seeds, and caesalpiniabonducella seed [40], 
have been studied as adsorbents to remove nickel from wastewater. 

Agricultural waste, such as Trapa natans L. fruit epicarp-based adsorbents can be a great choice for removing nickel ions from 
wastewater. Native to Europe, Asia, and Africa, Trapa natans L. is a little free-floating plant growing primarily in shallow water or 
swampy regions and is also known as the water chestnut, water caltrop, or singhara in India and Bangladesh. It is extensively cultivated 
for edible seeds in many countries, including China, Taiwan, India, and Bangladesh [41–43]. The Trapa natans L fruit contains an inner 
edible kernel covered with a thick outer epicarp. The average weight of the fruit is about 10.28 g, and the epicarp contains about 50 wt 
% of the whole fruit [44]. Tens of thousands of metric tons of water caltrop epicarp or shell (WCS) are generated during the postharvest 
period and often dumped in farmlands or occasionally used as organic fertilizer in Asian countries [45]. It is important to study the 
conversion of such waste biomass into value-added products, such as adsorbents for the remediation of heavy metal contamination in 
wastewater. Reports on the reuse of Trapanatans L.’s epicarp as a valuable material are very few in the literature [45]. The WCS was 
used as an adsorbent for the removal of dyes [46,46,47], and a few heavy metals, e.g. Cu (II) [48], Cr(VI) [49], and Co(II) [30]. 

Although there are several studies in the literature on producing raw and modified adsorbents from agricultural waste, there is no 
published report on producing water caltrop epicarp (WCS)-based adsorbents through calcination or treatment with citric acid and 
acrylamide for heavy metal removal. The present work aimed to prepare biosorbents using water caltrop epicarp through chemical 
treatment with citric acid and acrylamide, as well as thermal treatment, to adsorb Ni(II) from aqueous solutions. The morphological 
and textural characteristics of the materials were studied using a variety of characterization techniques, including field emission 
scanning electron microscopy, Fourier transform infrared spectroscopy, and N2 adsorption-desorption isotherm. Key parameters 
affecting the adsorption process, such as adsorbent dosage, pH, metal ion concentration, and contact time, were examined. This study 
also explored adsorption isotherm and kinetic models, investigated reusability characteristics of adsorbents, and compared the 
adsorption performances of raw and modified adsorbents. 

2. Materials and methods 

2.1. Reagents and stock solution 

All of the compounds employed in this study were of analytical grade and were not further purified before usage. Citric acid and 
acrylamide were purchased from Techno pharm chem India. Hydrochloric acid, sodium hydroxide, and NiCl2.6H2O were obtained 
from MERCK, Germany. Working solutions were produced by appropriately diluting the prepared stock solution of Ni(II) (1 g/L), 
which was made by dissolving a weighed quantity of NiCl2.6H2O in deionized water. 
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2.2. Preparation of adsorbents 

2.2.1. Preparation of raw WCS adsorbent (WCS-Raw) 
Water caltrop (epicarp) shells (WCS), collected from a local fruit processing industry (in Sylhet district, Bangladesh), were thor-

oughly washed with distilled water several times to remove dirt and earthy materials and then boiled for 30 min, followed by washing 
again with distilled water until the water was colorless. The as-obtained WCS pieces were dried in an oven at 105 ◦C for 24 h and 
crushed into powder, followed by sieving in a sieve shaker. The particles in the range of 250–500 μm were used as raw adsorbent (WCS- 
Raw). 

2.2.2. Pretreatment of WCS-Raw with alkali (WCS–NaOH) 
The pretreatment of WCS-Raw with alkali involved immersing a 15-g WCS-Raw sample in an aqueous NaOH solution (0.5 mol/L) at 

70 ◦C, stirring magnetically for 30 min, and then separating, washing, and drying at 50 ◦C for 12 h. The alkali-treated sample was 
labeled as WCS-NaOH, a precursor for CA- and AM-modified WCS adsorbents. 

2.2.3. Preparation of citric acid-modified WCS adsorbent (WCS-CA) 
Four hundred milligrams of potassium dihydrogen phosphate and 600 mg of citric acid (CA) were added into a suspension of 4 g of 

WCS-NaOH in 120 mL of distilled water and stirred for 1 h, which was then transferred to a closed container and heated at 150 ◦C for 3 
h. Subsequently, the CA-treated WCS-NaOH was separated by centrifugation, rinsed with deionized water, and dried overnight at 90 ◦C 
in an oven. The dried sample as obtained was tagged as WCS-CA and kept in an airtight bottle for further use. 

2.2.4. Preparation of acrylamide-modified WCS adsorbent (WCS-AM) 
In a beaker, 2 g of WCS-NaOH and 0.55 g of potassium persulfate were mixed with 120 mL of deionized water, followed by heating 

at 80 ◦C under magnetic stirring for an hour (Suspension-1). Meanwhile, an acrylamide (AM) solution was prepared using 14 g of AM 
and 50 mL of deionized water and was added dropwise into Suspension-1, followed by heating at 80 ◦C for 4 h under magnetic stirring. 
After that, the AM-modified WCS was rinsed with deionized water for 15 min and dried in an oven at 90 ◦C for 12 h. The dried material 
was labeled as WCS-AM and stored for further use. 

2.2.5. Preparation of calcined WCS adsorbent (WCS–Si) 
A 10 % (w/v) hydrogen chloride solution was added to 60 g of WCS-Raw sample, which was then incubated at 90 ◦C for 1 h. After 

incubation, the solid residue was rinsed with deionized water, dried at 60 ◦C for 24 h, and then calcined in a muffle furnace at 800 ◦C 
for 48 h. The obtained ash was marked as WCS-Si. 

2.3. Characterization of the adsorbent 

Physicochemical properties such as bulk density, moisture content, volatile matter, ash, and fixed carbon of the WCS-Raw 
adsorbent were determined using the methods described elsewhere [1,50]. The acid value of WCS-Raw adsorbent was determined 
using the titration methods described in the literature [51]. One hundred milligrams of adsorbent were mixed with 5 mL of 0.1 N 
H2SO4 in 50 mL of distilled water and titrated using 0.1 N NaOH with phenolphthalein as an indicator. 

The acid value (AT) was calculated using Eq. (1): 

AT(mEqH+ / g)=
(v1 − v0)×0.1

m0
(1)  

where v1 is the volume (mL) of the 0.1 N NaOH titration solution used, v0 is the volume (mL) of the 0.1 N NaOH solution used for 
neutralizing 5 mL of 0.1 N H2SO4 solution, and m0 is the sample weight (g). 

The surface morphology of the WCS samples was investigated using a scanning electron microscope (EVO 18, ZEISS, Germany). An 
ASAP 2020 Plus porosimetry analyzer (Micromeritics Instrument Corporation, USA) was used to record the nitrogen adsorption- 
desorption isotherms of the adsorbents at 77 K. The samples were degassed for 10 h at 120 ◦C under ultra-high vacuum before the 
measurement. The Brunauer-Emmett-Teller (BET) equation was used to calculate the specific surface areas (SBET), and the Barrett- 
Joyner-Halenda (BJH) method was used to calculate the pore size distributions using adsorption branches of nitrogen adsorption- 
desorption isotherms. The Micromeritics software package was utilized for the calculation, employing the recurrent method and 
applying the Harkins and Jura equation for multilayer thickness. FTIR analysis was performed to identify the surface functional groups 
using an FTIR spectroscope (IRPrestige-21, Shimadzu, Kyoto, Japan). Samples were diluted with KBr and pressed into a disk shape for 
FTIR measurement. FTIR spectra were examined in the range of 400–4000 cm− 1. 

The pH at the point of zero charge (pHpzc) is an important property of a solid adsorbent in aqueous solutions because it gives an 
indication of the adsorption mechanism as well as the net surface charge on the adsorbent. The pHpzc of the adsorbent was determined 
by using the titration method described elsewhere [52,53]. In 100 mL of 0.1 M KNO3 solution, 50 mg of adsorbent was added and 
stirred with a magnetic stirrer. After allowing the solution 10 min to reach equilibrium, the pH value was then determined by a pH 
meter (Model: HI2211, HANNA Instruments, Singapore). The titration was carried out with 0.1 M NaOH and 0.1 M HCl. The surface 
charge (Q) of adsorbent was calculated using Eq. (2) [52]: 
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Q=
1
w
(CA − CB − [H+] − [OH − ]) (2)  

where w is the dry weight of adsorbent in aqueous system (g/L), CA is the concentration of added acid in aqueous system (mole/L), CB is 
the concentration of added base in aqueous system (mole/L), [H+] is the concentration of H+ (mole/L), and [OH− ] is the concentration 
of OH− (mole/L). The pHpzc of the adsorbent was determined to be the pH corresponding to the Q value of zero. 

2.4. Batch adsorption studies 

Batch adsorption experiments were conducted to explore the impact of adsorbent dose, solution pH, metal ion concentration, and 
contact time on the removal of Ni (II) from aqueous solution. In the sorption experiment, a pre-weighed amount of adsorbent was 
mixed with 200 mL of Ni (II) solution in a 250 mL conical flask. Then the solid-solution mixture was agitated using a flash shaker at a 
constant oscillation of 500 rpm (Stuart Scientific Co. Ltd., Model SF1, U.K.). After adsorption, the adsorbent was removed from the 
solution, and the amount of Ni(II) in the supernatant liquid was estimated using an inductively coupled plasma-optical emission 
spectrometer (ICP-OES) (Model: AVIO-200). ICP-OES employs a high-temperature plasma to evaporate and excite the metal atoms in a 
liquid sample. The intensity of light emitted by the plasma at a specific wavelength for each element is measured and used to estimate 
the concentration of the concerned elements. The relationship between light intensity and element concentration in the sample is 
linear. 

The effect of adsorbent dose was examined at an initial Ni(II) concentration of 10 mg/L, pH 7, varying the adsorbent dose between 
0.25 and 2.5 g/L. The effect of initial solution pH on the sorption of Ni(II) was studied by varying the solution pH, e.g., pH 3, pH 5, pH 
6, pH 6.5, pH 7, and pH 7.5, at a constant adsorbent dose of 0.25 g/L. During the pH study, the initial Ni(II) solution concentration was 
maintained at 57.89 mg/L, 56.17 mg/L, 56.17 mg/L, and 58.29 mg/L for WCS-Raw, WCS-CA, WCS-AM, and WCS-Si, respectively. The 
pH of the solution was maintained at the required value using either 0.1 M HCl or NaOH. 

The adsorption equilibrium studies were carried out by adding 0.05 g of adsorbent into 200 mL Ni(II) solution with different initial 
concentrations of 10–130 mg/L at a pH of 7. Following 12 h of shaking at 25 ◦C, the Ni(II) concentrations in the sample were 
determined from the residual Ni(II) concentration in the supernatant liquid, as mentioned earlier. The procedures for kinetics studies 
were quite similar to the equilibrium tests. The kinetic experiments were carried out by adding 0.05 g of adsorbent in 200 mL of Ni(II) 
solution (pH 7) with initial concentrations of 50.94 mg/L for WCS-Raw and 54.78 mg/L for WCS-CA, WCS-AM, and WCS-Si. At specific 
intervals of time, the aqueous samples were withdrawn from the test solution for concentration measurements. 

The adsorption density, defined as the amount of Ni(II) adsorbed per unit weight of adsorbent, was evaluated by using the following 
equations (Eq. (3) and Eq. (4)): 

qe =
(C0 − Ce)V

W
(3)  

qt =
(C0 − Ct)V

W
(4)  

where qe and qt are the adsorption density (mg/g) at equilibrium and at time t, respectively. Co, Ct, and Ce represent the liquid phase 
concentrations of Ni(II) (mg/L) at initial, at time t, and at equilibrium, respectively. V is the volume of solution (L), and W is the dry 
mass of adsorbent (g). 

2.5. Adsorption isotherm studies 

Adsorption isotherm studies are important for designing adsorbent-adsorbate systems and optimizing adsorbent use [54]. Lang-
muir [55], Freundlich [56], and Elovich [57] isotherm models were used to explain nickel ion adsorption onto WCS-based adsorbents. 
The Langmuir adsorption isotherm model is valid for the monolayer sorption of molecules onto the surface of the adsorbent with a 
finite number of identical sites without causing any steric hindrance or lateral interaction between the adsorbed molecules. The linear 
form of the Langmuir model is expressed as follows: 

Ce

qe
=

Ce

qm
+

1
qmKL

(5)  

where qm denotes the maximum adsorption capacity (mg/g) and KL indicates the adsorption equilibrium constant. The values of qm and 
KL can be computed from the slope and intercept of the linear plot of Ce/qe versus Ce. 

The Freundlich isotherm model signifies non-ideal adsorption and is not restricted to monolayer adsorption [58]. The linearized 
form of Freundlich isotherm can be presented by the following equation: 

ln qe = ln KF +
1
n

ln Ce (6)  

where KF and n are the constants signifying the quantity of Ni(II) adsorbed on adsorbent for unit equilibrium concentration (i.e., Ce =

1) and the adsorption intensity, respectively. The value of 1/n is a measure of the adsorption intensity or surface heterogeneity. A value 
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of 1/n below one indicates a normal Langmuir isotherm, while 1/n above one is indicative of cooperative adsorption [59]. From the 
plot of ln qe versus ln Ce, KF and 1/n values can be obtained. 

The Elovich isotherm model [57] assumes that adsorption sites increase exponentially with loading, predicting multilayer 
adsorption. The Elovich isotherm equation is given as (Eq. (7)): 

ln
qe

Ce
= ln KEqmE −

qe

qmE
(7)  

where KE is the Elovich equilibrium constant (L/mg) and qmE is the Elovich maximum adsorption capacity (mg/g). The values of qmE 
and KE can be estimated from the slope and intercept of the linear plot of ln(qe/Ce) versus qe. 

The Langmuir, Freundlich, and Elovich isotherm models do not provide information on the adsorption mechanism. The Dubinin- 
Radushkevich (D-R) model is used to reveal the adsorption mechanism by estimating the adsorption energy [34]. The linearized form 
of the Dubinin-Radushkevich isotherm equation is expressed as (Eq. (8)) [60,61]: 

lnqe = − KDRε2 + ln qm (8)  

where KDR is the D-R isotherm constant related to the adsorption energy (mol2 ⋅kJ− 2), qm is the theoretical saturation capacity, and ε is 
the adsorption potential (kJ⋅mol− 1) and can be expressed as (Eq. (9) and (10)): 

ε=RTln
(

1+
1
C

)

(9)  

C=Ce/Cs (10)  

where R is the gas constant (8.314 J K− 1 mol− 1), T is the absolute temperature (298.15 K), and Ce and Cs are the equilibrium con-
centration and solubility of the adsorbate, respectively. In this work, Cs is 2540 g/L H2O [62]. 

The mean free energy of adsorption (E), defined as the free energy change when 1 mol of ion is transferred from infinity in solution 
to the surface of the solid, was calculated from the KDR value using Eq. (11) [63]: 

E=
1
̅̅̅̅̅̅̅̅̅̅̅
2KDR

√ (11)  

2.6. Adsorption kinetic studies 

The kinetics of adsorption were studied to elucidate the mechanism of the adsorption process and the rate of Ni(II) uptake by the 
adsorbents. In the present study, the experimental kinetic data were analyzed using pseudo-first-order and pseudo-second-order 
models. Lagergren’s pseudo-first-order [64] equation is written as (Eq. (12)): 

dqt

dt
= k1(qe − qt) (12)  

where k1 is the pseudo-first-order rate constant (min− 1). 
The integrated form of Eq. (12) can be expressed as shown in Eq. (13): 

ln(qe − qt)= ln qe − k1t (13) 

The k1 and qe can be calculated from the slope and intercept of the linear plot of ln(qe − qt) versus t, respectively. 
The pseudo-second-order kinetic rate equation [65] based on equilibrium adsorption can be expressed by the following equation: 

dqt

dt
= k2(qe − qt)

2 (14)  

where k2 [g/(mg min)] is the pseudo-second-order rate constant. The integrated form of Eq. (14) can be expressed as shown in Eq. (15): 

t
qt

=
1

k2qe
2 +

1
qe

t (15)  

If the second-order kinetic model is applicable, the plot of t/qt against t should give a linear relationship. The qe and k2 were obtained 
from the slope and intercept of the plot. 

2.7. Error analysis 

The best-fit mathematical model was selected based on error analysis. For this purpose, the chi-square (χ2) test has been applied. If 
the data from the model are similar to the experimental data, χ2 will be a small number, while if they differ, χ2 will be a bigger number. 
Therefore, it is necessary to analyze the data set using the non-linear chi-square test to confirm the best-fit isotherm for the sorption 
system [6]. The chi-square can be calculated using Eq. (16): 
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χ2 =
∑N

i=1

(
qe,calc − qe,exp

)2

qe,calc
(16)  

where qe,exp, and qe,calc (mg/g) are the experimental and calculated amounts of Ni(II) adsorbed at equilibrium obtained from the 
experiment and mathematical model, respectively, and N is the number of data points. 

3. Results and discussion 

The physicochemical analysis shows that the WCS-Raw adsorbent contains 7.25 % moisture, 33.36 % volatile matter, 16 % ash, and 
43.39 % fixed carbon. The bulk density and acid value of WCS-Raw were determined to be 0.922 g/cm3 and 0.4 mEqH+/g, 
respectively. 

Scanning electron microscopy (SEM) images were employed to investigate the surface texture and morphology of the WCS-Raw, 
WCS-NaOH, WCS-CA, WCS-AM, and WCS-Si adsorbents. As observed from the SEM images in Fig. 1a–e, the adsorbents were 
porous and had irregular surface textures. The modified adsorbents had a higher surface roughness than WCS-Raw, while the WCS-Si 

Fig. 1. Scanning electron micrograph: (a) WCS-Raw, (b) WCS-NaOH, (c) WCS-CA, (d) WCS-AM, and (e) WCS-Si  
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sample displayed a fiber-like structure. 
The FTIR spectroscope was used to determine the presence of functional groups on the surface of adsorbents. The FTIR spectra of 

WCS-Raw and WCS-Si are shown in Fig. 2. As depicted from the spectrum of WCS-Raw (Fig. 2), the peak at 3385.07 cm− 1 is due to O–H 
stretching [66], while the trough in the range of 3000–2850 cm− 1 is due to the aliphatic C–H group [67–69]. A sharp P–H stretching 
peak is found at 2358.94 cm− 1 [70]. The peaks at 1735.93 and 1635.23 cm− 1 are attributed to the C––O stretching of the carboxyl 
group [71]. The absorption band at around 1240 cm− 1 is assigned to –SO3 stretching [72]. The peak at around 1051.20 cm− 1 cor-
responds to alcohols or phenols, indicating the presence of polyphenols [73]. The stretching vibration of C–O or C–O–C in cellulose and 
hemicelluloses is observed at 1036~1088 cm− 1 [17]. The analysis revealed that the WCS-Raw sample contained functional groups 
such as OH, COOH, and SO3H groups. 

As observed from the FTIR spectrum of WCS-Si (Fig. 2), the broad absorption band in the 3700–3000 cm− 1 spectral region can be 
assigned to the isolated and surface OH groups of Si–OH, whereas the absorption band at around 1630 cm− 1 may be ascribed to 
bending vibration of O–H group of adsorbed H2O molecule [74–77]. The absorption peaks at 1110 cm− 1 and 966 cm− 1 are due to the 
Si–O asymmetrical stretching vibration [76–78]. The O–Si–O stretching vibration was observed at 797 cm− 1 [79]. The bending Si–O–Si 
modes can be ascribed to the bands at 619, 511.14, and 482.2 cm− 1 [75,77,80]. 

The FTIR spectra of WCS-NaOH, WCS-CA, and WCS-AM were compared in Fig. 3. Having compared FTIR spectra for WCS-NaOH 
and WCS-CA, we found new peaks at 1602, 1718.5, and 1740 cm− 1 in the FTIR spectrum of WCS-CA, which were characteristic of 
carbonyl group stretching in carboxylic acids and carbonyl groups [1,81–85]. The trough in the range of 2500–3400 cm− 1 contains 
multiple peaks, which may be due to the OH group and C–H stretching vibration [1,86]. The peaks at 1032 and 1057 cm− 1 indicate the 
stretching vibration of C–O groups attributed to carboxylic acid, alcoholic, phenolic, ether, and ester groups of lignin, cellulose, and 
hemicellulose components [87,88]. The OH group is responsible for the IR peak at 3655 cm− 1 [89]. It indicates the introduction of the 
carboxylic acid group onto the WCS-NaOH as a result of treatment with citric acid. 

In the FTIR spectra of WCS-AM, the peak at 1720 cm− 1 may be due to the carbonyl group [1,81–83], and the peak at around 1037 
cm− 1 may be due to C–N stretching of the amine group [90] or the OH group of carbohydrate [91]. The 1699.2 cm− 1 peak is linked to 
amide I [92–94], while the 2372 and 3715 cm− 1 peaks are attributed to the hydroxyl and amine groups, respectively [95,96]. In 
addition, the vibration by the NH2 band that appeared in the region 3200–3400 cm− 1 is due to the grafting of acrylamide on 
WCS-NaOH [92]. Therefore, the acrylamide grafting was successful in the WCS-AM sample. 

Fig. S1 shows the FTIR spectra of WCS-Raw, WCS-Si, WCS-CA, and WCS-AM, which were recorded after Ni(II) adsorption. The FTIR 
spectra obtained before and after adsorption of Ni(II) were compared, and the major changes in the spectra due to Ni(II) sorption are 
presented in Table S1. For WCS-Raw, the FTIR peaks appeared before adsorption at 3385.07, 1635.23, and 1051.20 cm− 1 shifted to 
3270.84, 1625.97, and 1028.97 cm− 1, respectively, after adsorption. In addition, the peaks at 1735.93 and 1240 cm− 1 appeared before 
adsorption and almost disappeared after adsorption. For WCS-Si before adsorption, the FTIR peaks appeared at 3454.50, 1110, 796, 
511.14, and 619 cm− 1 which changed to 3372.7, 1028, 872, 564.42, and 600.62 cm− 1, respectively, after adsorption. New peaks were 
also observed at 421.44 and 405.56 cm− 1 after adsorption. The peaks at 1032, 1057, and 1602 cm− 1 in the FTIR spectrum of WCS-CA 
before adsorption changed to 1029.8, 1053.38, and 1633 cm− 1 after adsorption. Additionally, the bands at 1718.5 and 3655 cm− 1 

almost disappeared after the adsorption of Ni(II) onto WCS-CA. The FTIR peaks at 1037, 1720, and 3239.42 cm− 1 for WCS-AM before 
adsorption were found to shift at 1030.85, 1651.19, and 3334.58 cm− 1 after adsorption. Moreover, the peaks at 2372 and 3715 cm− 1 

Fig. 2. FTIR spectra of WCS-Raw and WCS-Si  
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disappeared after adsorption. The observation suggests that the disappearance, shifting, and emergence of new peaks indicate the 
adsorption of Ni(II) onto the adsorbents. 

The textural property of the raw and modified WCS adsorbents was investigated by N2 sorption measurement at liquid N2 tem-
perature. For WCS-Raw, WCS-CA, WCS-AM, and WCS-Si, the N2 adsorption-desorption isotherms, and the corresponding BJH pore size 
distribution curves are shown in Figs. 4 and 5, respectively. 

According to the IUPAC classification, all four adsorbent samples exhibit type II isotherm and type H3 hysteresis loop (Fig. 4) [97]. 
The Type II isotherm illustrates unrestricted monolayer-multilayer adsorption [98]. The H3 type hysteresis loop is a characteristic of 
solids consisting of aggregates or agglomerates of particles forming slit-shaped pores (plates or edged particles like cubes), with 
nonuniform size and/or shape [99]. The BET surface area (SBET), total pore volume, and pore size of the four samples are summarized 
in Table 1. As shown in Table 1, SBET values are almost the same for WCS-Raw, WCS-CA, and WCS-AM. Among the four samples, the 
WCS-Si adsorbent has the highest surface area (3.55 m2/g), specific pore volume (0.0198 cm3/g), and average pore diameter (20.58 
nm). Fig. 5 reveals that WCS-Si has a broader distribution of pore size, in the region 1.9 nm–45 nm (mesoporous range: 2–50 nm), 
whereas the other three samples have a narrow distribution of pore size, mostly found in the range of 2–7 nm. 

Fig. 6 shows that the pHpzc of WCS-Raw, WCS-CA, WCS-AM, and WCS-Si are 5.62, 4.05, 4.2, and 9.55, respectively. At pH <
pHpzc, the WCS adsorbent surface is charged positively, while at pH > pHpzc, the surface is negatively charged and will favor the 
adsorption of cationic species. 

Fig. 7 shows the influence of adsorbent doses on Ni(II) sorption onto WCS-Raw, WCS-CA, WCS-AM, and WCS-Si. For all four 

Fig. 3. FTIR spectra of WCS-NaOH, WCS-CA, and WCS-AM.  

Fig. 4. Nitrogen adsorption-desorption isotherms of WCS-Raw, WCS-CA, WCS-AM, and WCS-Si  
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adsorbents, adsorption density declined with the increase in adsorbent dosage. It might be due to the split in the flux or the con-
centration gradient between the Ni(II) concentration in the solution and the Ni(II) concentration on the surface of biosorbents [100]. 

Ni(II) exists in aqueous solutions as a positively charged species. The surface charge on the adsorbent, which is influenced by the 
solution pH, has the greatest effect on Ni(II) uptake. The effect of the initial solution pH (3–7.5) on the adsorption of nickel ions onto 
WCS-Raw, WCS-CA, WCS-AM, and WCS-Si adsorbents was studied, and the results are presented in Fig. 8. 

As shown in Fig. 8, the biosorption capacities of Ni(II) onto the four adsorbents were smaller at low pH, and the adsorption was 
favorable at pH 7–7.5. The decreased adsorption density at lower pH could be attributed to the repulsive force developed between the 
positively charged adsorbent surface (at pH < pHpzc) and Ni(II) cation, as well as to the stiff competition faced by Ni(II) cation from 
the greater number of available hydrogen ions for vacant adsorption sites on the adsorbents. 

At pH > pHpzc, the adsorbent surface is negatively charged and will favor the adsorption of cationic species by electrostatic 
attraction [101]. Consequently, the adsorption capacities of WCS-Raw, WCS-CA, and WCS-AM increased with the increase in pH of the 
initial solution. Similar observations were reported for the sorption of Ni(II) onto lignocellulose/montmorillonite nanocomposite [5], 
activated carbon and sawdust [22,102]. 

Fig. 5. Pore size distribution curves of WCS-Raw, WCS-CA, WCS-AM, and WCS-Si  

Table 1 
Nitrogen sorption porosimetry studiesa of adsorbents.  

Adsorbent SBET (m2/g) Pore size (nm) Pore volume (cm3/g) 

WCS-Raw 1.23 16.55 0.0035 
WCS-CA 1.28 12.64 0.0029 
WCS-AM 1.22 12.98 0.0035 
WCS-Si 3.55 20.58 0.0198  

a Surface areas were determined by BET, pore diameters by BJH theory (applied to the adsorption branch), and pore volumes by single- 
point analysis. 

Fig. 6. Surface charge Q of WCS-Raw, WCS-CA, WCS-AM, and WCS-Si as a function of pH.  
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The adsorption of Ni(II) ions on WCS-Si, however, was found to occur at pH < pHpzc, indicating that non-electrostatic interaction 
may be responsible for this adsorption. Similar results have been reported for the adsorption of Cu(II) onto ZnO nanoparticles [103] 
and Cd onto orange peel-derived biochar [104]. Subsequent experiments were conducted at pH 7 due to the potential for metal 

Fig. 7. Effect of adsorbent dose on the sorption of Ni(II) onto WCS-Raw, WCS-CA, WCS-AM, and WCS-Si (pH = 7; C0 = 10 mg/L; V = 200 mL; dose 
= 0.25–2.5 g/L; t = 12 h). 

Fig. 8. Effect of pH on the adsorption of Ni(II) onto WCS-Raw, WCS-CA, WCS-AM, and WCS-Si (pH = 3–7.5; C0 = 57.89, 56.17, 56.17, 58.29 mg/L 
for WCS-Raw, WCS-CA, WCS-AM, and WCS-Si, respectively; V = 200 mL; W = 0.05 g; t = 12 h). 

Fig. 9. Langmuir isotherm plots for Ni(II) sorption onto WCS-Raw, WCS-CA, WCS-AM, WCS-Si, and WCS-NaOH (C0 = 10–130 mg/L; pH = 7; V =
200 mL; W = 0.05 g; t = 12 h). 
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hydroxide precipitation at higher pH levels [102]. 

3.1. Adsorption isotherm study 

The adsorption equilibrium data of Ni(II) sorption onto various WCS-based adsorbents were fitted to Langmuir (Eq. (5)), Freundlich 
(Eq. (6)), and Elovich isotherm (Eq. (7)) models as shown, respectively, in Figs. 9–11. The isotherm parameters, correlation coefficient 
(R2), and error function (Chi-square (χ2)) were summarized in Table 2. As shown in Table 2, the Langmuir model shows the highest 
correlation coefficient and the lowest Chi-square values for WCS-Raw, WCS-CA, WCS-AM, and WCS-Si adsorbents, which suggests the 
best fitting of experimental equilibrium data by this model. The values of maximum monolayer sorption capacity (qm) calculated from 
the Langmuir model were 29.06, 52.08, 40.32, and 158.73 mg/g for WCS-Raw, WCS-CA, WCS-AM, and WCS-Si, respectively. The 
highest sorption capacity of WCS-Si is consistent with its greatest surface area. A greater surface area might contain more active sites, 
contact areas, and surface functional groups suitable for adsorption [17]. Although the R2 value of the Freundlich model is higher than 
that of the Langmuir model in the case of WCS-NaOH adsorbent, a value of 0.3232 for 1/n as calculated from the Freundlich isotherm 
equation indicates that the normal Langmuir isotherm model is suitable for describing the adsorption equilibrium data [59]. 

From Tables 2 and it was also observed that the Langmuir maximum adsorption capacity of WCS-NaOH was almost similar to that 
of WCS-Raw. Therefore, the improved adsorption capacity of WCS-AM and WCS-CA adsorbents was due to the insertion of active 
functional groups on the surface of the WCS-NaOH adsorbent. 

The separation factor (RL) was used to predict whether the adsorption process might be irreversible (RL = 0), favorable (0< RL < 1), 
or unfavorable (RL > 1), and was estimated by the following equation (Eq. (17): [105]: 

RL =
1

1 + KLC0
(17)  

where KL is the Langmuir constant and Co is the highest initial solution concentration of Ni(II) used in an equilibrium adsorption study. 
The values of RL (Table 2) were in the range of 0.02–0.18, which indicated that the adsorption of NI(II) was favorable for all the 

prepared adsorbents. 
The nonlinear plots of qe versus Ce for the Langmuir, Freundlich, and Elovich isotherm models are shown in Fig. S2. The experi-

mental equilibrium results were more accurately predicted by the Langmuir model than by the Freuindlich and Elovich isotherm 
models, as evidenced in Fig. S2. 

The equilibrium data were also treated with the D-R isotherm model to find out the adsorption mechanism. The value of the mean 
free energy of adsorption (E) estimated from the D-R isotherm model (Fig. 12) provides information about the nature of biosorption. 
The predominant mechanism is physical when 1 <E < 8 KJ/mol, chemical when E > 16 kJ/mol, and ion exchange when 8 < E < 16 kJ/ 
mol [6,49,106]. As shown in Table S2, the values E for WCS-Raw, WCS-NaOH, WCS-CA, WCS-AM, and WCS-Si were estimated to be 
15.8, 12.9, 15.8, 12.9, and 15.8 kJ/mol, respectively, suggesting the predominance of ion exchange process. 

The maximum adsorption capacity (qm) of several adsorbents for the uptake of Ni(II) from aqueous solutions is listed in Table 3. 
It is obvious from Table 3 that WCS and modified WCS adsorbents in this study have significantly higher adsorption capacities than 

the others. The above-mentioned results imply that the WCS-based adsorbents are excellent candidates for the removal of Ni(II) from 
wastewater. 

3.2. Adsorption kinetic study 

Contact time between the adsorbent and adsorbate has a significant impact on the adsorption process. Fig. 13 illustrates the amount 
of Ni(II) adsorption onto WCS-Raw, WCS-CA, WCS-AM, and WCS-Si adsorbents as a function of contact time. It is observed that the 
uptake of Ni(II) is rapid during the initial stage (first 20 min), and after that, the rate decreases gradually, leading to equilibrium. The 
rapid increase of qt during the initial period may be due to a greater number of unoccupied adsorption sites on the surface of 

Fig. 10. Freundlich isotherm plots for Ni(II) sorption onto WCS-Raw, WCS-CA, WCS-AM, WCS-Si, and WCS-NaOH (C0 = 10–130 mg/L; pH = 7; V =
200 mL; W = 0.05 g; t = 12 h). 
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adsorbents. The slower adsorption at the later stage may be due to the decrease in the number of active sites available on the ad-
sorbents [1,34]. 

The experimental kinetic data of Ni(II) adsorption onto four adsorbents (WCS-Raw, WCS-CA, WCS-AM, and WCS-Si) were fitted to 
the pseudo-first-order and the pseudo-second-order models, as illustrated in Figs. 14 and 15. The model parameters, the values of 
correlation coefficient (R2), calculated equilibrium adsorption density (qe,calc), and chi-square (χ2) are presented in Table 4. The 

Fig. 11. Elovich isotherm plots for Ni(II) sorption onto WCS-Raw, WCS-CA, WCS-AM, WCS-Si, and WCS-NaOH (C0 = 10–130 mg/L; pH = 7; V =
200 mL; W = 0.05 g; t = 12 h). 

Table 2 
Langmuir, Freundlich, Elovich isotherm parameters, correlation coefficient, and chi-square for the adsorption of Ni(II) on different adsorbents.   

Type of adsorbent 

Parameter WCS-Raw WCS-NaOH WCS-CA WCS-AM WCS-Si 

Langmuir isotherm 
qm (mg/g) 29.06 26.46 52.08 40.32 158.73 
kL (L/mg) 0.090 0.061 0.151 0.098 0.470 
R2 0.9994 0.9882 0.9987 0.9991 0.9995 
RL 0.1 0.18 0.062 0.119 0.021 
χ2 0.035 0.413 0.590 0.061 3.540 
Freundlich isotherm 
n 3.721 3.095 3.969 2.853 3.314 
kF (mg/g)/(mg/L)1/n 8.0125 5.4141 16.6915 8.595 50.38 
R2 0.9598 0.9890 0.9713 0.9677 0.9571 
χ2 0.232 0.063 0.448 0.378 7.409 
Elovich isotherm 
qmE (mg/g) 7.37 8.01 11.75 13.04 35.84 
KE (L/mg) 1.4581 0.5504 3.5151 0.6803 7.0736 
R2 0.9634 0.9576 0.9774 0.9635 0.9606 
χ2 1.598 0.953 3480 1.566 37.961  

Fig. 12. D–R isotherm plots for Ni(II) sorption onto WCS-Raw, WCS-CA, WCS-AM, WCS-Si, and WCS-NaOH (C0 = 10–130 mg/L; pH = 7; V = 200 
mL; W = 0.05 g; t = 12 h). 
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pseudo-second-order model had higher R2 values and lower Chi-square values than the pseudo-first-order model (Table 4). Fig. (S3) 
compares the experimental kinetic data to the fitted data calculated from the pseudo-first-order model and the pseudo-second-order 
model. It is clear from Fig. (S3) that the qt values calculated from the pseudo-first-order model did not agree with the experimental qt 
values. On the other hand, the pseudo-second-order kinetic model showed a strong fit to the kinetic data. Based on these results, it can 
be concluded that the pseudo-second-order kinetic model, which predominantly referred to chemisorption processes and the inter-
action of functional groups on adsorbents with contaminants, provided a good correlation in contrast to the pseudo-first-order model 
for the sorption of Ni(II) in the present study. 

3.3. Thermodynamic study 

Thermodynamic behavior of Ni(II) sorption onto WCS-Raw, WCS-CA, WCS-AM, and WCS-Si was revealed by evaluating thermo-
dynamic parameters such as change in Gibbs free energy (ΔGo, kJ/mol), enthalpy (ΔHo, kJ/mol), and entropy (ΔSo, J/mol K) using the 

Table 3 
Adsorption capacity of different adsorbents for Ni(II) adsorption.  

Adsorbent [Reference] Adsorption capacity qm (mg/g) 

Malatya clay [107] 10.267 
Sepiolite [108] 250 
Citric acid-functionalized aloe vera leaf powder [19] 48.65 
Chloroxylon swietenia activated carbon [109] 50.074 
Na2CO3-modified steam-heated Aloe vera leaf powder [33] 28.99 
Lemon peel [35] 7.4 
Cassava peel [35] 6.4 
Raw mahogany sawdust [110] 5.35 
Formaldehyde-treated mahogany sawdust [110] 13.42 
Magnetic chitosan beads [111] 0.064 
Aloe barbadensis Miller leaves [34] 10 
Tea waste [36] 14.09 
Activated carbons from doum-pulm-seed [6] 13.51 
Activated carbon from sugar cane [102] 27.57 
Blue-green marine algae [20] 42.05 
Nano alumina [8] 30.82 
Chitin micro-particles [112] 42.62 
Activated carbons from scrap tire [113] 25 
Charcoal ash [114] 10.86 
Ceibapentandrahulls [16] 34.34 
Lignin [115] 5.99 
Rice straw [37] 35.08 
Barley straw [116] 35.8 
Calcinedphosphate [117] 15.53 
Red mud [117] 13.69 
Clarified sludge [117] 14.30 
Magnetosome [11] 2.08 
WCS-RAW 29.07 
WCS-CA 52.08 
WCS-AM 40.32 
WCS-Si 158.7  

Fig. 13. Effect of contact time on the adsorption capacity for Ni(II) sorption onto WCS-Raw, WCS-CA, WCS-AM, and WCS-Si adsorbents (C0 = 50.94 
mg/L for WCS-Raw and 54.78 mg/L for WCS-CA, WCS-AM, and WCS-Si); pH = 7; V = 200 mL; W = 0.05 g; t = 0–540 min). 
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Fig. 14. Pseudo-first order kinetics for the adsorption of Ni(II) onto WCS-Raw, WCS-CA, WCS-AM, and WCS-Si adsorbents.  

Fig. 15. Pseudo-second order kinetics for the adsorption of Ni(II) on WCS-Raw, WCS-CA, WCS-AM, and WCS-Si adsorbents.  

Table 4 
Pseudo-first-order and pseudo-second-order kinetics parameters for Ni(II) sorption onto WCS-Raw, WCS-CA, WCS-AM, and WCS-Si adsorbents.     

Pseudo-first-order Pseudo-second-order 

C0 (mg/g) qe,exp (mg/g) k1 (min− 1) qe,calc (mg/g) R2 χ2 k2 (gmg1min− 1) qe,calc (mg/g) χ2 R2 

WCS-Raw 50.94 34.44 0.0128 13.68 0.816 31.5 0.00401 34.84 0.004 0.999 
WCS-CA 54.78 24.16 0.0183 18.28 0.983 1.8 0.00209 25.38 0.058 0.999 
WCS-AM 54.78 38.72 0.0078 18.48 0.754 22.1 0.00167 39.22 0.006 0.997 
WCS-Si 54.78 127.5 0.014 30.36 0.724 310 0.00278 125 0.05 1  

Table 5 
Thermodynamic parameters for the sorption of Ni(II) onto WCS-Raw, WCS-CA, WCS-AM, and WCS-Si  

Adsorbent T (K) ΔGo (kJ/mol) ΔSo (J/(mol K)) ΔHo (kJ/mol)  

313.15 − 4.13799   
WCS-Raw 298.15 − 1.87222 78.9963 20.88061  

291.15 − 2.63941    
313.15 − 2.96699   

WCS-CA 301.15 − 2.67181 32.5385 7.190945  
291.15 − 2.24997    
313.15 − 1.56521   

WCS-AM 301.15 − 1.30693 32.89018 8.688961  
291.15 − 0.83996    
323.15 − 13.4196   

WCS-Si 313.15 − 9.56271 279.2423 77.26699  
291.15 − 4.19999    
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following equations [118] (Eq. (18)–(20)) and the results are presented in Table 5: 

ΔGo= − RTln Kd (18)  

ln Kd =
ΔSo

R
−

ΔHo

RT
(19)  

where R (8.314 J mol− 1 K− 1) is the universal gas constant, T (K) is the absolute solution temperature and Kd is the distribution co-
efficient defined as: 

Kd =
qe

Ce
. (20) 

The values of ΔHo and ΔSo were calculated from the slope and intercept of the linear plot of lnKd versus 1/T (Fig. 16) for an initial 
Ni(II) concentration of 19.5 mg/L. 

The negative values of ΔGo (Table 5) at different temperatures indicate the feasibility and spontaneity of the adsorption process 
[119]. The positive values of ΔSo reflect the affinity of the adsorbents for the Ni(II) ions and the higher disorder of the adsorption 
system [34]. The positive values of ΔHo suggest the endothermic nature of Ni(II) adsorption onto the adsorbents [27]. A similar result 
was reported for the adsorption of Cr(VI) on cerium phosphate polypyrrole [119]. 

3.4. Desorption and regeneration 

To explore the potentiality of recovery of nickel ions and reusability of the as-prepared adsorbents in the present study, desorption 
experiments were carried out. For each type of adsorbent, an adsorption equilibrium experiment was first conducted at pH 7, and the 
adsorbent was then separated from the adsorption system by centrifugation and dried in air. Thereafter, desorption was performed by 
contacting the nickel-ion-loaded adsorbent with 200 mL of distilled water adjusted to pH 2.5. After desorption, the sample was 
centrifuged, and the concentration of Ni ions in the supernatant solution was measured. 

The percentage recovery was calculated using the following equation (Eq. (21)): 

% Recovery= 100 ×
Amount ofNi(II) ion desorbed
Amount ofNi(II) ion adsorbed

(21) 

Fig. 17 shows the adsorption and desorption potential of Ni(II) by WCS adsorbents in three consecutive cycles. As shown in the 
figure, the adsorption percentage remained almost consistent across three consecutive cycles. In the third cycle, 80–93 % of the 
adsorbed Ni(II) could be desorbed from the adsorbents by the swing of the solution pH to 2.5. At low pH, the desorption of positively 
charged metal ions should be facilitated by electrostatic repulsion due to the rise in positively charged species. Therefore, the WCS 
adsorbents in this study can be easily reused for nickel adsorption and recovery. 

3.5. Adsorption mechanism 

Various active sites, such as carboxyl, amide, and silanol groups, are responsible for Ni(II) adsorption. At pH > 4, the carboxyl 
groups are deprotonated and exist as the negatively charged carboxylate (− COO− ) form [22]. Consequently, adsorption may occur by 
ion exchange and electrostatic attraction between the negatively charged carboxylate group and the Ni(II) cation (Eq. (22) and Eq. 
(23)): 

(WCS) − (COOH)2 =(WCS)− (COO− )2 + 2H+ (22) 

Fig. 16. Plot of lnKd versus 1/T for Ni(II) sorption onto WCS-Raw, WCS-CA, WCS-AM, and WCS-Si (C0 = 19.5 mg/L; pH = 7; V = 200 mL; W = 0.05 
g; t = 12 h). 
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(WCS)− (COO− )2 +Ni2+ = (WCS)− (COO− )2Ni2+ (23) 

Adsorption on the amide group may happen by complexation between the amide group and nickel cation [120]. Li et al. [121] 
reported the binding of lead ions by the amide group through electrostatic attraction or complexation. The EDX analysis (Fig. S4 and 
Table S3) shows the presence of 21.70 % Si and 44.47 % O atoms in the WCS-Si sample. In an aqueous solution, the oxide of silicon 
contains silanol (≡Si–OH) groups and adsorption may happen via cation exchange with the protons from silanol groups [122–124] as 
shown in Eq. (24): 

2(≡ Si–OH)+Ni2+ = (≡ SiO− )2Ni2+ + 2H+ (24) 

The adsorption of NI(II) on carboxyl, amide, and silanol groups has been schematically presented in schemes S1, S2, and S3., 
respectively. 

3.6. Cost estimation 

Cost estimation is an important aspect of selecting the suitable adsorbent for the removal of heavy metal from wastewater. The cost 
of adsorbent per gram of adsorbate was calculated using Eq. (25) [125]: 

Adsorption cost
(

USD
g adsorbate

)

=

[

Chemical Purchase cost
(

USD
g

)

+ Energy cost
(

USD
g

)]

Adsorption capacity
(

mg
g

)

× 10− 3 g
mg

(25) 

Water caltrop epicarp (WCS), a waste biomass in Bangladesh, was obtained free of charge from a local fruit processing industry (in 
Sylhet district, Bangladesh). The expense for chemicals was obtained from budgeting chemical quotations provided by suppliers. The 
cost of electrical energy was estimated using electricity pricing from a local electricity company (Bangladesh Power Development 
Board (BPDB), Sylhet). The major pieces of power-consuming equipment were an electric furnace, magnetic stirrer, and drying oven. 
The cost of adsorbent per gram of adsorbed Ni(II) was calculated to be 0.0223, 0.02625, 0.01778, 0.13779, and 0.00525 $/g for WCS- 
Raw, WCS-NaOH, WCS-CA, WCS-AM, and WCS-Si, respectively. Additionally, prices will decrease because of its strong ability to 
regenerate. The produced WCS materials can be used as adsorbents for low-cost environmental pollution remediation. 

4. Conclusion 

Nickel is a transition metal with a wide environmental distribution. Three modified WCS-based adsorbents, such as WCS-CA, WCS- 
AM, and WCS-Si, were successfully prepared from WCS and used for the adsorption of nickel ions from aqueous solutions. The results 
showed that factors like adsorbent dosage, pH, initial Ni(II) concentration, and contact time significantly affect Ni(II) adsorption. FTIR 
analysis confirmed the successful introduction of citric acid and acrylamide onto the surface of WCS and the sorption of Ni (II) onto the 
adsorbents. The adsorption capacity increased with the increase in solution pH, and the optimal pH value was 7. Adsorption density 
increases rapidly during the initial contact period, then gradually reaches equilibrium. The adsorption followed pseudo-second-order 
kinetics and the Langmuir isotherm model. The modified WCS adsorbents had greater biosorption capacities for Ni(II) than the un-
modified adsorbent (WCS-Raw). The maximum adsorption capacity (qm) of WCS-Raw was 29.06 mg/g, while that of the modified 
adsorbents such as WCS-CA, WCS-AM, and WCS-Si was 52.08, 40.32, and 158.73 mg/g, respectively. The thermodynamic analysis 
shows that the adsorption process was endothermic, spontaneous, and feasible. For WCS-Raw, WCS-CA, WCS-AM, and WCS-Si, the cost 

Fig. 17. Adsorption and recovery of Ni(II) ions for WCS-Raw, WCS-CA, WCS-AM, and WCS-Si adsorbents (Co = 25 mg/L (for WCS-Raw, WCS-CA 
and WCS-AM) and 24.53 mg/L (for WCS-Si); V = 200 mL; W = 0.05 g; pH = 7). 
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of adsorbent per gram of adsorbed Ni(II) was calculated to be 0.0223, 0.01778, 0.13779, and 0.00525 $/g, respectively. The reus-
ability study indicates the excellent recycling capabilities of the adsorbents. Therefore, WCS and modified WCS adsorbents are 
promising for removing Ni(II) from wastewater, offering an excellent approach to handling agricultural biomass like WCS. 
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