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a b s t r a c t
In this study, new biochar was produced from watermelon peel residues by dehydration pro-
cess. The ability of the newly generated biochar-S to remove Cu2+ ions from aqueous solutions 
was examined. Watermelon peel was used to make biochar-S, which was made by dehydrat-
ing by boiling with 50% sulfuric acid. Scanning electron microscopy, Brunauer–Emmett–Teller, 
Fourier-transform infrared spectroscopy, Barrett–Joyner–Halenda, differential scanning calo-
rimetry, thermal gravimetric analysis and energy-dispersive X-ray analysis studies were used to 
characterize the biochar-S. The ideal pH for Cu2+ ion adsorption was found to be 5.6. 1.0 g L–1 of 
biochar-S as an adsorbents dosage with Cu2+ ions beginning concentration of 200 mg L–1 had the 
maximum Cu2+ ions removal percentage of 78.33%. The maximal adsorption capacity (Qm) of bio-
char-S was 151.52 mg g–1. Isotherm models such as Dubinin–Radushkevich, Langmuir, Temkin, 
and Freundlich were used to analyze the experimental data. Furthermore, the data of these iso-
therm models were investigated using several error function equations (average percentage errors, 
hybrid error function, Chi-square error (χ2), sum of absolute errors, root mean square errors, and 
Marquardt’s percentage standard deviation). The biochar-S experimental data was best suited by 
the Freundlich isotherm model. Pseudo-first-order, pseudo-second-order, Elovich, and intraparti-
cle diffusion models were used to assess the kinetic data. The adsorption rate was predominantly 
influenced by a pseudo-second-order rate model that had a high correlation (R2 > 0.99). The pri-
mary mechanism of Cu2+ ion adsorption by biochar-S consists mostly of surface precipitation by 
the formation of insoluble copper compounds in an alkaline state and ion exchange with exchange-
able cations in biochar such as aluminium, silicon, and calcium ions for copper ions. The find-
ings suggest that biochar-S is a promising adsorbent for the adsorption of Cu2+ ions and that it 
can be employed repeatedly without losing adsorption efficiency.
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1. Introduction

Heavy metals are dangerous and naturally occurring 
substances that can be found in trace levels in water, such 
as copper, lead, cadmium and mercury [1–3]. Heavy met-
als released into the environment with the development 

of industry, agriculture and urbanization threaten human 
health and the ecosystem [4]. Metallic wastewater is gener-
ated as a result of industrial activities such as mining, metal-
lurgy, electroplating, alloy production and galvanization of 
iron products. This water serves as a potential source for the 
recovery of precious metals [5,6]. The typical characteristics 
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of metallic wastewater can be listed as low chemical oxygen 
demand, low pH and high concentration of heavy metals 
[7,8]. Governments strictly control the discharge of heavy 
metals into watersheds and drinking water sources, mak-
ing legal standards on environmental control stringent [9]. 
Therefore, it is of great importance to treat heavy metals 
before they are discharged into the environment [10–12]. 
Copper, mercury, nickel, cadmium, zinc, lead, and chro-
mium are just a few of the heavy metals that are known 
to pose a significant threat to human health, water quality, 
and biodiversity in the ecosystem. Copper, mercury, nickel, 
cadmium, zinc, lead, and chromium are also known to pose 
a significant threat to human health, water quality, and 
biodiversity in the ecosystem [9,13]. Among these metals, 
extensive research has been done on copper metal. Studies 
conducted in the last decade have shown that copper ions 
in wastewater cause the development of cardiovascular dis-
eases, diabetes and several diseases [14].

There are many techniques such as ultrafiltration, reverse 
osmosis, precipitation, ion exchange, electrodialysis and 
phytoextraction to eliminate heavy metals from wastewa-
ter. However, these techniques have disadvantages such as 
being inefficient in waste removal, being expensive, or not 
being used on a large scale [15,16]. In order to properly dis-
pose of industrial toxic sludge from water bodies, it is criti-
cal to identify ecologically benign and economically feasible 
treatment procedures. The adsorption process is the most 
widely used wastewater treatment technology for the deg-
radation of heavy metals and dyes, and it is also the most 
expensive [17–23].

Adsorption is a widely frequent method of wastewa-
ter treatment because it is a cost-effective method that suc-
cessfully eliminates inorganic and organic micro-pollutants 
from the wastewater [24,25]. Adsorption being an effective 
method depends on the adsorbent material used in the pro-
cess. Most scientists working in wastewater treatment use 
activated carbon, mesoporous carbon, biochar, carbon aero-
gel, or graphene as adsorbents [26–29].

Studies on the comparison of activated carbon [30–32] 
and biochar [33–35] have reported that both have high 
removal efficiency with less modification and cost. Both bio-
char and activated carbon are obtained from the pyrolysis of 
waste biomass residues in environments [36–39]. Activated 
carbon is obtained at relatively higher temperatures com-
pared to biochar, and as a result of the applied activation 
procedure, it has a higher surface area, more porosity, but 
fewer surface functional groups [40–42]. Biochar, as opposed 
to activated carbon, binds effectively to water contaminants 
because it has a non-carbonized component as well as car-
boxyl, phenolic, and hydroxyl surface functional groups that 
contain oxygen [23,27–29,43]. Biochars with rich functional 
groups such as oxygen, nitrogen and sulfur are used as 
cheap carbon-based adsorbents in the adsorption of heavy 
metals or organic pollutants [44–47]. Generally, four differ-
ent modification methods are used to improve the adsorp-
tion capacity of biochar: mineral impregnation, reduction 
of biochar surface, nanoscale formation and oxidation [48]. 
The activation of the biochar to be obtained by using suit-
able raw materials allows it to have a porous structure that 
allows for remarkable adsorption capacities [23,27–29]. The 
methods used to prepare activated carbon are divided into 

two as chemical activation and physical activation. The pro-
cess of carbonization of raw material at high temperatures 
under an atmosphere of carbon dioxide (CO2) or water vapor 
is called physical activation. The process of reacting the raw 
material with chemicals such as ZnCl2, KOH, H2SO4, HNO3 
and H3PO4 at high temperatures in an inert environment 
is called chemical activation. Many studies have reported 
in their reports that chemical activation is more advan-
tageous than physical activation [49–54].

Studies conducted in recent years have led to the fact 
that agricultural wastes and industrial by-products are more 
preferred than activated carbon in the adsorption process 
due to their low cost. Fruit peel waste is commonly pro-
duced in households and food processing industries. Since 
they are produced as a by-product in food processing indus-
tries, their amount is high, while the amount of domestic 
waste is very low. With the right processing methods, these 
wastes, which cause major problems in municipal landfills 
due to their high biodegradability, can be used as a cheap 
biosorbent. As a result, not only will these wastes be elim-
inated from the environment, but they will also earn value 
as a result of their utilization in a great number of possible 
applications [55].

Many agricultural wastes have been used as potential 
and cheap adsorbent material in studies on heavy metal 
ion removal. Orange peel [56], banana peel [57], citrus peel 
[58] and mango peel [59] can be given as examples of fruit 
peels that are frequently used to remove heavy metals from 
aqueous solutions. Watermelon peels can be included in this 
group due to the lignocellulose materials in its structure 
and the carboxylic groups in its shells in removing metal 
ions from an aqueous solution [60]. Watermelon peels are 
employed specifically because they produce more waste 
than other fruit peels due to the size of the watermelons  
[28,29].

In this study, biochar-S produced from watermelon peels, 
which is a low-cost agricultural waste material, by dehydra-
tion process via boiling in 50% H2SO4 was investigated for 
its efficiency in Cu2+ ions removal from aqueous environ-
ment. As removal conditions for Cu2+ ions from aqueous 
solution, the effects of pH, starting adsorbent concentration, 
adsorbent dose, and contact duration between adsorbate 
and adsorbent were examined. The structure of adsorption 
and its maximum adsorption capacity was further exam-
ined using adsorption isotherms and kinetics of Cu2+ ions 
on biochar-S adsorbent.

2. Materials and methods

2.1. Instrument and materials

The watermelon peel which was used as raw material 
to obtain biochar-S, an adsorbent material, were obtained 
from a local market in Alexandria. Sulfuric acid (H2SO4, 
Assay 99%) was supplied from Sigma-Aldrich Company. 
The standard stock of copper(II) was made from copper 
sulfate pentahydrate (CuSO4·5H2O) of Sigma-Aldrich. The 
sodium salt of diethyldithiocarbamate was bought from 
Loba Chemie, India. Analytik Jena (SPEKOL 1300 UV/Visible 
Spectrophotometer as a digital spectrophotometer was used 
with 1 cm optical path glass cells for Cu2+ ions concentration 
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measurements, a shaker (JSOS-500) for mixing operations 
and a pH meter (JENCO 6173) for pH surveys.

2.2. Methods

2.2.1. Watermelon-biochar preparation

In the synthesis of biochar, watermelon peels obtained 
from a local market and turned into compost were used as 
the carbonaceous precursor substance. To eliminate dust 
from the peels, they were thoroughly cleaned with faucet 
water many times and then dried in a furnace at 105°C for 
72 h before being milled and crushed. A total of 50 g of pow-
dered watermelon peels were heated at 150°C in 200 mL of 
50% H2SO4 solution for 2 h, then filtered and then washed 
with pure water until pH 7. Afterward, the samples washed 

with ethanol were dried in a furnace at 70°C. As a result of 
this reaction, biochar was generated, which was designated 
as biochar-S.

2.3. Biochar-S adsorbent characterization

The adsorption–desorption isotherm of biochar-S was 
carried out in N2 atmosphere based on a thermodynamic 
model. Biochar-S surface area was calculated by N2 adsorp-
tion at 77 K with the aid of a surface area and pore ana-
lyzer (BELSORP – Mini II, BEL Japan, Inc.) [61,62]. Surface 
area (SBET) (m2 g–1), monolayer volume (Vm) (cm3 (STP)), 
average pore diameter (MPD) (nm), total pore volume 
(p0/p0) (cm3 g–1) and energy constant (C) values of biochar-S 
were calculated using this graph. The mesoporous surface 
area (Smes), microporous surface area (Smi), mesoporous 
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volume (Vmes), and microporous volume (Vmi) of biochar-S 
were evaluated using the Barrett–Joyner–Halenda (BJH) 
method. The BELSORP analysis program software was 
used to perform the calculations. The pore-size dispersion 
was also determined from the desorption isotherm using 
the BJH technique [63]. With the help of a scanning elec-
tron microscope (SEM), the shape of the biochar surface was 
investigated (QUANTA 250). The functional groups on the 
surface of biochar-S were studied using Fourier-transform 
infrared (FTIR) spectroscopy (VERTEX70) and ATR unit 
model V-100. Using FTIR spectroscopy in conjunction with 
the platinum ATR unit, IR-observable functional groups 
on the biochar-S surface were detected in the wavenum-
ber range of 400–4,000 cm–1. Thermal analyzes were car-
ried out using the SDT650-simultaneous thermal analyzer 
device at a temperature range of 50–1,000°C and a ramped 
temperature of 5°C min–1.

2.4. Batch adsorption experiment

The sorption capacity, thermodynamic, and kinetic 
characteristics of biochar-S were determined using a batch 
experiment adsorption. Number of flasks containing 100 mL 
of Cu2+ solutions of different initial concentrations and bio-
char-S of varying weights were shaken at 200 rpm for a 
specific time. Solution pHs were adjusted to desired values 
using 0.1 M NaOH or HCl. In addition, the pH of the solu-
tion was kept fixed at the desired value during the adsorp-
tion equilibrium studies. The measurement of the Cu2+ 
concentration was carried out by taking a 0.1 mL sample 
(separated from the adsorbent) from the solution at regular 
intervals. The concentration of Cu2+ ions was measured using 
diethyldithiocarbamate as a reagent using a spectropho-
tometer set at λmax = 460 nm. Eq. (1) was used to determine 
the adsorption capabilities of adsorbents at time t.

q
C C
W

Vt
t�

�� �0  (1)

where C0 (mg L–1) is the initial concentration of Cu2+; 
Ct (mg L–1) is the residual concentration of Cu2+ at the end 
of time t; qt (mg g–1) is the adsorption capacity of the adsor-
bent at time t; W (g) is the mass of the adsorbent and V (L) is 
the volume of the solution of Cu2+ ions.

To examine the effect of pH on the removal of Cu2+ 
ions using biochar-S, studies were achieved at different 
pH values (2.3 to 6.1) by adding 0.1 g biochar-S to 100 mL 
of solutions containing 200 ppm Cu2+ ions. To modify the 
pH of the solution, 0.1 M NaOH or HCl solutions were 
utilized. The shaking process of the mixtures at room 
temperature at 200 rpm lasted for 20 min, and samples 
were taken at different intervals for Cu2+ ion concentration 
measurement.

Cu2+ solutions at various initial concentrations 
(50–300 mg L–1) were prepared and the effect of biochar-S 
dosage on the adsorption of Cu2+ ions and isotherm studies 
were carried out. Cu2+ concentrations were measured at inter-
vals in mixtures of 1 to 4 g L–1 biochar-S and Cu2+ solutions 
of varied beginning concentrations, which were agitated at 

200 rpm at 25°C. All adsorption studies were done in tripli-
cate, and the data are given as a mean.

2.5. Theoretical background

The Langmuir isotherm model [64] posits that adsorp-
tion on a surface occurs in a monolayer and that there is no 
adsorbate migration along the surface’s plane [65]. Eq. (2) 
shows the linear form of the Langmuir equation [66–68], 
where qe (mg g–1) expresses the equilibrium adsorption 
capacities; Ce (mg L–1) expresses the equilibrium concen-
tration; Qm (mg g–1) expresses the monolayer’s maximum 
adsorption capacity, and Ka (L mg–1) express the equilibrium 
adsorption sorption energy. The Freundlich model [69] 
has a linear form, as seen in Eq. (3). The relative adsorp-
tion capacity is expressed in KF; and 1/n denotes surface 
heterogeneity or adsorption density, which becomes more 
heterogeneous as it approaches zero. Eq. (4) represents the 
linear form of the Temkin isotherm equation [68,70–74]. 
It is calculated with BT = (RT)/b in this equation, b is pro-
portional to the heat of adsorption, with the equilibrium 
binding constant AT (L mg–1) equal to the maximum bind-
ing energy, with the absolute temperature T (K), and the 
universal gas constant R (8.314 J mol–1 K–1) [75,76]. The 
Dubinin–Radushkevich model [77–79] is used to evaluate 
the apparent free energy of porosity and the adsorption 
characteristic. The Dubinin–Radushkevich isotherm does 
not make any assumptions about the surface being homo-
geneous or about the sorption potential being constant. The 
Dubinin–Radushkevich model has generally been applied 
in the following linear Eqs. (5) and (6).

The equation written in Eq. (7) [80] is a typical Lagergren 
first-order model equation, and the adsorption capac-
ity at time t (min) is expressed as qt (mg g–1) and the pseu-
do-first-order adsorption rate constant k1 (L min–1). The plot 
of log(qe – qt) vs. time should yield a linear relationship from 
which the slope and intercept of the plot, respectively, may 
be used to derive k1 and anticipated qe. Eq. (8) was defined 
by Ho et al. [81] as a linear pseudo-second-order model, 
and k2 (g mg–1 min–1) expressed in this model represents 
the pseudo-second-order adsorption rate constant used to 
evaluate the initial sorption rate (h), h is equal to k2qe

2. The 
intercept and slope of the t/qt against t plots, respectively, can 
be used to determine the values of k2 and qe. Eq. (9) shows 
the linear Elovich kinetic model and the initial adsorption 
rate is denoted as α (mg g–1 min–1) and the desorption con-
stant is denoted by β (g mg–1). The (1/β) ln(αβ) and (1/β) 
in the model are evaluated from the intercept and slope of 
the graph between qt and ln(t), respectively [82–84]. Using 
Eq. (10) [85,86], we investigate the potential of intra-partic-
ular diffusion. As the intercept C value grows, the resistance 
to external mass transfer rises as well. Kdif (mg g–1 min–1/2) 
expresses the intraparticle diffusion rate constant, which 
can be determined directly from the slope of the regression 
line plotting qt vs t1/2.

Mean percentage error (APE) expressed by Eq. (11) is an 
equation that specifies the agreement between the experi-
mental and expected data obtained from the isotherm 
model curves [87]. Eq. (12) [88,89] represents the hybrid 
fractional error function. Eq. (13) provides the Chi-square 
error, χ2 [89]. The following Eq. (14) expresses Marquardt’s 
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percentage standard deviation (MPSD) [87]. The following 
Eq. (15) provides the total of the absolute errors (EABS) [87]. 
The following Eq. (16) calculates the root mean square 
errors (RMS) [87].

3. Results and discussion

3.1. Biochar-S characterization

FTIR spectroscopy was used to detect which functional 
groups were on the surface of the produced biochar-S 
adsorbent. As illustrated in Fig. 1, the FTIR graph of the raw 
watermelon peel was compared to the FTIR graph of the 
watermelon biochar (Biochar-S). The samples’ FTIR spec-
tra reveal alterations in their functional groups. The band 
between 3,274 and 3,063 cm–1 corresponds to stretching 
oscillation of the O–H found in the watermelon peels and 
biochar-S (Fig. 1). The large absorption peak near 2,916 cm–1 
is suggestive of the presence of –CH2 stretching groups 
in watermelon peels, which were not present in biochar-S 
(Fig. 1). The strong absorption peak at 1,739.6 cm–1 is 
attributed to the C=O stretching of ester groups in water-
melon peels and was converted to a band at 1,701 cm–1 
as a carboxyl group in biochar-S (Fig. 1). However, when 
biochar-S was compared to raw watermelon peel, the 
strength at 1,702.9 cm–1 was raised, demonstrating that the 
carbonyl (C=O) functional group may be augmented by 
sulphoric acid treatment. The bands at 1,595 cm–1 imply 
the C=O stretching oscillation of β-ketone almost existed 
in watermelon peel and shifted to 1,589 cm–1 in biochar-S, 
which may also represent to stretching vibration of –C=C-
biochar-S (Fig. 1). The peak at 1,402 cm–1 represents the 
C–O functional group in the watermelon peel, which was 
replaced by the band at 1,413.7 cm–1 in biochar-S presented 
the sulfonyl group (S=O) stretching vibration (Fig. 1). Also, 
the dehydration with H2SO4 led to the formation of a new 

peak that appeared at 1,153.3 and 1,029.9 cm–1 which are 
due to the formation of sulfonic acid and sulfoxide groups 
in biochar-S. These new peaks demonstrate the produc-
tion of the biochar-S as a result of watermelon peels being 
treated with H2SO4. The increase in the –C–O–C– asymmet-
ric stretching functional group, which was partially weak 
for biochar-S, was more pronounced for watermelon skins, 
and the presence of oxygenated carbon chains peaked  
at 1,026 cm–1.

The N2 adsorption–desorption isotherms of the biochar-S 
produced were examined to determine the effect of H2SO4 
on the surface properties of the biochar-S. The Brunauer–
Emmett–Teller (BET) and BJH techniques were used to com-
pute the specific surface area and mesopore area, respectively. 
The textural parameters of biochar-S such as BET specific 
surface area, mesopore area, mesopore volume, total pore 
volume, average pore diameter, mesopore distribution peak 
and monolayer volume are illustrated in Fig. 2. The BET-
specific surface area of the biochar-S was 2.42 m2 g–1, which 
is very small. The monolayer volume value of biochar-S was 
0.56 cm3 (STP) g–1. The total volume values of biochar-S was 
0.008 cm3 g–1. The mean pore diameters of biochar-S were 
14.27 nm. The mesopore surface area, mesopore volume and 
mesopore distribution peak values of biochar-S were deter-
mined as 3.14 m2 g–1, 0.009 cm3 g–1 and 1.66 nm, respectively.

Fig. 3 illustrates SEM images of raw watermelon peels 
and biochar-S. As illustrated in Fig. 3b, biochar-S appears to 
be clean and devoid of contaminants, and there was no dam-
age to the pore structure of the watermelon peels following 
treatment with hot sulfuric acid.

Scattered X-ray spectrometry (EDX) was applied to study 
the chemical composition of biochar-S adsorbent and the 
percentage of the element is reported in Table 2, which shows 
the presence of about 32.9% and 14.58% sulfur and oxygen, 
respectively beside the carbon in 47.12%.

Fig. 1. FTIR analysis of raw watermelon peel and its biochar-S.
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(a) (b)

(c)

Fig. 2. Graph of (a) N2 adsorption–desorption, (b) BET analysis, and (c) BJH analysis plot of the biochar-S.

  
(a) (b) 

Fig. 3. SEM image of (a) watermelon-peels and (b) biochar-S.
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Thermal gravimetric analysis (TGA) was used to deter-
mine the effect of structural differences on operating tem-
perature and degradation behavior of biochar-S samples 
and watermelon peels. Each sample was cooked in an N2 
environment from ambient temperature to 1,000°C. TGA 
and differential thermal analysis (DTA) analytical curves for 
raw watermelon peels and biochar-S are shown in Fig. 4a. 
The first weight loss peaks occurred before 100°C, due to 
H2O evaporation in the watermelon peel and biochar-S. As 
the temperature raised above 100°C, various acidic oxygen 
functional groups were broken down, causing raw water-
melon peels and biochar-S to lose weight. Also, acidic groups 
such as phenol degrade at higher temperatures, while 
acidic groups such as lactones, anhydrides and carboxylic 

 

 

(a)

(b)

Fig. 4 Graphs of (a) TGA and DTA and (b) DSC analyses of the raw watermelon peels and biochar-S samples.

Table 2
Energy-dispersive X-ray analysis data of biochar-S

Biochar Biochar-S

Elements wt.% at.%

C 47.12 64.80
O 14.58 15.01
S 32.9 16.90
K 3.79 1.59
Al 0.56 0.27
Si 0.55 0.26
Ca 0.51 0.17



M.A. El-Nemr et al. / Desalination and Water Treatment 261 (2022) 195–213202

decompose at lower temperatures. Raw watermelon peels 
and biochar-S exhibit a minor plateau of weight loss at tem-
peratures up to 450°C. Both TGA curves converged at tem-
peratures greater than 450°C due to carbon breakdown in 
the material structure. At the final temperature of 1,000°C, 
various weight loss percentages of 39.56% and 45.12% were 
obtained with an order of watermelon peels biochar-S. The 
weight of the watermelon-peel biochar-S remained constant, 
and percentages of 12.62% and 14.50% were attained.

DTA graph of biochar-S and watermelon peels is illus-
trated in Fig. 4a. When Fig. 4a is examined, the DTA curves 
of the watermelon peels (red) peaked at six points at a low 
temperature (Tf, 76.93°C, 177.63°C, 250.50°C, 291.80°C, 
425.89°C, and 871.64°C), while the curves of biochar-S 
(blue) peaked at only three points at the flow tempera-
ture (Tf, 75.11°C, 214.57°C, and 488.89°C). As can be seen 
from the DTA curves to produce biochar-S adsorbents from 
watermelon peels, dehydration of watermelon peels (red) 
showed three well-resolved degradation bands. The deg-
radation bands of watermelon peel (red) decreased from 
six to three after treatment with H2SO4, indicating that the 
degree of degradation was strongly affected by acid treat-
ment dehydration.

Thermal transitions can be used to compare materials 
using differential scanning calorimetry (DSC). The DSC 
profile of watermelon peels (red) and biochar-S is shown 
in Fig. 4b (blue). Watermelon peels exhibit crystallization 
temperatures TC below 100°C, but biochar-S exhibits crys-
tallization temperatures TC between 225.10°C and 818.96°C. 
As the temperature is increases, watermelon peels melt at 
297.62°C and 422.87°C, while biochar-S melts at 486.75°C. 
Watermelon peel exhibited a lower Tm, whereas biochar-S 
exhibited the greatest Tm. As a result of the higher transi-
tional temperatures, the grains developed a greater degree 
of crystallinity, which increased their structural stability 
while also increasing their gelatin resistance.

3.2. Adsorption of Cu2+ ions on biochar-S

3.2.1. Effect of solution pH

The pH of the experimental solution is a parameter 
that significantly affects adsorption process. The amino, 
carboxyl, and hydroxyl groups on the biochar surface 
are highly affected by the solution pH. Determination of 
the quantity of Cu2+ ions adsorbed at equilibrium (qe) and 
removal of these ions; achieved at 25°C, at a begining Cu2+ 
ions concentration of 50 mg L–1 and using 1.0 g L–1 bio-
char-S as adsorbent. In the pH values ranged between 2.33 
and 6.1, the removal of Cu2+ ions was studied in 24 h of mex-
ing time and the pH effect is illustrated in Fig. 5. For the 
removal of Cu2+ ions using biochar-S, it is seen in Fig. 5a 
that the highest Cu2+ ions removal (78%) occurred at pH 5.6. 
The relationship between the amounts of Cu2+ ions to bio-
char-S at equilibrium (qe, mg g–1) in the pH range varying 
from 2.33 to 6.1 is illustrated in Fig. 5b. The removal of Cu2+ 
ions to biochar-S showed that the pH value increased reg-
ularly from 2.33 to 6.1, the amounts of Cu2+ ions adsorbed 
at equilibrium (qe) increased from 59 to 155 mg g–1, respec-
tively. It was determined that the optimum pH value 
for the removal of Cu2+ ions for biochar-S was 5.6.

In this study, the adsorption mechanism is as follows: 
the copper ions, which were originally 2+ charged, do not 
want to interact with the positively charged biochar-S. 
Negatively charged SO4

2– groups are attached to the sur-
face of biochar-S by interacting with H2SO4. Therefore, an 
attraction force occurs between Cu2+ ions and SO4

2– func-
tional groups, which has a positive effect on adsorption.

3.2.2. Mexing time effect

In the adsorption process, the mexing time is a signifi-
cant parameter for the adsorbent to provide the necessary 
interaction with the adsorbate. Therefore, in this study, the 
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mexing time required for the removal of Cu2+ ions using bio-
char-S was also carried out. The effect of mexing time was 
investigated using biochar-S at pH 5.6, at Cu2+ ions initial 
concentration varying from 50 to 300 mg L–1. Fig. 6a shows 
that 45%–75% of Cu2+ ions’ removal takes place in the first 
15–30 min. The removal of Cu2+ ions raised regularly with 
increasing mexing time, and at the end of 3 h, removal 
was between 54% and 82%, depending on the changing 
initial Cu2+ ions concentrations (300, 200, 150, 100, 75 and 
50 mg L–1). At the end of 24 h, it was observed that there was 
no significant change in Cu2+ ions beginning concentrations 
(300, 200, 150, 100, 75 and 50 mg L–1), and the values were 
measured as 59%, 62%, 62%, 74%, 80% and 83%, respec-
tively (Fig. 6b).

In Fig. 6, it can be deduced that Cu2+ ions removal occurs 
very rapidly in the first 15 min and Cu ion removal rises 
with decreasing biochar-S dosage. Maximum 82% removal 
was achieved by using biochar-S adsorbent.

3.2.3. Effect of Cu2+ ions begining concentration

The begining concentration of the adsorbed substance 
is also an significant parameter in adsorption studies. The 
effect of begining Cu2+ ion concentration on the adsorption 
capacity at equilibrium (qe) was investigated. To determine 
the effect of biochar-S dosage on adsorption capacity at 
equilibrium (qe), the adsorbent concentration (1, 2, 2.5, 3.0 
and 4.0 g L–1) and the initial Cu2+ ions concentration (50, 75, 
100, 150, 200 and 300 mg L–1) was studied at 25°C at a pH 
of 5.6. It can be seen from Fig. 7 that the adsorbed amount 
of Cu2+ ions at the same initial concentration of Cu2+ ions 
decrease at equilibrium (qe) with the rise in biochar-S dos-
ages. Fig. 7 shows the adsorption capacities at equilibrium 
(qe) in removing Cu2+ ions using biochar-S adsorbent at 
different dosages (1.0–4.0 g L–1). These values range from 
34.60 to 130.42, 19.65 to 73.19, 16.2 to 62.16, 13.54 to 56.18 
and 10.43 to 44.48 mg g–1 for initial Cu2+ ions concentra-
tions (50, 75, 100, 150, 200 and 300 mg L–1), respectively. The 
effect of the initial Cu2+ ions concentration on the adsorp-
tion capacity of Cu2+ ions on biochar-S was investigated, 

and the adsorption capacity at equilibrium (qe) was higher 
in solutions with high initial Cu2+ ions concentration. It 
was observed that it decreased as the adsorbent dosage 
increased. The decline in the equilibrium (qe) value of the 
concentration of Cu2+ ions solutions with increasing adsor-
bent mass and the concentration relationship between the 
adsorption vacancies of the biochar-S adsorbent explain 
the decrease in the equilibrium (qe) value.

3.2.4. Effect of adsorbent dose

By using biochar-S adsorbent in different dosages 
(1.0–4.0 g L–1), the begining concentration of Cu2+ ions 
(50–300 mg L–1), adsorption time (3.5 h) and solution tem-
perature (25°C) were studied at pH 5.6 and are illustrated 
in Fig. 8. Experimental data reveal that the removal percent-
age of Cu2+ ions (%) increases with the increase of biochar-S 
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dosage, while the amount of Cu2+ ions (qe) adsorbed at 
equilibrium decreases.

When the amount of biochar-S adsorbent increases 
from 1.0 to 4.0 g L–1, for the begining Cu2+ ions concentra-
tions (50, 75, 100, 150, 200, and 300 mg L–1) the percentage 
of removal of Cu2+ ions enhance from 69% to 83%, 64% to 
80%, 57% to 74%, 42% to 62%, 40% to 62%, and 43% to 59%, 
respectively. Furthermore, the amount of Cu2+ ions adsorbed 
at equilibrium (qe) decreases from 34.60 to 10.43, 47.96 to 
15.00, 57.18 to 18.43, 62.27 to 23.42, 79.43 to 31.22, and 130.42 
to 44.48 mg g–1 with increasing of the amount of biochar-S 
from 1.0 to 4.0 g L–1 for beginning Cu2+ ions concentrations 
50, 75, 100, 150, 200 and 300 mg L–1, respectively. It was 
determined that the minimum adsorption amount at equi-
librium (qe) and the maximum removal percentage of Cu2+ 
ions were obtained by using 4.0 g L–1 biochar-S adsorbent  
dosage.

3.3. Adsorption isotherms

The correlation between the adsorbate concentration at 
the equilibrium time (C in mg L–1) and the mass of the adsor-
bent (qe mg g–1) is explained by the adsorption isotherm, 
and this isotherm explains the state of adsorbate molecules 
dispersed between solid-liquid phases [68,90]. Isotherm 
data should be examined to define the adsorbate molecu-
lar fraction distributed at equilibrium (qe) between the solid 
and liquid phases and to optimize the use of adsorbent. 
There are several isotherm models which help for the men-
tioned calculations; the data obtained were analyzed with 
Langmuir, Freundlich, Temkin and Dubinin–Radushkevich 
isotherm models [68] to rationalize the Cu2+ ions and mel-
on-biochar interactions observed in this study.

The equilibrium adsorption constant related to the sat-
urated monolayer adsorption capacity (Qm) and the affinity 
of the adsorption sites (KL) are the Langmuir constants and 
the values obtained for the adsorption of Cu2+ ions onto 
biochar-S adsorbent are illustrated in Table 3. The linear 
form of the Langmuir model showed a high correlation 

coefficient (R2 ≥ 0.901) when the biochar-S dosage was 
2.5 g L–1, and the maximum monolayer capacity (Qm) of the 
biochar-S adsorbent was calculated as 151.52 mg g–1. The 1/
QmKL and 1/Qm values of the Langmuir model are acquired 
from the intersection point and slope of the line graph, 
respectively, by plotting Ce/qe vs. Ce as seen in Fig. 9a. It 
was calculated from the Langmuir isotherm model that the 
maximum monolayer capacity (Qm) of biochar-S, obtained 
in the adsorption of Cu2+ ions, was 151.52 mg g–1 (Table 3). 
The equilibrium adsorption constant (KL) ranging from 0.01 
to 0.02 L mg–1 and the correlation coefficient (R2 ≥ 0.901) 
obtained for the linear form of the Langmuir model are 
strong positive proof for the adsorption of Cu2+ ions on bio-
char-S. It is understood that the applicability of Cu2+ ions to 
adsorb on biochar-S is possible according to the Langmuir 
isotherm model. It is possible to conclude that Cu2+ ions 
are adsorbed in a monolayer on the biochar-S adsorbent 
surface. Another model used by biochar-S for the removal 
of Cu2+ ions is the Freundlich model. Freundlich isotherm 
model was used to determine the efficiency of biochar-S 
adsorbent in removing Cu2+ ions. Although this model cor-
rectly establishes the adsorption process as a heterogeneous 
phenomenon, Table 3 shows the linear fitting parameters 
obtained from the model. In the plot of log(qe) vs. log(Ce) 
(Fig. 9b), the intercept value and the slope of the graph give 
logKF and 1/nF, respectively. One of the Freundlich con-
stants, KF (L g–1) represents the binding energy. KF, which 
represents the amount of Cu2+ ions adsorbed on the adsor-
bent for unit equilibrium concentration, can be expressed 
as the distribution or adsorption coefficient. Generally, the 
rice in the adsorption capacity of the adsorbent is directly 
proportional to the rise in the KF value. In the Freundlich 
model, the easy adsorbing of the solute by the adsorbent 
depends on the 1/n value being less than 1. In such cases, the 
removal of Cu2+ ions on the adsorbent is a suitable physical 
process. It can be attributed to the fact that the 1/n values 
are less than one, which is suitable for the removal of Cu2+ 
ions using biochar-S adsorbent. Also, the degree of non-
linearity between the adsorption process and the solution 
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concentration is expressed by the nF value. The fact that the 
removal of Cu2+ ions on biochar-S adsorbent is a suitable 
physical process depends on the value of nF greater than 1.

The Freundlich isotherm correlation coefficient values 
obtained from Fig. 11b successfully describe the variation 
of logqe as a function of logCe. Table 3 illustrated Freundlich 
Qm is equal to 70 mg g–1 for the biochar-S adsorbent. Better 
removal of Cu2+ ions is possible with higher Qm values. The 
correlation coefficient (R2 > 0.977) was found for biochar-S 
adsorbent according to the Freundlich model. The Qm value 
was 70 mg g–1 for biochar-S adsorbent. The highest Qm value 
belongs to the adsorbent with a 1.0 g L–1 concentration 
(Table 3).

The third model applied to the experimental data was 
the Temkin model. The Temkin model is used to explain 
the effects of indirect adsorbate/adsorbent interactions 
on the adsorption process. The heat exchange occurring 
during adsorption is taken into account by this model and 
it is assumed that the adsorption heats of all molecules 
in the layer decrease linearly as a result of the surface 
being covered with adsorbate molecules. Temkin isotherm 
parameters of the adsorption of Cu2+ ions by biochar-S 
were obtained from Fig. 9c. As seen in Fig. 9c, The Temkin 
constants (AT and BT) are calculated using the linear rela-
tionship between qe and lnCe. While AT, which is the equi-
librium binding constant (L g–1), is calculated from the 
slope in the graph, BT, which expresses the adsorption heat 
coefficient, is calculated from the intercept. The Temkin 
constants were estimated and listed in Table 3. The Temkin 
isotherm correlation coefficient value (R2 > 0.963) obtained 
in the removal of Cu2+ ions on the biochar-S surface with 
a dosage of 4.0 g L–1 shows that this model is suitable for 
examining the temperature changes in the adsorption pro-
cess. The presence of very weak ionic interaction between 
the adsorbent and the adsorbate and the fact that the 
removal process of Cu2+ ions includes physisorption can 
be attributed to the very low heat of sorption. The coating 

of Cu2+ ions on biochar-S adsorbent occurs as a result of 
adsorbent–adsorbate interaction and this interaction is 
related to the heat of adsorption BT. It is shown in Table 3 
that this value decreased with the rise of biochar-S adsor-
bent dosages. To investigate the mode of adsorption of 
Cu2+ ions onto biochar-S adsorbent (whether it is chemi-
cal or physical in natura), the equilibrium data was also 
applied to the Dubinin–Radushkevich isotherm model. 
The Dubinin–Radushkevich isotherm model is based on 
the Polanyi potential theory, which is applied where the 
adsorption process continues until the pores are filled. 
Table 3 illustrates the Dubinin–Radushkevich isotherm 
constants and the correlation coefficients obtained for the 
removal of Cu2+ ions. The apparent energy E value is used 
to predict the type of adsorption. If the E value is less than 
8 kJ mol–1, in the range of 8–16 kJ mol–1, or greater than 
16 kJ mol–1, the adsorption type is considered as physical 
adsorption, ion exchange, and chemical adsorption, respec-
tively [91,92]. The estimated values of bonding energy (E) 
for the present study were found to be >16 kJ mol–1 for all 
adsorbent dosage, which implies that adsorption of Cu2+ 
ions onto biochar-S adsorbent is by chemical adsorption. 
In the Dubinin–Radushkevich model, the R2 values ranged 
from 0.621 to 0.717 for Cu2+ ions by the biochar-S adsorbent  
(Fig. 9d; Table 3).

3.4. Statistical error function analysis of isothermal models

Experimental equilibrium data of Cu2+ ions on bio-
char-S were analyzed with the most used isotherm models 
(Langmuir, Freundlich, Temkin and Dubinin–Radushkevich). 
By using several different error functions, the most suitable 
isotherm model was determined for the experimental data. 
To determine the error distribution between experimental 
equilibrium values and predicted isotherm models, average 
percentage errors (APE), hybrid error function (HYBRID), 
Chi-square error (χ2), the sum of the absolute errors (EABS), 

Table 3
Isotherm study data of adsorption of Cu2+ ions onto biochar-S adsorbent (Initial Cu2+ ions concentration = (50–300 mg L–1), adsorbent 
dosages = (1.0–4.0 g L–1), temperature = (25°C ± 2°C)

Isotherm model Parameters Biochar-S adsorbent dosages (g L–1)

1.0 2.0 2.5 3.0 4.0

Langmuir Qm (mg g–1) 151.52 89.29 73.53 66.23 56.50
KL 0.01 0.02 0.02 0.02 0.02
R2 0.727 0.897 0.901 0.864 0.858

Freundlich 1/n 0.46 0.46 0.45 0.48 0.50
Qm (mg g–1) 70.0 47.0 41.0 43 36
KF (mg1–1/n L1/n g–1) 9.76 6.67 6.02 4.84 3.63
R2 0.890 0.974 0.977 0.963 0.972

Temkin AT 0.13 0.13 0.15 0.15 0.14
BT 35.13 22.34 17.89 16.62 14.65
R2 0.835 0.955 0.941 0.923 0.963

Dubinin–Radushkevich Qm (mol kg–1) 79.47 47.88 40.21 35.84 27.90
K × 106 (mol kJ)–2 38.10 20.30 16.10 17.20 13.70
E (kJ mol–1) 114.56 156.94 176.23 170.50 191.04
R2 0.621 0.680 0.688 0.717 0.677
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the root mean square errors (RMS) and MPSD are used 
[68]. Table 4 shows the six error functions expressing the 
similarity between the experimental data of the watermel-
on-biochar-S adsorbent and the values calculated using the 
theoretical isotherms. If Table 4 is examined, it will be seen 
that the error functions values of RMS, χ2, APE, EABS, MPSD 
and HYBRID in the Freundlich model, which is the most 
suitable isotherm model for melon-biochar, are lower than 
those in other models.

3.5. Adsorption kinetics

For the kinetic models of adsorption of Cu2+ ions on bio-
char-S adsorbent, pseudo-first-order, pseudo-second-order, 

Elovich and intraparticle diffusion equations are applied 
[68]. Correlation coefficients (R2), which take a value between 
zero (0) and one (1), determine the suitability of the models, 
and the closer this value is to one, the model is interpreted 
as a suitable model. The equilibrium adsorption capacity (qe) 
and the rate constant, k1 were determined using straight-line 
plots of log(qe − qt) vs. t (Fig. 10a). Correlation coefficients 
(R2) of – biochar-S for different Cu2+ ions initial concentra-
tions and adsorbent dosages are shown in Tables 5 and 6.

The low R2 values obtained from the graphs of the 
pseudo-first-order rate equations indicate that the evalu-
ated qe values deviate greatly from the experimental values. 
This shows that the pseudo-first-order reaction equation 
is not very suitable for the adsorption of Cu2+ ions on the 

Table 4
A few error function values of the isotherm models best suited to the experimental equilibrium data in the adsorption of Cu2+ ions on 
biochar-S

Isotherm model APE (%) χ2 HYBRID MPSD EABS RMS

Langmuir 14.84 33.31 15.90 17.41 177.38 16.82
Freundlich 7.07 15.62 7.58 9.58 111.39 9.26
Temkin 10.30 19.65 11.04 12.48 134.56 12.06
Dubinin–Radushkevich 55.33 362.12 59.28 76.20 488.13 73.62
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biochar-S adsorbent (Tables 5 and 6). When the correla-
tion of the experimental data of biochar-S adsorbent with 
the pseudo-first-order model was examined, it was deter-
mined that there was no regular rise or decrease in R2 values 
with the rise of the beginning adsorbent concentration from 
1.0 to 4.0 g L–1.

The kinetics of Cu2+ ions adsorption over biochar-S 
adsorbents following the pseudo-second-order was studied. 
The quantity of Cu2+ ions adsorbed at equilibrium (qe) and the 
pseudo-second-order kinetic constant, k2 (g mg–1 min–1) are 
calculated by plotting t/qe vs. t as shown in Fig. 10b. Fig. 10b 
shows pseudo-second-order kinetic plots for the removal 
of Cu2+ ions over biochar-S adsorbents. Table 5 shows the 
experimentally and theoretically predicted qe values, the 
kinetic constant k2, and their corresponding R2 values. When 
Table 5 is examined, it is seen that the pseudo-second-order 
model is the model with R2 values closest to 1. Therefore, 
the most suitable kinetic model is the pseudo-second-order 

model. In addition, for all initial Cu2+ ions concentra-
tions studied, the qe values evaluated using the pseudo- 
second-order kinetic model graph also overlap exactly with 
the experimental qe values.

The correlation curve between qt and ln(t) is shown in 
Fig. 10c. Elovich constant α was calculated from the inter-
cept of this figure and Elovich constant β was calculated 
from its slope and shown in Table 6. If the R2 values are com-
pared, it can be said that the R2 values of the Elovich model 
have similar values with the pseudo-first-order kinetic 
model. At some initial concentrations, the Elovich model fits 
the experimental data better, while at different initial con-
centrations, the pseudo-first-order kinetic model seems to fit 
better. Both models did not fit as well as the pseudo-second- 
order kinetic model (Tables 5 and 6). The results indi-
cate that the chemical adsorption during the removal of 
Cu2+ ions on the biochar-S adsorbent can be rate-limit-
ing in some cases. However, the fact that the R2 values are 

Table 5
Pseudo-first-order and pseudo-second-order kinetic model results of adsorption of Cu2+ ions by biochar-S adsorbent (Cu2+ ions begin-
ing concentration = (50–300 mg L–1), biochar-S dosages = (1.0–4.0 g L–1), temperature = (25°C ± 2°C)

Parameter Pseudo-first-order Pseudo-second-order

Biochar-S dosages (g L–1) Cu(II) ion (mg L–1) qe (exp.) qe (calc.) k1 × 103 R2 qe (calc.) k2 × 103 h R2

1.0 50 34.60 15.01 18.42 0.892 36.23 2.22 2,913 0.995
75 47.96 12.05 13.36 0.836 49.02 2.59 6,231 0.998
100 57.18 13.61 8.06 0.844 54.95 3.21 9,699 1.000
150 62.27 16.38 17.04 0.892 64.94 1.99 8,375 0.999
200 79.43 22.36 16.58 0.726 79.37 2.19 13,774 0.998
300 130.42 26.23 4.61 0.946 120.48 2.03 29,412 0.999

2.0 50 19.65 5.37 7.60 0.812 18.66 8.07 2,807 1.000
75 27.36 4.05 9.90 0.784 27.03 10.32 7,541 1.000
100 33.94 10.30 16.12 0.987 34.60 3.74 4,474 1.000
150 40.73 12.63 15.89 0.900 41.84 3.81 6,662 1.000
200 52.11 16.22 11.05 0.905 51.55 2.25 5,977 0.998
300 73.19 29.57 12.44 0.909 73.53 1.07 5,811 0.992

2.5 50 16.24 4.19 7.14 0.802 15.36 10.67 2,518 0.999
75 22.94 4.80 16.58 0.935 23.26 8.73 4,724 1.000
100 28.13 6.93 8.98 0.860 27.40 5.76 4,323 0.999
150 35.51 9.20 15.20 0.863 36.63 3.47 4,658 0.998
200 42.44 8.56 9.44 0.943 41.67 4.79 8,313 1.000
300 62.16 15.81 10.59 0.891 61.35 2.44 9,166 1.000

3.0 50 13.54 2.25 10.13 0.871 13.37 18.46 3,299 1.000
75 19.68 3.52 12.44 0.815 19.69 11.26 4,363 1.000
100 23.94 6.67 10.36 0.922 23.53 5.73 3,170 0.999
150 31.22 7.30 11.05 0.978 30.96 5.35 5,126 1.000
200 36.31 7.97 14.97 0.904 36.50 5.41 7,210 0.999
300 56.18 13.26 4.84 0.690 51.02 4.56 11,876 1.000

4.0 50 10.43 1.95 11.98 0.881 10.38 21.43 2,311 1.000
75 14.99 2.56 13.36 0.811 15.02 16.14 3,639 1.000
100 18.43 5.42 11.98 0.951 18.45 6.73 2,290 1.000
150 23.42 5.56 14.28 0.979 23.64 7.14 3,990 1.000
200 31.22 7.52 14.74 0.756 31.06 6.15 5,935 0.998
300 44.48 11.18 5.07 0.898 40.65 4.40 7,273 0.998
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not very high makes it possible to have physical adsorption  
in the process.

Intraparticle diffusion is a model used to explain the 
transfer of solute in solid–liquid adsorption. In this study, 
as it is necessary to identify and explain the stages involved 
in the sorption process the intraparticle diffusion model 
was used. Adsorption of an adsorbate to an adsorbent 
takes place in 3 steps: (i) In the first step, the ions/molecules 
adsorbed by the adsorbent move from the solution through 
the liquid film to the surface of the adsorbent particles. 
(ii) The molecules attached to the surface slowly diffuse 
into the adsorbent after this stage. (iii) A chemical reaction 
takes place very quickly in the active groups of the adsor-
bent particles. The speed of all three steps can be effective 
in determining the rate of adsorption, and the step with the 
slowest speed also determines the rate of adsorption.

When the square root values of qt and time (t) are plot-
ted, if a line passes through the origin, it was determined 

by Weber and Morris [65] that the adsorption is controlled 
by the intraparticle diffusion step. On the other hand, if the 
line does not pass through the origin (where the C value is 
large), it is understood that the film diffusion largely deter-
mines the rate of the adsorption process. The Webber-Morris 
adsorption line of the removal of Cu2+ ions on biochar-S 
adsorbent at different adsorbent dosages and different initial 
Cu2+ ion concentrations is illustrated in Fig. 10d. The C and 
Kdif values shown in Table 6 were evaluated from the inter-
cept point and slope of the plot of qt vs. t0.5, respectively. It 
can be seen from Fig. 10d that the C intercept is quite large 
and the straight lines do not pass through the origin. This 
indicates that the rate of adsorption gradually rises over time 
and that this rate is controlled by film diffusion, not intra-
particle diffusion. This can be explained by the decrease in 
biochar-S surface area and pore volume overtime during 
the adsorption process. In addition, it was determined that 
the C value increased continuously both with the increase 

Table 6
Elovich and intraparticle diffusion models results from the adsorption of Cu2+ ions by biochar-S adsorbent (Cu2+ ions begining con-
centration = (50–300 mg L–1), biochar-S dosages = (1.0–4.0 g L–1), temperature = (25°C ± 2°C)

Parameter Elovich Intraparticle diffusion

Biochar-S dosages (g L–1) Cu(II) ion (mg L–1) β α R2 Kdif C R2

1.0 50 0.22 44.32 0.837 1.16 19.54 0.826
75 0.16 100.90 0.812 1.42 30.28 0.678
100 0.20 1,558.26 0.935 1.20 39.05 0.835
150 0.13 230.03 0.887 1.78 41.05 0.789
200 0.19 52,507.05 0.923 1.35 60.11 0.897
300 0.18 33,896,817.66 0.931 1.44 99.53 0.937

2.0 50 0.50 116.60 0.902 0.47 12.37 0.781
75 0.51 12,374.64 0.742 0.45 21.29 0.606
100 0.28 243.04 0.977 0.88 22.58 0.900
150 0.25 626.77 0.930 0.97 28.85 0.826
200 0.18 273.88 0.918 1.33 32.80 0.839
300 0.14 521.53 0.859 1.91 44.06 0.946

2.5 50 0.68 238.98 0.899 0.35 10.65 0.789
75 0.49 1,005.74 0.870 0.48 16.99 0.739
100 0.39 585.54 0.873 0.61 19.15 0.768
150 0.32 1,556.95 0.958 0.78 25.32 0.955
200 0.35 30,231.15 0.965 0.70 31.97 0.906
300 0.16 623.22 0.938 1.49 41.43 0.842

3.0 50 1.05 6,476.78 0.861 0.22 10.42 0.739
75 0.57 775.27 0.845 0.41 14.46 0.703
100 0.42 210.23 0.919 0.57 15.66 0.825
150 0.40 2,962.37 0.981 0.61 22.54 0.923
200 0.38 12,019.94 0.925 0.64 27.73 0.839
300 0.24 5,172.80 0.800 0.96 38.51 0.665

4.0 50 1.29 2,718.96 0.858 0.18 7.95 0.743
75 0.83 1,740.25 0.800 0.28 11.41 0.661
100 0.48 70.18 0.932 0.50 11.65 0.831
150 0.51 1,618.82 0.975 0.48 17.09 0.901
200 0.43 7,587.00 0.887 0.56 23.47 0.800
300 0.38 5.07 0.930 0.65 31.25 0.901



M.A. El-Nemr et al. / Desalination and Water Treatment 261 (2022) 195–213210

of biochar-S dosage and with the increase of the initial Cu2+ 
ions concentration.

3.6. Comparison with results reported in the literature

In the literature review summarized in Table 7, the effec-
tiveness of the removal of Cu2+ ions using different adsor-
bents was compared with the biochar-S adsorbent and 
showed that biochar-S adsorbent was effective in removing 
Cu2+ ions.

3.7. Regeneration of biochars

3.7.1. Desorption and regeneration studies

Desorption experiments of Cu2+ ions from the loaded 
biochar-S were performed using 0.1 N HCl and 0.1 M NaOH 
as eluted mediums to investigate the economic feasibility 
and reusability of biochar-S adsorbent. In this condition 
the desorption % decreased with rising regeneration cycles 
Fig. 11a. The regenerated biochar-S was applied in six con-
secutive cycles of adsorption/desorption. The adsorption 

amount presented was consistent through the cycles and 
experienced the adsorption capacity decreased by 3.27% 
after six generations which suggests it may be used as a sus-
tainable Cu2+ ions dye removal (Fig. 11b).

4. Conclusion

In this work, we have demonstrated that watermelon 
peels, an agricultural waste, can be used as cheap and effec-
tive materials for the production of biochar-S. The obtained 
biochar-S was prepared by treatment of dry watermelon 
peels with 50% H2SO4 at boiling point and the efficiency 
of biochar-S in the removal of Cu2+ ions was tested. The 
sorption of Cu2+ ions was found to be dependent on initial 
concentration, adsorbent dosage, pH and the contact time 
between the adsorbent and adsorbate. It was determined 
that the optimum pH value for the adsorption of Cu2+ 
ions by biochar-S was 5.6. It was determined that the min-
imum adsorption amount at equilibrium (qe) and the max-
imum removal percentage of Cu2+ ions were obtained by 
using 4.0 g L–1 biochar-S adsorbent dosage. In the removal 
of Cu2+ ions, the Freundlich model is a better sorption 

(a) (b) 

Fig. 11. (a) Desorption percentage of Cu2+ ions from biochar-S using 0.1 N HCl and 0.1 M NaOH. (b) Adsorption cycles of Cu2+ ions by 
regenerated biochar-S by 0.1 N HCl and 0.1 M NaOH.

Table 7
Comparison of the maximum adsorption capacities of Cu2+ ions of different adsorbents

Adsorbents Max. capacity (mg g–1) Max. removal (%) Reference

Sawdust 1.79 98.8 [91]
Saccharomyces cerevisiae 1.90 90.0 [94]
Orange peel 3.65 – [95]
Tea fungal biomass 4.64 58.0 [96]
Datura innoxia 7.20 92.0 [97]
Tree fern 11.7 – [98]
Banana peel 8.24 81.2 [99]
Sugarcane bagasse 9.48 91.2 [99]
Watermelon rind 5.73 56.4 [99]
Natural zeolite 141.12 66.10 [16]
Biochar-S 151.52 78.33 This work
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process than other models. Although the sorption of Cu2+ 
ions onto biochar-S adsorbent was better described by the 
Freundlich model, the maximum adsorption capacity cal-
culated by using the Langmuir isotherm as 151.52 mg g–1. 
Adsorption energy obtained from Dubinin–Radushkevich 
isotherm models shows the chemisorption nature of the 
adsorption process. In conclusion. we believe that bio-
char-S obtained from watermelon peels may be successfully 
used to purify wastewaters containing toxic Cu2+ ions.
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