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a b s t r a c t
The removal of arsenite using biochar (BC) and biochar-CuO nanocomposite (BC-CuO-NC) from 
cypress cones biomass was systematically investigated. The copper oxide (CuO) nanoparticles (NP’s) 
were synthesized using aqueous cypress cones extract. The BC was obtained by the pyrolysis of 
cypress cones biomass at 550°C and then impregnated with CuO-NP’s to produce BC-CuO-NC. 
Arsenite adsorption into BC and BC-CuO-NC was studied using the batch technique at different 
pH, contact time, adsorbent dose, and temperature conditions. BC-CuO-NC demonstrated better 
adsorption efficiency than BC to 5–6 pH arsenite with a 55.58% removal percentage and a 10 min 
balance period. Compared with the Dubinin–Radushkevich isotherm equation, the Langmuir and 
Freundlich isotherm equations fit well with the experimental results. According to the Langmuir 
model, the saturated adsorption capacity of BC and BC-CuO-NC for arsenite can reach 22.831 
and 36.765 mg/g, respectively. Kinetic studies have shown that the adsorption arsenite on BC and 
BC-CuO-NC was defined in pseudo-second-order. The determined thermodynamic parameters 
of the adsorption cycle were spontaneous, exothermic, and the random increase was observed.
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1. Introduction

The rapidly deteriorating water quality in many of 
the water resources and increasingly stringent legisla-
tion on the purity of drinking water has created a grow-
ing interest in the decontamination of water, wastewaters, 
and polluted trade effluents using different adsorbents 
in either crude or modified forms [1]. Inorganic trivalent 

arsenic (As(III), arsenite) exists as uncharged (H3AsO3) or 
anionic species (H2AsO3

–), (HAsO3
2–), and (AsO3

3–) [2–4]. It 
is more toxic than organic ones, and As(III) is more toxic 
than As(V) for human beings and animals [5,6]. Around 
200  million people worldwide are exposed to an arsenic 
concentration in drinking water that exceeds the recom-
mended limit of 10 ppb as set out in the guidelines of the 
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World Health Organization (WHO) [7]. The excess intake 
of arsenic may cause health problems, including cancers 
of the lungs, kidneys, bladder, skin, liver, prostate, and 
other diseases [8,9]. Due to natural and human activities 
such as arsenic pesticides, irrigation and oxidation fertiliz-
ers of volatile arsine in the air [10], dust from the burning 
of fossil fuel, as well as the disposal of industrial, munici-
pal, and animal waste [11]. Among the available methods 
for water treatment, adsorption has emerged as an option 
for developing an economical and eco-friendly process 
for removing arsenic from wastewater [12–15]. Biochar 
from agricultural waste, kitchen waste, and sewage sludge 
as an adsorbent was used to remove the arsenite [16–20].

Biochar as a low-cost adsorbent, sustainable, environ-
mental friendly, easy production process, unique properties 
(pore volume, pore size, high surface area, pH, electrical 
conductivity (EC), cation exchange capacity (CEC) and sur-
face functional groups) offers an attractive and inexpensive 
option for the removal of contaminants from water [13]. 
The addition of metal oxide nanoparticles via impregna-
tion improves the removal efficiency of the anionic pollut-
ants from water by increasing the positive surface charged 
of biochar [21]. As an example, a reusable Mg–Fe–Cl lay-
ered double hydroxide was also used as a high efficiency of 
adsorption of As(III) from aqueous solution [22].

The purposes of this work were to: (1) the preparation 
of copper oxide (CuO) nanoparticles (NP’s) using aque-
ous cypress cones extract and the production of biochar by 
pyrolysis process and then impregnated with CuO-NP’s to 
produce biochar-CuO nanocomposites and (2) using both 
biochar and biochar-CuO nanocomposites as an adsorbent 
for the removal by a batch method of arsenite species from 
aqueous solutions. Various variables have been investigated, 
such as adsorbent dosage, pH, contact time, and tempera-
ture. Furthermore, the isotherms of thermodynamics, kinet-
ics, and adsorption were studied at various temperatures.

2. Experimental

2.1. Sample preparation

2.1.1. Plant extracts preparation

A 50 g of Mediterranean cypress (Cupressus sempervirens) 
cones powder were boiled in 500  mL of deionized water 
for 10  min under vigorous stirring, then the mixture was 
cooled to room temperature and filtered through using suc-
tion filtration to remove the cones particles (biomass), and 
the clear extract of Mediterranean cypress cone obtained 
(pH equal to 5.2 and conductivity equal to 91.1  µs–1) 
was refrigerated at 4°C for further use for the synthesis 
of nanoparticles.

2.1.2. Synthesis of CuO-NP’s

Copper oxide nanoparticles (CuO-NP’s) was prepared 
by adding 50  mL of 0.10  M copper(II) acetate solution to 
275 mL of cypress cones extract for 10 min under vigorous 
stirring (600  rpm) and ambient temperature. The brown 
precipitate was formed as an indicator of metal complex 
formation. Then, the brown slurry was filtered, centrifuged 
for 15  min at 6,000  rpm, dried overnight in the oven at 

60°C, and calcined at 750°C. The color of the powder was 
changed to black.

2.1.3. Synthesis of biochar and biochar-CuO nanocomposite

Biochar (BC) was prepared from cypress cones biomass 
(raw) where dried crushed biomass (100  g) was wrapped 
with aluminum foil and placed in a muffle furnace at 550°C 
for 2 h and then cooled to room temperature. Biochar-CuO 
nanocomposite (BC-CuO-NC) was prepared via impreg-
nation method where 10 g of prepared biochar was added 
to 0.5 g of CuO-NP’s dissolved in 100 mL H2O under son-
ication for half an hour. The mixture was stirred at room 
temperature for 12  h, fluxed for 1  h, filtrated, and centri-
fuged for 15  min at 6,000  rpm. The resultant was washed 
by deionized water, and finally, the BC-CuO-NC was dried 
in the oven at 110°C overnight.

2.2. Adsorption experiments

Arsenite As(III) adsorption on BC and BC-CuO-NC 
samples was carried out using batch techniques at a con-
stant temperature. In a typical adsorption run, 0.5 g of BC 
or BC-CuO-NC was equilibrated with 50.0  mL arsenite 
solution in a stopper 100 mL Erlenmeyer flask in a thermo-
static water bath shaking at a constant temperature for 24 h. 
The arsenite solution was separated from the adsorbent by 
centrifugation at 6,000 rpm for 15 min and filtration with a 
0.22  µm syringe filter. The supernatant was subsequently 
analyzed for a residual concentration of As(III) ions using 
inductively coupled plasma-optical emission spectros-
copy (ICP-OES). The amounts of arsenite and the percent-
age removal of adsorption (%R) adsorbed by the BC or 
BC-CuO-NC were calculated using the following equations:

q
C C V
me

e=
−( )0 	 (1)

%R
C C
C

e=
−( )

×0

0

100 	 (2)

where qe (mg/g) is the amount of arsenite adsorbed by BC 
or BC-CuO-NC, C0 and Ce (mg/L) are the initial and equi-
librium concentration of arsenite, respectively, V (L) the 
initial volume of arsenite solution and m (g) the weight 
of the adsorbent.

2.3. Characterization

BC and BC-CuO-NC aqueous solutions were prepared; 
the pH was measured with a Metrohm pH Meter. EC was 
determined by (Eutech Con 2700, Singapore) instrument. 
Fourier-transform infrared spectroscopy (FTIR) spectra 
of samples were recorded using Thermo-Nicolet NEXUS 
670 FTIR spectrophotometer (Waltham, MA USA 02451). 
Elemental analyses of the samples were done by using 
EuroVector EA3000 Elemental Analyzer (Italy). The ther-
mal gravimetric analysis (TGA) of the dried samples was 
studied using NETZSCH STA 409 PC/PG Thermal Analyzer 
(Germany) in the temperature range (25°C–900°C), at a heating 
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rate of 20°C/min. The samples were analyzed by an X-ray 
powder diffractometer with CuKα radiation (λ = 1.5418 Å) 
using the X’Pert Pro X-ray diffraction (XRD) method of 
PANalytical (Eindhoven, Netherlands) at 45 kV and 40 mA 
with a phase of 0.02 alike over the 10–90  range. The sam-
ple texture and surface morphology were examined using 
the FEI VERSA-3D model attached with the STEM detector.

The shaking of samples was performed using a ther-
mostat fitted shaker GFL-1083.The specific surface area 
determined by Brunauer–Emmett–Teller (BET) equation 
using NOVA 2200E Surface Area and Pore Size Analyzer 
(Quantachrome Corporation, Boynton Beach, Florida, 
USA). The arsenite concentration was estimated by induc-
tively coupled plasma-optical emission spectrophotometer 
(ICP-OES) model Quantima – GBC Scientific.

The physical and chemical parameters such as yield%, ash 
contents, moisture%, pH, and pH zero-point charge (pHZPC) 
were studied using procedures in El Hanandeh et al. [21].

3. Results and discussion

3.1. Characterization of adsorbent

FTIR spectra of biomass (raw), BC, CuO-NP’s and 
BC-CuO-NC are shown in Fig. 1. The bands appeared at 
868 and 720 cm–1 due to aromatic C–H deformation modes, 
1,014 C–O stretching of C–OH groups, 1,600 cm−1 is due to 
C=O stretching. This peak comprises a variety of C=O con-
taining functional groups, including ketones, carboxylic 
acids esters, and anhydrides, 1,399  cm–1 C–C stretching 
vibration in the aromatic ring, 2,934 cm–1 due to C–H aro-
matic stretching vibration, 2,800–3,600  cm–1 O–H stretch-
ing of water molecules were adsorbed on the surface, all 
the above-mentioned bands are found in all figures except 
for CuO-NP’s. The FTIR spectra of BC-CuO-NC has both 
bands in CuO and BC identify some important functional 
groups in addition where the absorption bands located at 
443, 477, 606, 621, 1,043 and 1,105  cm–1 were assigned to 
the vibration of the Cu–O [23,24]. Peaks appeared at 1,410 

and 1,520 cm−1, corresponding to the C–O stretching of car-
boxylate ion bond to the CuO-NP’s as a bidentate ligand.

The thermal properties of biomass, biochar, and 
BC-CuO-NC were carried out using TGA as shown in Fig. 
2. Biomass decomposition developed in two stages, an ini-
tial mass loss of around 4% between the temperatures of 
60°C and 220°C due to moisture evaporation. The second 
stage occurred at 350°C–650°C (70%) due to organic decom-
position (the residue 25.35% and a net mass loss of 74.65%). 
BC decomposition showed a simple drop of 5.4% even the 
temperature was above 550°C. BC-CuO-NC decomposition 
occurred between 350°C–600°C with a mass loss of 8% [25].

Fig. 3 shows the XRD pattern for CuO-NP’s, BC and 
BC-CuO-NC, for CuO-NP’s it is shown that the peaks 32.5°, 
35.5°, 46.2°, 48.7°, 53.5°, 58.3°, 61.5°, 65.8°, 66.2°, 68.0°, 72.4°, 
75.0° and 75.2° are belonging to monoclinic structure with 
a space group of C2/c. The lattice parameters ao, bo and co 
are 4.69 Å, 3.43 Å and 5.14 Å with precision less than ±0.01, 
where α, γ are 90.00°, the β is 99.53°. This result is matched 
with the standard reference (ICDD# 00-001-1117). XRD pat-
tern for BC showed a broad peak appeared at 10°–35° as an 
indication of amorphous behavior, and the peaks appeared 
at the 2θ value 16°, 22°, 26°, 28°, 38°, 43°, 44°, 47°, 48°, and 
49° are an indication of crystalline behavior for BC. However, 
after the impregnation with CuO-NP’s, the peaks for both 
systems existed as an indication of BC-CuO-NC formation.

The scanning electron micrograph for BC and 
BC-CuO-NC showed a plate-like structure with an irregular 
shape appeared. The texture has a high porosity where the 
gaps and voids exist with an average pore size of 5–15 um 
(Fig. 4). Figs. 4a and b are looking the same under the sec-
ondary electron detector, where the using backscattered 
mode, the composite showed a bright area scattered on the 
surface of the composite, which is due to the CuO-NP’s 
adhered to the biochar surface.

BET was used to calculate the total volume of pore from 
the close uptake of saturation (P/P0  =  0.99). The Barrett–
Joyner–Halenda method measured the mesopore length, 
mesopore surface area, and pore size distribution. The BET 
surface area, total pore volume (Vtotal), average pore diam-
eter (rBET), and pore structures of BC and BC-CuO-NC are 
listed in Table 1. Results showed that there is a decrease in 
the surface area (SA), total pore volume (Vtotal), and aver-
age pore diameter (rBET) with impregnation of CuO-NP’s 
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Fig. 1. FTIR spectrum for biomass, BC, CuO-NP’s, and 
BC-CuO-NC. Fig. 2. TG thermogram of biomass, BC, and BC-CuO-NC.
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to the BC surface to form BC-CuO-NC due to blockage of 
bores by CuO-NP’s. The pore structures are mesoporous 
for BC and BC-CuO-NC. External in mesopores surface 
area is equal to 8.985 m2/g and can be calculated from the 
difference between SABET  –  Ameso and non-meso volume is 
equal to 0.315 and can be calculated from the difference 
between Vtotal – Vmeso [26].

CEC is a measure of how many cations can be retained 
by BC and BC-CuO-NC surfaces. The calculation was 
carried out by measuring the adsorption of bis(eth-
ylenediamine) copper(II) complex [Cu(en)2]2+ on BC or 
BC-CuO-NC. The method was clearly explained in the lit-
erature [27]. The CEC results are 83.166 (cmolc/kg) for BC 
and 82,351 (cmolc/kg) for BC-CuO-NC. Decreasing in CEC 
means that the negative charge on the BC-CuO surface 
decreased with an increase in positive charge [28].

The physicochemical properties of BC and BC-CuO-NC 
including the yield, moisture and ash contents, specific 
surface area, pH, pHZPC, and elemental analysis were 
mentioned are consistent with the impregnation of CuO-
NP’s to the BC (Table 2). The increase of the H/C ratio 
in BC-CuO-NC over BC indicates good preservation 
of the original contents in the BC-CuO-NC with lower 
degree aromaticity. The polarity index (O+N)/C ratios 
increased to 0.416% for BC-CuO-NC is an indication of 

the surface polar functional groups and leads to electro-
static attraction enhancement towards the removal of 
As(III) via the positively charged BC-CuO-NC. H/C and 
O/C elemental ratios can be used to predict the structural 
stability of the BC-CuO-NC at the function of time [29].

3.2. Biosorption experiments

The effects of adsorbent dose, contact time, initial pH, 
and adsorbent temperature were investigated. The effect of 
adsorbent dose on arsenite removal was studied by taking 
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Fig. 3. X-ray diffractogram of CuO-NP’s, BC, and BC-CuO-NC, the peaks labeled (hkl) belong to CuO.

Fig. 4. Scanning electron micrograph in secondary electron mode for (a) BC, (b) BC-CuO-NC, and (c) BC-CuO-NC in back-
scattered mode.

Table 1
BET surface area, total pore volume (Vtotal), and average pore di-
ameter

Sample BC BC-CuO-NC

SABET (m2/g) 42.494 15.006
SAmeso (m2/g) 33.509 10.903
Vtotal (cm3/g) 0.042 0.038
Vmeso (cm3/g) 0.039 0.008
rBET (nm) 3.967 10.093
Dap (nm) 2.54 1.34
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50  mL of 59  ppm of arsenite containing 0.10–0.50  g/50  mL 
of BC or BC-CuO-NC and being shacked in a water bath at 
25°C for 24 h and pH 6.5.

3.2.1. Effect of adsorbent dosage of BC and BC-CuO-NC

The effect of BC and BC-CuO-NC dosages on the per-
centage removal (%R) and the adsorption quantity qe (mg/g) 
As(III) ions at 25°C is presented in Fig. 5. The %R of As(III) 
ions increased with the increase of the adsorbent dose from 
0.1 to 0.5 g per 50 mL solution and was found to be 30.6% 
and 44.4% at the appropriate dose of 0.5  g/59  mL for BC 
and BC-CuO-NC, respectively.

The availability of active sites on adsorbents’ surface 
helped arsenite molecules reach the adsorption sites more 
easily [21,30]. Further increases in the adsorbent dosage did 
not affect arsenite removal. It appears that the impregna-
tion of BC with CuO-NP’s to produce BC-CuO-NC increases 
the sorption of arsenite. The corresponding adsorption 

capacity (qe) of arsenite decreased with increasing the 
adsorbent dose. Above this dose (0.5 g BC and BC-CuO-NC 
per 50  mL solution), the percent adsorption of arsenite 
increases very slowly almost attains equilibrium.

3.2.2. Effect of pH and pHZPC of BC and BC-CuO-NCs

Fig. 6 represents the effect of varying pH on As(III)’s 
removal efficiency by BC and BC-CuO-NC from aque-
ous solution. The maximum As(III) adsorption for BC 
was found at pH = 7.1, where the BC-CuO-NC increase in 
adsorption efficiency as the pH increased. The surface load 
on the BC and BC-CuO-NC is related to their zero-point 
(pHZPC) pH charge. The BC pHZPC (8.76) was lower than the 
BC pH (9.93), indicating richness in negative charges on the 
biochar’s surface. In contrast, the pHZPC of the BC-CuO-NC 
(9.44) was higher than the pH of the BC-CuO-NC (8.48), indi-
cating richness in positive charges on the BC-CuO-NC sur-
face. The adsorption of As(III) on BC and BC-CuO-NC was 
dependent on the arsenic valence and the pH of the solu-
tion. At pH levels normally present in natural conditions, 
As(III) exists as the undissociated acid H3AsO3; in alkaline 
conditions (pH  >  9), as H2AsO3

–; and at pH higher than 12 
Table 2
The yield%, ash%, moisture%, pH values, pHZPC, chemical com-
positions and atomic ratios of BC and BC-CuO-NC produced 
from cypress cones biomass at 550°C pyrolytic temperature

Sample BC BC-CuO-NC

Yield% 30.7 100
Ash% 11.7 19.4
Moisture% 0.25 3.72
pH 9.93 8.48
pHZPC 8.76 9.44
C% 76.0 68.4
H% 2.25 2.22
N% 1.43 1.01
O% 20.3 28.4
H/C 0.030 0.033
N/C 0.019 0.015
O/C 0.267 0.416
(O+N)/C 0.004 0.416

a b

Fig. 5. Effect of adsorbent dose (g/50 mL solution) on adsorption of As(III) onto adsorbent (a) BC and (b) BC-CuO-NC. Initial concen-
tration of arsenite 59 mg/L; agitation speed 150 rpm and 25°C.
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as HAsO3
2–. BC’s surface was negatively charged up to its 

pHZPC value of 8.76, with the pH increase up to this value, 
an increase in As(III) adsorption capability was observed 
primarily due to the van der Waals interaction between the 
neutral arsenic species and the BC surface. A strong decrease 
in adsorption was observed above pH 8.76 as a result of 
increased electrostatic repulsion between BC’s negative 
surface sites and the dominant-negative arsenic species of 
H2AsO3

– and HAsO3
2–. There’s strong agreement with these 

findings by the study of Liang et al. [31].

3.2.3. Effect of contact time and adsorption kinetics

The contact time for arsenite on the BC and BC-CuO-NC 
was calculated from 5 to 180  min at a fixed arsenite 
concentration of 77  mg/L, a dosage of adsorbent of 
0.35  g/50  mL solution, agitation speed 150  rpm, tempera-
ture 25°C (Fig. 7). Results showed that arsenite adsorption 
on BC and BC-CuO-NC is accompanied by a two-stage 
kinetic behavior: arsenite adsorption initially increased 
significantly up to the first 10  min, followed by a sec-
ond stage with a much lower adsorption rate at the ini-
tial stage of 60–180  min, with time, the adsorption curve 
rises sharply, indicating that arsenite adsorption rates are 
very high and that there are plenty of accessible sites. The 
adsorption reaches a maximum, 55.58% with a capacity of 
22.514 mg/g at 60 min for BC, and reaches a maximum of 
87.52% with a capacity of 34.338 mg/g at 60 min, after that 
remains unchanged with further time. Hence, the optimum 
contact time was selected as 60  min for further experi-
ments. The arsenite adsorption rate is high at the begin-
ning of the experiment because initially the adsorption sites 
are more available and arsenite ions are easily adsorbed 
on these sites until all adsorption sites reached saturation.

The adsorption kinetics is important data to under-
stand the adsorption mechanism and evaluate the perfor-
mance of the adsorbents. Three kinetic models, including 
the Lagergren pseudo-first-order, pseudo-second-order, 
and intraparticle diffusion model, were applied for the 
experimental data to predict the adsorption kinetics [30,32].

Adsorption kinetics is one of the critical components 
to be responsible for adsorption diffusion efficiency. 

The kinetic parameters are useful for predicting the adsorp-
tion rate, which gives valuable information for process 
design and modeling. These three models were tested to fit 
the experimental data obtained from arsenite biosorption 
as shown in Eqs. (3)–(5).

Pseudo-first-order model [33]:

q q et e
k t= −( )−1 1 	 (3)

Pseudo-second-order model [34]:

q
k q t
k q tt
e

e

=
+
2

2

21
	 (4)

Intraparticle diffusion equation [35]:

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

where qt is the sum of arsenite adsorbed at time t (mg/g), 
k1 is the pseudo-first-order constant (min−1), k2 is the pseudo-
second-order adsorption equilibrium constant (g/mg  min), 
kid is the constant intraparticle diffusion rate (mg/g  min) 
and C is constant.

The kinetic data obtained from the nonlinear regres-
sion analysis fitting for BC and BC-CuO-NC together with 
R2, χ2 and Ferror% are shown in Fig. 8 and Table 3. The values 
of R2 were low and χ2 and Ferror% were high, and the calcu-
lated qe value does not agree with the experimental value 
that the adsorption of arsenite onto BC and BC-CuO-NC is 
not first-order kinetics. These results agree with the results 
reported by Mohammed et al. [36]. Results in Table 3 show 
that the values of R2 are very high, and χ2 and Ferror% were very 
low, and the experimental qe value with a good agreement 
with the calculated value. This result indicates that arsenite’s 
adsorption onto BC and BC-CuO-NC follows the pseudo-
second-order kinetics [32]. For the arsenite adsorption intra-
particle diffusion model on BC and BC-CuO-NC, if the line 
passed through the center, then the intraparticle diffusion 
was the only rate-limiting operation. Otherwise, besides 
intraparticle diffusion, the rate-limiting cycle included 
other mechanisms [37]. The line did not pass through the 
origin, which was not the only rate-controlling step in the 
adsorption process that indicated intraparticle diffusion.

3.2.4. Adsorption isotherm models

Adsorption equilibria provide physiochemical data for 
evaluating the applicability of the adsorption process. In this 
work, three models (Langmuir, Freundlich, and Dubinin–
Radushkevich) were used to describe the relationship 
between the amount of arsenite adsorbed and its equilib-
rium concentration for all BC and BC-CuO-NC adsorbents 
as shown in Eqs. (6)–(8).

Langmuir isotherm model [38]:

q
q K C
K Ce
L e

L e

=
+
max

1
	 (6)

Freundlich isotherm model [39]:

q K Ce F e
n= 1/ 	 (7)
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Fig. 7. Effect of contact time for the removal of arsenite by BC 
and BC-CuO-NC. Dosage  =  0.35  g; arsenite conc.  =  77  mg/L, 
77 mg/L; contact time from 5 to 180 min.
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Dubinin–Radushkevich (D–R) isotherm model [40]:

q q RT
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e
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where qe is the uptake of arsenite per unit weight of BC 
and BC-CuO-NC (mg/g), qmax is the maximum uptake of 
arsenite (mg/g), KL is the Langmuir constant (L/mg) and 
related to the adsorption energy, Ce is the phenol (mg/L) 
equilibrium concentration, KF is the Freundlich constant 
[mg  g−1  (L  mg−1)1/n] denoting adsorption capacity, n is the 
empirical constant, indicating adsorption intensity, ε the 
Polanyi potential equal to RTln(1  +  1/Ce), β, R, and T sug-
gests a constant relative to adsorption energy, gas con-
stant (8.314  J/mol  K), and temperature (K), respectively, 
E (kJ/mol) is the mean free adsorption energy per adsor-
bent molecule when transferred from infinity to the solid 
surface in the solution.

The equilibrium data for arsenite adsorption using BC 
and BC-CuO-NC as adsorbents were fitted with the equations 
Langmuir, Freundlich, and D–R (Fig. 9). Table 4 summarizes 
the data of the fitted models at 25°C along with R2, χ2 and Ferror%.

From Table 4 it can be seen that the regression coef-
ficient (R2, χ2 and Ferror%) of the Langmuir and Freundlich 
equations ((R2  >  0.9778, χ2  <  0.195 and Ferror%  <  5.96) is 
more fitted when compared with that of the D–R equation 
(R2 > 0.7593, χ2 < 1.539 and Ferror% < 17.29) implying that the 
adsorption of arsenite onto BC and BC-CuO-NC models 
show a complex mechanism involving both monolayer and 
multilayer on heterogeneous surface conditions. The data 
in Table 5 indicate that the maximum adsorption capac-
ities qmax estimated using the Langmuir isotherm model 
for arsenite was 22.831 and 36.765 mg/g onto BC and BC- 
CuO-NC, respectively.

Langmuir isotherm can be characterized by a dimen-
sionless constant called the separation factor (RL) equa-
tion. The value of RL indicates the shape of the isotherm 
to be either linear (RL  =  1), unfavorable (RL  >  1), favorable 
(0  <  RL  <  1), or irreversible (RL  =  0), In this work, the RL 

values were between 0 and 1 (0.542 and 0.642) (Table 5) for 
arsenite adsorption onto BC and BC-CuO-NC, respectively 
indicating favorable adsorption of arsenite onto those two 
adsorbents [41].

D–R model was used to calculate the sorption energy. 
D–R linear form can be applied to both homogeneous 
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Fig. 8. Kinetic models for the adsorption of As(III) ions onto BC and BC-CuO-NC, using the nonlinear regression method. 
Initial metal ions concentration 77 mg/L; pH = 5.0; adsorbent dosage 0.35 g/50 mL; temperature 25°C.

Table 3
Pseudo-first-order and pseudo-second-order adsorption rate 
constants and calculated qe,cal and experimental qe,exp values for 
the adsorption of As(III) ions on BC and BC-CuO-NC. Initial 
metal ions concentration 77  mg/L; pH  =  6.5; adsorbent dosage 
0.35 g/50 mL; temperature 25°C

System As(III)/BC As(III)/BC-CuO-NC

qe,exp (mg/g) 22.831 36.765

Pseudo-first-order

qe,cal (mg/g) 4.702 7.089
k1 (1/min) 0.038 0.027
R2 0.7489 0.7782
χ2 29.622 33.624
Ferror% 55.59 45.43

Pseudo-second-order

qe,cal (mg/g) 21.989 35.971
k2 (g/mg min) 0.027 0.014
R2 0.9997 0.9978
χ2 0.055 0.078
Ferror% 1.71 1.67

Intraparticle diffusion equation

kid 0.414 0.663
C 18.226 28.177
R2 0.8956 0.8891
χ2 2.191 2.601
Ferror% 10.99 9.51



267I. Hamadneh et al. / Desalination and Water Treatment 221 (2021) 260–269

and heterogeneous surfaces [36]. Adsorption capaci-
ties qmax and adsorption free energy (E) are calculated 
and listed in Table 3. According to the literature [42] 
the adsorption is driven by physical forces if the value 
of E is less than 8 (kJ/mol), and driven by chemical ion- 
exchange if E is between 8 and 16 (kJ/mol), and driven by 
particle diffusion if the value of E is greater than 16 (kJ/
mol). The results at all the experimental E values ranged 
between 0.061–0.077  kJ/mol for arsenite adsorption onto 
BC and E value ranged between 0.073–0.093  kJ/mol for 
arsenite adsorption onto BC-CuO-NC demonstrated the 
physical adsorption of arsenite onto BC, and BC-CuO-NC 
models surface. The possible adsorption interactions and 

pathways of the arsenite on BC and BC-CuO-NC surfaces 
could occur through electrostatic attractions and hydrogen 
bonding to BC and BC-CuO-NC phenolics. Thus, arsenite 
ions are adsorbed on the surface via interactions with 
functional groups, diffuse into the interior, and finally, 
achieve equilibrium in the adsorbent [43].

3.2.5. Thermodynamic parameter calculations

The adsorption thermodynamics was studied to gain an 
insight into the adsorption behaviors. Parameters includ-
ing Gibbs free energy change (ΔG°), enthalpy change (ΔH°) 
and entropy change (ΔS°) are calculated according to the 
following thermodynamic equations:

∆G RT Kd° = − ln 	 (9)

Kd for the adsorption reaction can be defined [44]:

K
q
Cd
e

e

= 	 (10)

Values of Kd are obtained by plotting lnqe/Ce vs. qe and 
extrapolating qe to zero.

∆ ∆ ∆G H T S° = ° − ° 	 (11)

lnK H
RT

S
Rd = −

°
+

°∆ ∆ 	 (12)

Predictions of the intercept and slope of the linear plot of 
lnKd vs. 1/T (Fig. 10) give, respectively, ΔS° and ΔH° values. 
The values of thermodynamic parameters were summarized 
in Table 5. The obtained results showed that Gibbs energy 
(ΔG°) was negative at the adsorption of arsenite onto BC 
and BC-CuO-NC model. This indicates that the adsorption 
processes of arsenite onto BC and BC-CuO-NC were spon-
taneous and can be enhanced by increasing temperature. 
The adsorption of the arsenite onto BC and BC-CuO-NC 

Table 4
Langmuir, Freundlich, and Dubinin–Radushkevich isotherm 
constants for the adsorption of As(III) ions on BC and BC-CuO-
NC. Initial metal ions concentration 39–194  mg/L; pH  =  6.5; 
adsorbent dosage 0.35 g/50 mL; temperature 25°C

Isotherm model Parameter BC BC-CuO-NC

Langmuir

qmax (mg/g) 22.831 36.765
KL (L/mg) 0.008 0.006
RL 0.542 0.642
R2 0.9882 0.9778
χ2 0.097 0.195
Ferror% 4.47 5.96

Freundlich

KF (L/g) 0.413 0.343
n 1.416 1.249
R2 0.9884 0.9923
χ2 0.098 0.056
Ferror% 3.97 2.98

Dubinin–Radushkevich

qmax (mg/g) 9.505 10.780
E (kJ/mol) 0.807 0.797
R2 0.7593 0.7564
χ2 1.525 1.539
Ferror% 17.29 16.41
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Fig. 9. Equilibrium isotherm for adsorption of As(III) ions onto BC and BC-CuO-NC, using the nonlinear regression method. 
Initial metal ions concentration 39–194 mg/L; pH = 6.5; adsorbent dosage 0.35 g/50 mL; temperature 25°C.
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is physisorption because ΔG° for physisorption is between 
–40 and 0 kJ/mol. The negative values of ΔH° mean that the 
adsorption process is exothermic. In an exothermic process, 
the total energy absorbed in bond breaking is less than the 
total energy released in the bond making between adsor-
bate and adsorbent, resulting in the absorbing of energy 
in the form of heat. The standard entropy change (ΔS°) for 
arsenite adsorbed onto BC and BC-CuO-NC was positive. 
This positive ΔS° value showed the increased disorder 
and randomness at the solid-solution interface.

4. Conclusions

In this study, Mediterranean cypress cones and its 
aqueous extract have been used as a green synthesis of 
CuO-NP’s, BC, and BC-CuO-NC. Adsorption of As(III) 
from an aqueous solution was investigated using BC and 
BC-CuO-NC as an adsorbent. Based on R2, χ2 and Ferror% val-
ues, the results of adsorption isotherms and kinetics sug-
gested that both Langmuir and Freundlich models and the 
pseudo-second-order model were best to model the As(III) 
adsorption onto BC and BC-CuO-NC. The maximum adsorp-
tion qmax of As(III) onto BC, and BC-CuO-NC was found to 
be 22.831, and 36.765  mg/g respectively. Thermodynamic 
parameters ΔG°, ΔH°, and, ΔS° showed the exothermic 
and spontaneous nature of the adsorption of As(III) onto 

BC and BC-CuO-NC. Finally, the BC-CuO-NC might be 
employed as a promising material and future solution for 
the removal of As(III) for a clean environment.
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