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a b s t r a c t 
Sample of a halophytes activated carbon (ACHs), Suaeda maritime, has been carbonized after impreg-
nating with H3PO4. Batch adsorption technique was employed for the metal ions biosorption onto 
ACH2 in a single component system. The activated carbon prepared was characterized by SEM, 
XRD, FTIR analysis and also ash content, bulk density, moisture content, BET surface area and 
porosity analysis, were carried out. The influence of pH, contact time, initial metal ions concen-
tration and temperature on metal sorption capacity have been examined. The maximum sorption 
capacities calculated by applying the Langmuir isotherm were 29.41 mg/g for Cu, and 14.64 mg/g 
for Zn, respectively. Thermodynamics and kinetic adsorption of two metal ions were examined in 
batch experiments. It was verified that the Freundlich, Langmuir and Temkin isotherms describe the 
adsorption of Cu(II) and Zn(II) ions reasonably well. Adsorption of Cu(II) and Zn(II) ions onto ACH2 
was better fitted to Freundlich isotherm model. According to the obtained thermodynamic data, the 
adsorption of Cu(II) and Zn(II) ions onto ACH2 were spontaneous and an endothermic processes 
with large adsorption enthalpy. The kinetic study showed that the whole adsorption process fit the 
pseudo-second-order kinetics model well. The kinetic data confirmed that particle diffusion is not 
the only rate-limiting step in the adsorption process.
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1. Introduction

Heavy metals such as copper and zinc are among the 
most toxic and easily encountered metals released into the 
environment through various industrial activities, con-
sumer products, and waste disposal [1]. As such, they are 
stable elements and can’t be degraded biologically by the 
body. They can be passed into the food chain to humans via 
wastewater from industrial and domestic activities. Heavy 
metals are taken into the body via inhalation, ingestion, and 
skin absorption. Heavy metal pollution may be occurred 
due to irrigation with contaminated water, the addition of 
fertilizers and metal-based pesticides, industrial emissions 
and transportation. Food and agriculture organization 
(FAO) recommended the maximum acceptable concentra-

tion of copper and zinc in irrigation water as 0.2 and 2.0 mg 
L–1, respectively [2,3].

Several technologies were available to remediate heavy 
metals pollution. However, many of these technologies were 
costly or not achieve a long-term nor an aesthetic solution 
[4,5]. Till now, treatment of industrial effluents containing 
heavy metals as copper and zinc is mainly based on precip-
itation, coagulation, ion exchange, membrane filtration and 
electroplating. These processes are usually expensive and 
sometimes ineffective, especially when the concentration of 
heavy metals is low [6]. Adsorption had been investigated 
as an efficient technique for the removal of heavy metals 
from wastewater. Among these methods, carbon adsorp-
tion was the most widely used absorbent materials because 
of its simplicity and economic feasibility. It has also been 
shown that adsorption is one of the most effective removal 
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methods for the aqueous solution containing low concen-
tration heavy metal. 

Recently, activated carbon with a high surface area and 
porosity may be obtained as the precursor then activated in 
the presence of air and phosphoric acid at moderate tem-
peratures. Activated carbon obtained by this procedure was 
shown to have a high capacity towards the removal of cop-
per and zinc from aqueous solutions compared to that of 
commercial materials [7–10]. This large capacity was associ-
ated with the existence of functional groups on the surface.

Halophytes are of significant interest since these plants 
are naturally present in environments with an excess of 
toxic ions and research findings suggested that these plants 
also tolerate other environmental stresses, especially heavy 
metals as their tolerance to salt and heavy metals may, at 
least partly, rely on common physiological mechanisms 
[11]. They play an important role in protecting habitats and 
maintaining ecological stability. Halophytes also have huge 
potential to aid agricultural development and habitat resto-
ration in areas affected by salinity.

The main objective of the present study was an investi-
gation of the adsorption characteristics of Cu(II) and Zn(II) 
onto halophytes (Suaeda maritime) activated carbon in a 
single component system. Physical and chemical character-
izations of these materials were carried out to examine the 
relationship between their sorptive, physical and chemical 
properties. These studies consisted of porosity, BET surface 
area, scanning electron micrographs (SEM), Fourier trans-
form infra-red spectroscopy (FTIR) analysis, zeta potential 
measurements and pH titration were used to understand 
the adsorption mechanism. The effects of pH, contact time, 
activated carbons derived from halophytes (ACH) dose, 
initial Cu(II) and Zn(II) concentration and temperature on 
the adsorption of Cu(II) and Zn(II) from aqueous solutions 
were studied the adsorption characteristics including the 
sorption capacity, thermo-dynamics, kinetics, and adsorp-
tion isotherm of ACH were also investigated. These results 
are valuable for further application of ACH in the adsorp-
tion of Cu(II) and Zn(II) from aqueous solutions. 

2. Materials and methods 

2.1. Preparation of solutions

All chemicals utilized in this study were of analytical 
grade and supplied by Merck, (Germany). Stocks solu-
tions of copper(II) and zinc(II) ions (1000 mg/L) were pre-
pared by dissolving (1.965 g) CuSO4·5H2O and (2.199 g) 
ZnSO4·7H2O in 500 mL of deionised water then diluted to 
different concentration. Solution pH was adjusted with 0.1 
M NaOH and 0.1 M HCl solutions and measured by using 
a pH meter (WTW pH meter, Model 3110). The concentra-
tion of copper(II) and zinc(II) ions in the aqueous solution 
after adsorption was determined by an inductively coupled 
plasma optical emission spectrometry (ICP-OES; Perkin-
Elmer Optima 7000 DV, USA). 

2.2. Activated carbon preparation

Halophytes (Suaeda maritime) were collected from 
Mediterranean coastal salt marsh region in New Dami-

etta, Egypt. Prior to use, samples were washed gently 
with water to remove sand dunes, mudfats and other 
impurities present on the surface and then dried in oven 
at 120°C for 24 h or until constant weight to reduce mois-
ture content. All plant parts were weighed to determine 
the dry weight and then were smashed into plant pow-
der. The samples were weighed to determine the dry 
weight and then were smashed into plant powder. 50 g 
of ACHs was impregnated with 200 mL of 20%, 40%, 60% 
and 80% w/v H3PO4 solution and soaked for 4 h under 
anaerobic condition; then the mixture was stirred at 85°C 
for 1 h to the interior of the precursor. After impregna-
tion, the material was carbonized under closed condi-
tions. The temperature was raised at 4°C/min to 500°C, 
which was maintained for 3 h. The samples were cooled 
and then washed to remove excess reagent. The mixture 
was then subjected to heat at a temperature of 120°C for 3 
h to vaporize the water. The dried mixture was subjected 
to heat at a temperature of 650°C in a muffle furnace to 
enable activation of the pores of the carbon sample. The 
dried biomass (ACHs) was preserved in air-tight glass 
bottles to protect it from moisture.

2.3. Characterization of activated carbon 

All adsorption experiments were carried out on a ther-
mostated shaker (THZ-82, Guohua apparatus company, 
China) operated at 200 rpm. The impregnated ACH samples 
were analyzed by scanning electron microscopy (SEM; JSM 
6390LV, JEOL: Japan), Fourier transform infrared spectro-
photometry (FTIR) (Perkin-Elmer 1720 spectrometer), the 
surface area and porosity were performed by N2 adsorption 
at –196°C using the BET method on a Micromeristic ASAP 
2000, USA instrument. The zeta potential measurement of 
ACHs samples was calculated using the Henry equation 
(Zetasizer Nano ZS equipped with an autotitrator – Mal-
vern Instruments Ltd., UK). The concentrations of metal 
ions were measured on an inductively coupled plasma opti-
cal emission spectrometry (ICP-OES; PerkinElmer Optima 
7000 DV, USA).

2.4. Batch adsorption experiments

Adsorption experiments were performed by using the 
batch technique to acquire the rate and the equilibrium data. 
Influence of value of pH, adsorption time, initial concentra-
tion of Cu(II) or Zn(II) in a single system, ACH2 dosage, 
and temperature: 250 mL conical flasks containing 50 mL 
of Cu(II) or Zn(II) solution of desired concentration mixed 
with 0.01–0.15 g ACH2 were agitated in a shaker with 200 
rpm for different adsorption time at specified temperature 
and pH value. The initial pH of the solution was regulated 
by 1 M NaOH and HCl solutions detected by a pH meter. 
The contact time varied from 1 to 240 min. The temperature 
and pH ranged from 20 to 50°C and 2 to 8, respectively. After 
shaken in the oscillator, the content of Cu(II) and Zn(II) in 
the mixed liquor after filtrated was measured by ICP-OES. 
For copper, Adsorption studies were carried out by using 
0.07 g ACH2 with the initial concentration of Cu(II) from 
5 to 300 mgL–1. The mixture was vibrated at 200 rpm for 90 
min at pH 6. On the other hand, Adsorption experiments 
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were conducted for zinc by using 0.06 g ACH2 with the ini-
tial concentration of Zn(II) from 5 to 300 mg/L. The mixture 
was vibrated at 200 rpm for 120 min at pH 5. Adsorption 
kinetics experiments were conducted by using 0.07 and 0.06 
g ACH2 with 5 to 25 mg L–1 for Cu(II) and 1 to 150 mg L–1 for 
Zn(II) at pH 6 and 5, respectively. The mixture was shaken 
at 200 rpm at 25°C and the contact time varied from 1 to180 
min. In a single system, the batch experiments for adsorp-
tion thermodynamics of Cu(II) or Zn(II) were carried out at 
varying temperatures (293, 298, 303, 308, 313, 318 and 323 
K) with different initial concentrations. Each determina-
tion in the batch adsorption experiment was carried out in 
triplicate, and repeated at least twice; the results are given 
as average values. Error bars are also indicated wherever 
necessary.

From the measured concentrations of Cu(II) and Zn(II) 
ions, the amount of metal ion adsorbed, qt (mg/g) was com-
puted by the following equation.

q C C V Wt i t= −( ) / � (1)

The removal efficiency of metal ion was also calculated 
by using Eq. (2).
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where, qt: is the adsorption capacity at time t (mg g–1), R% is 
the removal efficiency of metal ions adsorbed, Ci and Ct are 
metal concentrations (mg L–1) before and after adsorption, 
V is the volume of adsorbate (L) and W is the weight of the 
adsorbent (g).

2.5. Adsorption kinetics

Kinetic models were used to determine the rate of the 
adsorption process besides providing valuable information 
about reaction pathways. In this context, the kinetics of the 
adsorption of Cu(II) and Zn(II) ions were also evaluated. The 
kinetics of an adsorption process describes the mechanism 
of adsorption depends on the physical and chemical charac-
teristics of the adsorbents. The kinetic models of Lagergren 
pseudo-first-order, pseudo-second-order, Elovich equation, 
and Intraparticle diffusion Weber-Morris model were inves-
tigated to understand the adsorption dynamics of each on 
Cu(II) and Zn(II) on ACH2. All kinetic models were fit to 
experimental data using their linear equations which are 
shown in Table 1.

2.6. Equilibrium adsorption isotherm 

To describe experimental results, the linear form of 
Langmuir, Freundlich and Temkin isotherm equations were 
applied to determine the effect of presence of metal ions 
adsorbed on the isotherm constants. Recent studies also 
used the Langmuir and Freundlich models to fit the exper-
imental data for adsorption of Cu(II) and Zn(II) ions onto 
activated carbon in a single system [1,10].

The Langmuir model was based on the assumption that 
maximum adsorption correspond to a saturated monolayer 
of solute molecules on the adsorbent surface, with no lat-

eral interaction between the adsorbed molecules. The linear 
form of the Langmuir isotherm model was given by apply-
ing Eq. (3):
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where, qe (mg g–1) is the amount of equilibrium uptake, Ce is 
the equilibrium cation concentration in solution (mg L–1), qm 
is the monolayer adsorption capacity of the adsorbent (mg 
g–1), and Ka is the Langmuir adsorption constant (L mg–1), 
which is related to the rate of adsorption. The Langmuir 
constants qm and Ka can be calculated from the slope and 
intercept of the linear plot of Ce/qe vs. Ce.

The effect of isotherm shape on the favorability of a 
Langmuir-type adsorption process can also be expressed 
in terms of a dimensionless constant separation factor or 
equilibrium parameter, RL, which can be calculated by 
using Eq. (4):
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where Ka is the Langmuir isotherm constant and Co is the 
initial concentration of Cu(II) ions. The value of RL indicates 
the isotherm to be either unfavorable (RL > 1), linear (RL = 1), 
favorable (0 < RL < 1), or irreversible (RL = 0). 

The Freundlich isotherm was applied for non-ideal 
adsorption on heterogeneous surfaces and multilayer 
adsorption. The Freundlich isotherm can be written in lin-
ear form as given below Eq. (5):

logq K
n

Ce f e= +log log
1

� (5)

where Kf and n are Freundlich constants, with Kf (mg 
g–1) being the adsorption capacity of the adsorbent and 
n giving an indication the favorability of the adsorption 
process. Values of n > 1 represent favorable adsorption 
conditions. The Freundlich constants k and n can be cal-
culated from the slope and intercept of the linear plot of 
log qe versus log Ce.

The Temkin isotherm described that the binding energy 
decreased linearly with increasing amounts of metals bound 
to the surface due to adsorbent-adsorbate interactions [12]. 

Table 1 
The linear equations of kinetic models.
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The Temkin isotherm can be expressed in its linear form by 
the following Eq. (6):

q B K B Ce t t t e= +ln ln lnln � (6)

where BT = (RT/bT) is Temkin constant related to the heat of 
adsorption (kJ mol–1), T is the absolute temperature (K), R is 
the universal gas constant (8.314 J mol–1 K–1), KT is the equi-
librium binding constant (L mg–1), and bT is the variation of 
adsorption energy (kJ mol–1). The Temkin constants for the 
two metal ions are determined by plotting qe against ln Ce.

3. Results and discussion

3.1. Physical characterization 

The data of impregnation with different ratio H3PO4 
solution, bulk density, moisture, ash content, BET surface 
area and porosity of ACHs are shown in Table 2.

Moisture and dry matter percentage of activated carbon 
derived from Halophytes (Suaeda maritime) increased with 
increasing salinity of the growing medium. This attributed 
to a simple hypertrophy resulting from the increased 
osmotic pressure. From Table 1, there is no correlation 
between effect of impregnation ratio and percentage of 
moisture and dry matter [13].

Bulk density was an important characteristic of the car-
bon and was invariably related to the starting material [14]. 
In this study, high value of bulk density may be as a result 
of its hydrophilic nature. Ash was non-carbon or mineral 
additives, which was not chemically combined with the 
carbon surface. It consists of various useless mineral sub-
stances, which become more concentrate during the activa-
tion process. It comprises of 1–20% and primarily depends 
on the type of raw material. Low ash content with increas-
ing concentration of H3PO4 is desirable for activated carbon 
(ACH2), since it reduces the mechanical strength of carbon 
and affects adsorptive capacity [15].

Fig. 1 shows the N2 adsorption-desorption isotherms of 
ACH2 prepared by phosphoric acid activation. According 
to the BET analysis, the isotherm exhibit a Type IV profile 
according to the IUPAC classification, with displays the H3 
hysteresis loop in relative pressure higher than 0.8. The hys-
teresis loop of this isotherm is associated with filling and 
emptying of the mesopores by capillary condensation. The 
type H3 loop, which does not exhibit any limiting adsorp-
tion at high P/P0, is adsorbed with aggregates of plate-like 
particles giving rise to slit-shaped pores [16]. As seen in 
Fig.  1, there is nonsignificant uptake of nitrogen at lower 
relative pressure (P/P0), indicating that there are few micro-
pores in ACH2. It can be noted that the increasing in a BET 
surface area and porosity of ACH2 with temperature can 
be attributed to the impregnated with phosphoric acid [17]. 
It is found that BET surface area and porosity are obtained 
for ACHs samples, as tabulated in Table 2. The results are 
consistent with the findings of other workers [18], sug-
gested that increasing the amount of phosphorus leads to 
an increase in the volumes of macro- and mesopores.

Fig. 2 shows zeta potential of activated carbon samples 
as a function of equilibrium pH for ACH1, ACH2, ACH3 
and ACH4. Zeta potential is an important parameter to 
characterize electrokinetic behavior of solid-liquid inter-

face. Zero point charge (pHpzc) was taken as the point 
where zeta potential was zero and it reflects the charac-
ter of external surface of activated carbon particles. The 
analysis of the test results shown in Fig. 2, indicates that 
the electrokinetic potential of ACH samples change in the 
research conditions from +10.45 to –17.56 mV and the Zero 
point charge can be interpolated to be about 4.6 pH. This 
means that external surface of activated carbon samples has 
positively charged when pH was less than 4.6 [19,20]. After 
this point, zeta potential decreases markedly. Negative zeta 
potential of ACH samples can be attributed to the negative 
charge of organic functional groups resulting from the dis-
sociation of H+ ions although it has been carbonized at very 
high temperatures according to the following reaction:

R-COOH ↔ R-COO– + H+

4. Chemical characterization 

4.1. FT-IR Analysis of ACH

The FT-IR spectra can be established to identify the 
functional groups present in activated carbon before and 

Table 2
Physical parameters of ACHs samples

Parameters Samples

ACH1 ACH2 ACH3 ACH4

Impregnation with H3PO4(%) 20 40 60 80
Moisture content (%) 8.5 8.0 8.9 9.4
Dry matter (%) 82.4 82.1 80.86 80.1
Bulk density (g/L) 459 464 469 472
Volatile matter (%) 6.2 6.7 6.9 7
Ash content (%) 2.9 3.2 3.34 3.5
Porosity (cc/g) 0.857 0.874 0.865 0.842
BET Surface area (m2/g) 978 987 991 1021
pHPZC 4.8 4.6 4.7 4.8

Fig. 1. Nitrogen adsorption-desorption isotherm of activated 
carbon.
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after adsorption of copper and zinc as shown in Fig. 3a, 3b, 
3c and 3d, respectively. Functional groups of adsorbents are 
not only affect the adsorption behavior, but also dominate 
the adsorption mechanism [21]. The (–OH), (–NH), car-
bonyl and carboxylic groups are important sorption sites. 
The peak at 3412 cm–1 is attributed to –OH and –NH groups. 
The band between 3000–3500 cm–1 has been assigned to  
–OH stretching vibration of hydroxyl groups. These bonds 
are present in activated sample and metal loaded adsor-
bents; indicating participation of the (O–H) functional 
group in the metal binding. The intensity of –OH is weak-
ened after adsorption process. The –OH peak at 3412 cm–1 

is slightly shifted to 3420 cm–1 (at copper adsorption) and 
3416 cm–1 (at zinc adsorption). The band at 1589 cm–1 is 
the C=O symmetric stretching vibration of carboxylic acid 
groups in the biosorbent; the peak at 2921 cm–1 is attributed 
to the symmetric and asymmetric C–H stretching vibration 
of –CH2 and –CH3 groups; 2348 cm–1 attributed the charac-
teristic peak of –NH2. The presence of –OH group, coupled 
to carbonyl group confirmed the presence of carboxylic 
acid groups in the biosorbent [22]. After biosorption, the 
intensity of –OH is weakened; the –OH peak at 3412 cm–1 

is slightly shifted to 3420 cm–1 (at copper adsorption) and 
3416 cm–1 (at zinc adsorption).The C=O peak was shifted 
from 1589 cm−1 (activated carbon) to 1616 cm−1 (copper 
adsorbed) and 1616 cm−1 (zinc adsorbed). The intensity of 
C=O is weakened after loading with copper and so with 
zinc. These findings suggest that the hydrogen and oxygen 
atoms in the –OH and were involved in the copper and zinc 
adsorption. The metal loaded on ACH may form coordinate 
covalent bond with –COOH. After metal loading, the peak 
of –NH2 at 2348 cm−1 is disappeared. These results indicate 
that –NH2 may be involved with the adsorption process as 
well as the metal loading process. The schema of the listed 
forms of complexes is shown in Fig. 3. Transition metals can 
form complexes with carboxylate in three forms, which are 
monodentate complexes, bidentate complexes and bridge 
complexes.

This indicate the participation of hydroxyl and car-
bonyl groups in the biosorption of copper(II) and zinc(II) 
ions. Similar spectra are obtained for biosorption studies of 
metal ions using groundnut hull [22], and palm nut shells 
[23]. The sharp band at 2247 cm–1 appears to the functional 
group of phosphorus belonging to phosphine (P-H). At 
989 cm–1, the peak is associated with P-O-C carbons asym-

metric stretching. This is proven in the study of that acid 
phosphates form in the samples modified using H3PO4. The 
broad band in this range is due to the presence of phos-
phorous compounds in the samples [15]. The bands in the 
interval 1000–1320 cm–1 have been indicated to C–O stretch-
ing in acids, alcohols, phenols, and esters [18,24]. Due to 
the overlap of adsorption bands from various oxygen and 
phosphorous compounds in this region. It seems that steam 
activation of samples impregnated with H3PO4 leads to 
decomposition of the phosphoric compounds. The adsorp-
tion at 1300–900 cm–1 with the peak at 1320–1080 cm−1 was 
tentatively assigned to the following phosphorous species 
as in Fig. 3b and c: hydrogen-bonded P=O, O–C stretching 
vibrations in P–O–C of aromatics and P=OOH [25,26]. In 
the present study, the increase of the negative charge of 
phosphate groups on ACH surface led to thus adsorption 
ability for Cu(II) or Zn(II) ions increased [1].

The peaks of N–H and C=O (ester stretching) bands 
disappeared in metal-loaded adsorbent may be due to the 
destruction of the functional group during the process of 
adsorption but appeared after activation.

4.2. SEM Analysis of ACH

To study the effect of activation on porosity, Scan-
ning Electron Microscope (SEM) technique is employed 
to observe the surface physical morphology of the bio-
sorbents before and after metal ion adsorption. The SEM 
images for activated Halophytes before and after metal 
interaction are shown in Fig. 4. SEM analysis revealed that 
there are significant changes on the surface of biosorbents 
after interaction with metal ions. The SEM analysis con-
firmed that the morphological structure of activated Halo-
phytes is porous in nature. A possible explanation for this 
was that cellulosic materials of biological origin have sys-
tems of interconnecting pores, thus providing a relatively 
high surface area [27]. From Fig. 4a, the surface structures 
of the ACHs have a cleaner and burnout pores with a tun-
nel or honeycomb-like structures, which are suitable for 
copper and zinc ions to be adsorbed on the surface and 

Fig. 2. The zeta potential (ZP) of ACH samples in the pH range 2–9.

Fig. 3. The FTIR spectra of activated sample of Halophytes be-
fore adsorption (a), after adsorption of Cu(II) (b) and Zn(II) (c).
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these results are in good agreement with XRD analyses. 
Fig. 4b shows the differences of the surface and porosity of 
the activated carbon prepared (ACH2) at 40 wt.% H3PO4. 
It is obvious that the carbons produced at 40 wt.% have 
cavities and cracks on their external surfaces. It seems that 
the cavities on the surfaces of carbons resulted from the 
evaporation of phosphoric acid during thermal treatment, 
leaving the space previously occupied by the impregna-
tion agent. After interaction with Cu(II) ion, the surface 
of ACH2 became irregular. Flakes-like deposits were 
observed on the surface of ACH2 following interaction 
with Cu(II) ions as in Fig. 4c and 4d, whereas the surface 
structures of the ACH have Lump- and twist-like deposits 
were observed on the surface with Zn(II) ions.

4.3. X-ray diffraction analysis of ACH

The X-ray diffraction (XRD) analysis was carried out to 
study changes in the microstructures of ACHs and metal 
ion-adsorbed carbon as shown in Fig. 5a, b and c, respec-
tively. The intense main peak showed the presence of highly 
organized crystalline structure of raw activated carbon. The 
diffraction peak of crystalline carbon is observed, where 
broad diffused peaks are observed at low angles. After the 
adsorption of metal ion, the intensity of the highly orga-
nized peaks are slightly diminished. This has attributed to 
the adsorption of metal ion on the upper layer of the crystal-
line structure of the carbon surface by means of chemisorp-
tion rather than physisorption. The features of Cu(II) ion 
appeared at 40.93 and 49.24 degree. Interaction with Zn(II) 
had caused the appearance of Zn(II) feature at 59.67 degree. 

The X-ray diffraction peak confirmed that ACH2 possesses 
a heterogeneous surface.

4.4. Equilibrium studies on biosorption of Cu(II) and Zn(II) 
ions Effect of pH 

In the first stage of the study, the pH value of the heavy 
metal solution plays a major role in the adsorption pro-
cess. Fig. 6, showed the effect of pH value on metal ion 
uptake onto ACH2. The influence of pH on the adsorption 
capacity of ACH2 was studied over the 2.0–6.0 pH range 
in the single-metal system, and the results are shown in 

Fig. 4. SEM images of ACH before (a), after activation by H3PO4 (b) then adsorption of Cu(II) (c) and Zn(II) (d) at magnification of 
1000×.

Fig. 5. XRD spectrum of activated sample of Halophytes before 
adsorption (a), after adsorption of Cu(II) (b) and Zn(II) (c). 
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Fig. 6. Generally, the interaction mechanisms between 
both metal ions and biosorbent were function of pH that 
involved physisorption. Therefore, the optimum pH for 
the removal of Cu(II) and Zn(II) ions by using ACH2 were 
recorded at pH 6.0 and 5.0, respectively, and the subse-
quent experiments were carried out at this pH value. The 
maximum adsorption of Cu(II) and Zn(II) ions onto adsor-
bent increased from 5.32 to 21.42 and 3.71 to 11.94 mg g–1, 
respectively. When the pH value was greater than 7.0, it 
was likely that both metal ions were precipitated as a result 
of the formation of hydroxides. Therefore, the removal of 
metal ions at higher pH values was due to the formation 
of precipitates (Chemsisorption) rather than adsorption. 
At lower pH values, H3O

+ ion exist in high concentration 
and binding sites of metals became positively charged 
and this has a repelling effect on both metal ions. As the 
pH value increased, the concentration of H3O

+ ion in the 
solution decreased, lowering the competition of metal ion 
for active sites, hence increasing metal uptake. This was in 
good agreement with the previous explanations [28]. The 
decrease in removal of both metal ions at pH greater than 
6.0 may be due to solvation and hydrolysis of metal ion 
[29]. The solvation and hydrolysis process lead the metal 
ion to form soluble hydroxylated complexes that compete 
for active sites. Moreover, the nature of ionization on the 
surface of biosorbents at specific pH may also cause the 
reduction of metal ions removal (chemisorption), as shown 
in the following reactions (Fig. 7).

Where R– represents the surface sites of activated car-
bon; R–OH2

+, R–OH, R–O– represent protonated, neutral, 
and ionized surface hydroxyl functional groups; R–OM+ 
and R–OM(OH) were formation of the bonding complexes. 
It can be seen that at low pH values, H competes with the 
Cu(II) ions for the active surface sites and, moreover, the 
less functional groups, i.e. R–O– were ionized (deproton-
ated) in this region, and it was difficult that they formed 
metal complexes. Noted here M2+ and M(OH)+ were the 
dominant species involved in the adsorption below pH 6.0, 
thus other species M(OH)2 and M(OH)3– weren’t accounted 
in the formation of surface complexes (Reddy et al., 2010). 
The adsorption capacity of Cu(II) ion was higher than Zn(II), 
may be due to the fact that Cu(II) has a smaller ionic radius 
than that of Zn(II) and can exchange with H+ more easily 
[30]. The pHPZC value is the point at which surface func-

tional groups do not contribute to the pH of the solution. 
The activated carbons produced are effective adsorbents for 
removing Cu(II) and Zn (II) ions at pH ≥ pHPZC. The pHPZC 
value determined for ACH indicate their acid nature, which 
was expected due to the treatment applied to the carbons, 
which caused the introduction of oxygenated groups [31]. 
As regards the distribution of acid sites, the number of 
carboxylic groups was larger in carbons ACH, which also 
had the smaller acid pHPZC values, since these groups corre-
spond to higher strength acids. Activated carbon produced 
from halophytes (ACH2) has a higher content had a higher 
content of carboxylic functional groups and its pHPZC was 
4.6 as shown in Fig. 3.

4.5. Effect of contact time 

The change of adsorption capacity of ACH2 with contact 
time of Cu(II) and Zn(II) is shown in Fig. 8. The results show 
that a state of equilibrium of the adsorption of Cu(II) and 
Zn(II) increased with contact time from 10–50 min. Within 
the first 30 min, metal adsorption was rapid and reducing 
gradually over time until equilibrium was conducted at 
a contact time of 80 min for Zn(II) and 100 min for Cu(II) 
because of the availability of a large number of adsorbent 
sites during the initial stages of the process. The occupa-
tion of active sites on the surface of ACH2 by adsorbates is 
a gradual process in solution, which requires certain time 
to reach equilibrium adsorption [32]. The fast adsorption is 
probably due to the relatively high specific surface area and 
more functional groups like hydroxyl groups, carboxylic 
groups, carboxylate moieties, and phosphate groups pre-
sented on ACH2. The results revealed that, the maximum 
adsorption of Zn(II) ions was lower than for Cu(II) ions. 
This attributed to the electronegativity of Cu(II) and Zn(II) 
ions are 1.90 and 1.65 (Pauling scale), respectively; thus, the 
greater electronegativity of Cu(II) may enhance the binding 
capacity of copper toward the negatively charged adsor-
bent surface, resulting in a slightly higher adsorption capac-
ity for Cu(II) than Zn(II) ions [33].

4.6. Effect of adsorbent amount and initial concentration of 
metal ions

The changes of adsorption capacity of ACH2 with 
adsorbent dose and initial solution concentrations of 
Cu(II) and Zn(II) are shown in Figs. 9 and 10. The results 
also showed that,the adsorption capacity of Cu(II) and 
Zn(II) (broken line in Fig. 9) by ACH2 descended from 
21.47 to 1.49and from 34.52 mg g–1 to 1.26 mg g–1, respec-
tively, when the ACH2 dosage enhanced from 0.01 to 0.15 
g. On the other hand,the percentage removal of Cu(II) and 

Fig. 6. Effect of pH on Cu(II) and Zn(II) adsorption capacity by 
ACH2 (metal ion concentration 5–300 mg/L, adsorbent dose 
0.06–0.07 g, volume of sample 50 mL, time 1–240 min).

Fig. 7. The adsorption mechanism for Cu(II) and Zn(II) ions onto 
ACH2.
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Zn(II) (line in Fig. 9) increased fast from 7.46 to 69.96% 
and from 4.57 to 55.37%, respectively, with the increasing 
doses of ACH2 from 0.01 to 0.05 g, and reached up to 94.31 
and 76.42%, respectively, when the ACH2 dosage is 0.15 g. 
In the present study, the Cu(II) and Zn(II) adsorption onto 
ACH2 was significantly affected by the original content 
concentration of Cu(II) and Zn(II). The adsorption amount 

of Cu(II) and Zn(II) by ACH2 increased from 2.17 to 21.42 
mg g–1 and from 1.11 to 11.87 mg g–1, respectively, with the 
increase of initial concentration of Cu(II) and Zn(II) from 5 
to 300 mg L–1. This can also be illustrated in terms of high 
adsorption at low metal concentrations can be attributed 
to availability of vacant sites for metal binding [34]. In con-
trast, at high metal concentrations the active sites of adsor-
bents were less available, reducing metal ion removal. It 
can be concluded that adsorption of metal ions from aque-
ous solutions increased with increasing atomic weight and 
ionic radii.

4.7. Effect of temperature

The effect of temperature on adsorption of Cu(II) and 
Zn(II) onto ACH2 was studied at temperature range of 
20–50°C. The adsorption capacity of both metals onto 
ACH2 increased as temperature increased from 20 to 40°C 
indicating an endothermic adsorption process as shown 
in Fig. 11. It is observed that, the effect of temperature on 
Zn(II) adsorption onto ACH2 was more apparent than that 
of Cu(II). There was no appreciable increase in adsorption 
amount for both metal ions from 40 to 50°C, indicating 
that ACH2 is suitable for heavy metal removal in waste-
water. Hence, the result suggested that 40°C as adsorption 
temperature in this experiment had a greater effect on the 
adsorption process implying that the surface coverage 
increased at higher temperatures. This may be attributed to 
the increased penetration of metal ions inside micropores or 
the creation of new active sites at higher temperatures [35]. 
This indicated the endothermic nature of the controlled 
adsorption process. Thermodynamic parameters of ΔS°, 
ΔH°, and ΔG° were calculated and were listed in Table 3. 
ΔH° and ΔS° can be deduced from Fig. 12. The negative 
values of Gibbs free energy change (ΔG°) confirmed that 
the adsorption of Cu(II) and Zn(II) ions onto ACH2 was 
spontaneous, and the incline of ΔG° as a function of tem-
perature indicated that temperature helps to the adsorption 
procession [36]. The positive ΔH° values indicated that the 
adsorption of Cu(II) and Zn(II) ions on ACH2 was an endo-
thermic process. The increasing positive value of ΔS° prob-
ably indicated the enhanced adsorption randomness at the 
solid liquid interface [37].

Fig. 8. Effect of contact time on the removal of Cu(II) and Zn(II) 
ions by ACH2. 

Fig. 9. Effect of adsorption amount on removal efficiency and 
adsorption capacity by ACH2.

Fig. 10. Effect of metal ions concentration on adsorption capacity 
by ACH2.

Fig. 11. Effect of temperature on Cu(II) and Zn(II) adsorption 
capacity by ACH2.
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4.8. Adsorption kinetics studies

Adsorption kinetic is one of the most important method 
to interpret the transport of the metal ions on the solid 
phase for real applications and play a key role in elucidat-
ing the dominant adsorption mechanism (Fig. 13). Different 
kinetic models including pseudo-first-order, pseudo-sec-
ond-order and were applied for the experimental data to 
describe the adsorption rate of an adsorbate from the liquid 
phase onto ACH2 [19,33]. However, the rate-limiting step 
were employed by Elovich and intraparticle Weber-Morris 
diffusion models to understand the mechanism of adsorp-
tion by ACH2 [10,38]. From Table 4, pseudo-second-order 
kinetics model provides a significantly better description 
of the kinetics of the adsorption of Cu(II) and Zn(II) ions 
on ACH2, suggesting a chemisorption process [39]. The 
Elovich equation, which applies to heterogeneous sur-
faces, was also applied in an effort to better describe the 
chemisorption process [33,40]. In the view of these results, 

Fig. 12. Van’t Hoff plot for the adsorption of Cu(II) and Zn(II) 
onto ACH2.

Fig. 13. Adsorption kinetics of Cu(II) and Zn(II) onto ACH2.

Table 3
Thermodynamic parameters for Cu(II) and Zn(II) adsorption 
onto ACH (ACH2)

Metal ions T(K) ln Kc ∆G°  
(kJ/mol)

∆H° 
(kJ/mol)

∆S°  
(J/mol K)

Cu(II) 293 1.056 –2.527 7.361 33.749

298 1.089 –2.696
303 1.115 –2.865
308 1.173 –3.033
313 1.226 –3.202
318 1.291 –3.371
323 1.322 –3.540

Zn(II) 293 0.113 –0.189 19.876 68.463
298 0.179 –0.526
303 0.301 –0.862
308 0.492 –1.199
313 0.591 –1.536
318 0.752 –1.872
323 0.793 –2.209
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the correlation coefficients (R2 < 0.95) obtained using the 
pseudo-first-order and Elovich models for adsorption of 
Cu(II) and Zn(II) ions on ACH2, are markedly lower than 
those obtained using the pseudo-second-order. In accor-
dance with the pseudo-second-order reaction mechanism, 
the overall reaction kinetics for the adsorption of Cu(II) and 
Zn(II) onto ACH2 appear to be controlled by the chemical 
processes, through sharing of electrons between adsorbent 
and metal ions, or covalent forces, through the exchange of 
electrons between the particles involved [38]. However, the 
rate-limiting step may be either the boundary layer (film) 
or the intraparticle (pore) diffusion of metal ions on the 
surface of adsorbents in a batch process. The experimen-
tal kinetics of Cu(II) and Zn(II) Ions adsorption on ACH2 
in a single component solution is characterized by a sharp 
increase in the adsorbed concentration during 90 min, fol-
lowed by a lower uptake rate, which can be described by 
intraparticle Weber-Morris diffusion model in Fig. 13. The 
plot displays two linear portions indicating that two steps 
contribute to the adsorption process. The initial part is con-
nected to faster mass transfer through the boundary layer 
and/or adsorption on the external surface of the adsorbent, 
While following part corresponds to the ongoing adsorp-
tion stage, where intraparticle diffusion is the rate-limiting 
step (slow diffusion inside the particles). The calculated 
parameters of the model are listed in Table 4. Values of 
intraparticle diffusion model (Table 4) give an idea about 
the thickness of the boundary layer, i.e., the larger the 
intercept, the greater is the boundary layer effect [41]. The 
deviation of straight lines from the origin (Fig. 13) may be 
because of the difference between the rate of mass transfer 
in the initial and final stages of adsorption. Further, such 
deviation of straight lines from the origin indicates that the 
pore diffusion is not the sole rate-controlling step [42]. The 

diffusion was characterized by the specific rate parameters, 
kd1 and kd2. The value of kd1 was higher than that of kd2 which 
could be attributed to limitation of the available vacant sites 
for diffusion and pore blockage [43].

4.9. Adsorption isotherm studies 

The adsorption isotherms revealed the specific rela-
tion between the concentration of the metal ions and its 
adsorption degree onto adsorbent surface at an equilibrium 
experiments of both single metal and binary metal system. 
The equilibrium adsorption isotherms were important to 
understand the mechanism of the adsorption. Several iso-
therm equations were available and three adsorption iso-
therm models (Langmuir, Freundlich and Temkin) were 
used in the present study. To quantify the adsorption capac-
ity of ACH for the removal of Cu(II) and Zn(II) ions from 
aqueous solution, the Langmuir, Freundlich and Temkin 
isotherm models were the most frequently used simple 
isotherm describing the equilibrium [44]. Data fitted with 
Langmuir, Freundlich and Temkin isotherm models are 
given in Table  5 and Figs. 14–16. The Langmuir isotherm 
model indicates the formation of monolayer coverage of 
heavy metal ions on the outer surface of adsorbent. The 
Langmuir equation is based on the assumption that inter-
molecular forces decrease rapidly with distance and mono-
layer adsorption occurred on the outer surface of sorbent, in 
which all adsorption sites are homogeneous [45]. The maxi-
mum adsorption capacity of Cu(II) and Zn(II) ions obtained 
from Langmuir isotherm experiments is 29.41 and 14.64 mg 
g–1, respectively. The maximum adsorption capacity to form 
a monolayer is found higher in case of comparing with the 
constant (qm, mg g–1), which is a measure from the adsorp-
tion study of activated carbon derived from Hevea brasiliensis 
[46], the adsorption efficiency in this study is much higher. 
The Freundlich isotherm model is employed to describe the 
adsorption on heterogeneous surface which is not restricted 
to the formation of monolayer and the fractional values of 
1/n, from Freundlich isotherm model (Table 5), suggests 
the heterogeneity of adsorbent surface and simultaneously 
indicated a favorable adsorption of metal ions. The higher 
R2 value suggests that the Freundlich isotherm describes 
the adsorption process well as compare to Langmuir iso-
therm model for single system. The correlation coefficients 
(R2) value obtains in case of Freundlich isotherm is 0.995 
for Cu(II) and that value is 0.987 for Zn (II) and in case of 
Langmuir isotherm model both R2 values are considerably 
lower versus Freundlich isotherm. The higher R2 value sug-
gests that the Freundlich isotherm describes the adsorption 
process well as compare to Langmuir isotherm model for 
both metal ions. The essential feature of the Freundlich iso-
therm can be expressed by ‘n’, referred to as intensity fac-
tors. As the values of n > 1 represent favorable adsorption 
condition [47]. The n values in this study are 1,633 and 1,637 
mg/g for Cu(II) and Zn(II) ions, respectively, which indi-
cate that Freundlich isotherm is considered to be adequate 
for describing the adsorption of both metals on ACH2, with 
a somewhat better fit at the higher concentration of metal 
ions. The Temkin adsorption potential (KT), of ACH2 for 
Cu(II) and Zn(II) are 0.311 and 0.411 respectively, indicating 
a lower ACH2 -metal ions potential for Cu(II) probably due 
to its small ionic radius. The Temkin constant, bT, related to 

Table 4
Kinetic models for the adsorption of Cu(II) and Zn(II) onto 
ACH2

Kinetics model Parameters Metal ions

Cu(II) Zn(II)

Pseudo-first order qe (mg g–1) 23.88 13.447
k1 (min–1) 0.06 0.037
R2 0.906 0.891

Pseudo-second order qe,exp (mg g–1) 21.39 11.89
qe, cal (mg g–1) 21.77 11.96
k2 × 10–3 (g mg–1 min–1) 0.85 0.345
R2 0.976 0.954

Elovich β (mg g–1) 0.154 0.243
α (mg g–1 min–1) 1.33 0.354
R2 0.942 0.849

Intraparticle 
diffusion  
Weber-Morris

kd1 (mg g–1 min1/2) 1.405 1.027
C1 (mg g–1) 6.449 0.559
R1

2 0.994 0.984
kd2 (mg g–1 min1/2) 0.134 0.044
C2 (mg g–1) 19.575 11.26
R2

2 0.952 0.951
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heat of sorption for the two metal ions were 0.613 and 1.082 
kJ mol–1 for Cu (II) and Zn(II) respectively. The values of 
bT obtained in this study indicate that the adsorption pro-
cess seemed to be involved in the chemical sorption [48].In 
terms of R2 values, the applicability of the above three mod-
els for present experimental data approximately followed 
the order: Freundlich > Langmuir > Temkin can conclude 
from (R2) values that Freundlich isotherm is the best fol-
lowed by the other isotherms.

4.10. Comparison of ACH with other adsorbents

Based on previous relevant studies, the amount of 
heavy metals adsorbed by various materials of activated 
carbon was highly variable (Table 6). In the current study, 
activated carbon derived from Halophytes (Suaeda mari-
time) demonstrated an enhanced removal efficiency when 
compared with other adsorbents. Rajaei et al. [49] men-
tioned that the removal efficiency was dependent upon 
the physico-chemical characteristics of the adsorbent and 
the metal removed, which was the case of the activated 
carbon samples. In this study, R2 values for the Freun-
dlich isotherm model were higher than those for the 
Langmuir isotherm model. This indicated that the Freun-
dlich model better described the adsorption of both metal 
ions onto ACH2, with a confirming the tight relationship 
between the physicochemical properties of the adsorbent 
and its removal capacity. These results indicated much 

Table 5
Adsorption isotherm constants for Cu(II) and Zn(II) adsorption 
on ACH2

Equilibrium model Parameters Metal ions

Cu(II) Zn(II)

Langmuir isotherm qm (mg g–1) 29.41 14.64
Ka (L mg–1) 0.0105 0.0186
RL 0.323 0.309
R2 0.951 0.964

Freundlich isotherm Kf (mg g–1) 0.721 0.410
n (mg g–1) 1.633 1.637
R2 0.995 0.987

Temkin isotherm KT 0.311 0.411
BT (mg g–1) 4.245 2.405
bT (kJ mol–1) 0.613 1.082
R2 0.812 0.843

Table 6
Comparison of adsorption capacity for various kinds of 
activated carbon

Adsorbent Adsorption 
capacity (mg/g)

References

Cu(II) Zn(II)

Halophytes  
(Suaeda maritime, ACH2)

29.41 14.64 Present 
study

Modified fir tree sawdust 12.7 13.4 [50]
Modified poplar tree sawdust 6.92 15.8 [50]
Vitex doniana Nut – 2.356 [51]
Crude olive stone – 20.52 [52]
Typha latifolia L. 28.8 9.9 [49]
Populous deltoids leaves 17.76 – [53]
Syzygium cumini leaves 15.87 – [53]
Durian tree sawdust 18.42 22.78 [54]
Oil palm empty fruit bunch 26.95 21.19 [54]

Fig. 14. Langmuir isotherm for the adsorption of Cu(II) and 
Zn(II) onto ACH2.

Fig. 15. Freundlich isotherm for the adsorption of Cu(II) and 
Zn(II) onto ACH2.

Fig. 16. Temkin isotherm for the adsorption of Cu(II) and Zn(II) 
onto ACH2.
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higher removal efficiency for ACH2 than that shown by 
Song et al. [1] who reviewed the removal of metals like 
copper(II), cadmium(II), and zinc(II) by various kinds of 
activated carbon (Table 6). Therefore, the activated car-
bon derived from Halophytes (Suaeda maritime) which 
collected from northern Egypt exhibited greater removal 
efficiency than other adsorbents, confirming their bene-
ficial use for the removal Cu(II) and Zn(II) from aqueous 
solutions.

5. Conclusion

This study investigated the feasibility of activated 
carbon derived from Halophytes used as an inexpen-
sive adsorbent for the removal of Cu(II) and Zn (II) from 
aqueous solution. The adsorption process was observed 
to be greatly dependent on pH value, adsorption time, 
dose of ACH2, temperature and the initial concentration 
of metal ions. Thermodynamics studies indicated that the 
adsorption is natively spontaneous and endothermic. The 
adsorption kinetic for ACH2 was well described by the 
chemisorption model of pseudo-second-order kinetics. The 
experimental results were analyzed using four adsorption 
isotherm models, the Langmuir, Freundlich and Temkin, 
isotherm models. Furthermore, it was proved that adsorp-
tion of Cu(II) and Zn (II) ions ACH2 have experimental data 
obtained correspond to Freundlich isotherm model. Conse-
quently, the yield of activated carbon from Halophytes by 
phosphoric acid activation can be used as adsorbents for 
various environmental applications including treatment of 
drinking water and removal of heavy metals from indus-
trial effluents.
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