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a b s t r a c t
In this study, activated carbon was derived from Eucalyptus camaldulensis (Ecactiv), activated though 
thermochemical (phosphoric acid) treatments and investigated for its efficiency to remove lead (Pb2+) 
and copper (Cu2+) from aqueous solutions. The contact time for equilibrium adsorption was estimated 
to be about 30 min, with a higher removal efficiency of Pb2+ compared to Cu2+ with insignificant 
removal after 2 h of contact time until 12 h, suggesting no adsorption within 2–12 h. The metal uptake 
and removal efficiency was almost two fold for Cu2+ while an even greater difference was seen for 
Pb2+ when the pH was varied from 2.5 to 5.5. A dose of 1.0 g of Ecactiv was deemed to be optimum 
for the highest uptake in the case of Pb2+ while for Cu2+, the removal efficiency increased linearly 
with the increase in the dose of Ecactiv from 0.2 to 1.8 g. A 30% and 40% difference in the removal 
efficiency of Pb2+ and Cu2+, respectively, was observed by increasing the initial solution concentration 
from 50 to 250 mg L–1 with an increase in the metal uptake of about 123 and 30 mg g–1 for Pb2+ and 
Cu2+, respectively. Among the isotherm models, the Langmuir isotherm showed the best fit to the 
experimental data for both Pb2+ and Cu2+, as confirmed by the respective high coefficients of determi-
nation. Finally, the kinetic behavior was best described by the pseudo-second-order model suggesting 
chemisorption of both heavy metal ions onto Ecactiv.
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1. Introduction

Rapid industrialization and urbanization has resulted 
in various environmental issues including the pollution of 
global water resources. Contamination of water resources 
due to heavy metals is of serious concern owing to the 
long-term persistency, toxicity, carcinogenicity, and non- 
biodegradability of the metals in the environment, plants 
and living organisms [1]. Among the most hazardous 
and frequently-occurring heavy metals, lead (Pb2+) and 

copper (Cu2+) are the most commonly occurring metals in 
the industrial wastewater released from the metal plating, 
paint, printing, constructions, mining, agrochemicals, and 
many other industries as well as from oil refineries [2–6]. 
Excessive amounts of the aforementioned metals are enter-
ing into the food chain on daily basis, causes severe health 
problems in animals and human beings such as brain hem-
orrhages, liver and kidney failures, paralysis, anemia and 
high blood pressure [7]. It is, therefore, devastating need of 
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the time to limit the introduction of these heavy metals into 
water resources and to remove the prevailing metals from 
the waterbodies to ensure a safe and sustainable ecosystem.

Various chemical, biological and physical technologies 
have been employed by various researchers to eliminate 
the heavy metal contaminants from waste water such as 
membrane filtration, reverse osmosis, ion exchange, precip-
itation and adsorption or co-precipitation [8–14]. However, 
majority of these technologies require a tertiary treatment 
for the efficient removal of heavy metals from wastewater 
streams, which results in higher costs and inefficient reme-
diation of the pollutants. Therefore, it has been established 
that adsorption through the use of adsorbent materials 
is a widely accepted, highly efficient and cost-effective 
remediation technique for the purification of water [15,16]. 
Whereas, the selection of an appropriate eco-friendly 
adsorbent with higher efficacy and lower operational cost is 
a critical factor to be considered. For instance, the applica-
tion of activated carbon has attained a great deal of attention 
of researchers worldwide as an eco-friendly adsorbent with 
lower production cost, high purity, lower ash and high car-
bon contents [17,18]. It can be produced from carbonaceous 
or lignin-rich materials such as chestnuts [19], fruit stones 
[11,18], rice husks [20], coconut shells [21,22], rosemary plant 
waste [5], olive seed waste [23] and many others.

The properties of activated carbon primarily depend on 
the process of activation and the conditions applied during 
the activation process [24]. Chemical reagents, such as 
KOH, ZnCl2 and H3PO4, have most commonly been used 
for the activation of carbons [25–27] to promote the decom-
position of carbonaceous material, to increase the carbon 
yield and to inhibits the formation of tar [28]. Activated 
carbon prepared from sea-buckthorn stones using H3PO4 as 
activating agent is reported to have an adsorption capac-
ity 51.81 mg g–1 for Pb2+ [29]. Likewise, activated carbon 
prepared from  milk bush kernel shell using H3PO4 had 
5.02 mg g–1 of adsorption capacity for Pb2+ [30]. Activated 
carbon of chestnut shell using H3PO4 had an adsorption 
capacity of 138.88 mg g–1 for Pb2+ [31]. Palm fruit epicarp 
derived activated carbon activated with H3PO4 exhibited an 
adsorption capacity of 58.62 mg g–1 for Pb2+ [32]. Similarly, 
activated carbon prepared from municipal organic waste 
using H3PO4 as activating agents was reported to possess 
an adsorption capacity for Pb2+ as 90 mg g–1 [16]. Activated 
carbon prepared from grape bagasse using H3PO4 had an 
adsorption capacity of 43.47mg g–1 for Cu2+ [33]. The reports 
suggested that the efficiency of the particular activated 
carbon is highly dependent on type of the feedstock and 
activation agents used. Therefore, scientists are in contin-
uous surge to develop new activated carbon sources with 
higher efficiencies and lower costs.

The wood of Eucalyptus camaldulensis is very useful in 
manufacturing furniture and other household products, 
leaving huge amounts of sawdust waste, which conse-
quently results in surface pollution. Recycling of eucalyptus 
sawdust to produce activated carbon may help reduce 
surface pollution on one hand, and water decontamination 
on the other. Therefore, we hypothesized that  recycling 
of eucalyptus sawdust and synthesizing activated carbon 
using H3PO4 would serve as an efficient adsorbent for the 
removal of Pb2+ and Cu2+ from wastewater streams. To the 

best of our knowledge, no study has been published on the 
preparation of activated carbon from Eucalyptus sawdust 
waste with chemical activation using H3PO4 as activating 
agent. Hence, Eucalyptus sawdust was used as a precur-
sor for the production of chemically activated carbon using 
H3PO4 as activating agent in this study. The efficacy of the 
produced adsorbent to adsorb Pb2+ and Cu2+ from aqueous 
solutions was investigated. Batch equilibrium and kinetics 
sorption experiments were conducted to study the effects 
of contact time, pH, adsorbent dose and initial metal ions 
concentrations on adsorption of Pb2+ and Cu2+ onto euca-
lyptus sawdust biomass-derived activated carbon. Various 
equilibrium and kinetic sorption models were employed to 
identify the operating sorption mechanism.

2. Materials and methods

2.1. Chemicals and reagents

Stock solutions of Pb2+ (1,000 mg L–1) and Cu2+ 
(1,000 mg L–1) were prepared by dissolving appropriate 
amounts of lead nitrate ((Pb(NO3)2); Tianjin Benchmark 
Chemical Reagent Co. Ltd., Tianjin, China) and copper sul-
fate pentahydrate (CuSO4·5H2O; AR grade Merck, Germany) 
in ultrapure water (Milli-Q integral water dispenser). The 
stock solutions were stored in 1 L volumetric flasks at 4°C 
for long-term use and preserved by the addition of 2 mL 
of concentrated HCl. Serial dilutions of the 1,000 mg L–1 
stock solutions were prepared using distilled-deionized 
water to prepare the required initial concentrations of metal 
ions. The solution pH was also adjusted as desired in dif-
ferent batch experiments and 0.1 HCl and 0.1 M NaOH 
were used for this purpose while measuring the pH with a 
microprocessor-based pH meter (PHS-3CW, China).

2.2. Adsorbent preparation and characterization

Waste sawdust biomass of Eucalyptus camaldulensis (Ec) 
was collected from different locations in Riyadh, Kingdom 
of Saudi Arabia, and utilized as a precursor for the activated 
carbon preparation in a muffle furnace. Briefly, Ec waste 
was soaked in 1 M solution of phosphoric acid (H3PO4) at 
ratio of 1:7 (mixing 5 g waste biomass in 35 mL solution). 
The mixture was boiled at 80°C for 30 min [34]. After boil-
ing, waste biomass was filtered out, washed with deionized 
water until neutral pH, and dried at 60°C for 6 h. Finally, 
the dried material was carbonized in a furnace (muffle) at 
280°C for 170 min under an N2 gas stream. The oxygen-free 
atmosphere was maintained until the carbonized material 
cooled down to 70°C. The produced material was stored in 
air-tight containers and labelled as Ecactiv.

American Society for Testing and Materials (ASTM) stan-
dard test methods were used to for the proximate analyses 
to measure the moisture, ash and volatile matte contents of 
both the Ec and Ecactiv while the ultimate analysis was per-
formed using an element analyzer (Thermo Fisher Scientific, 
Berlin, Germany). To characterize the crystal structure and 
surface morphology of eucalyptus sawdust biomass-de-
rived activated carbon, before and after adsorption of 
studies heavy metal ions, powder X-ray diffraction (XRD), 
Fourier-transform infrared (FTIR) with spectral range 
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between 4,000 and 600 cm–1, and scanning electron micros-
copy (SEM) (VEGA3 SBU; TESCAN, USA) were performed.

2.3. Batch adsorption experiments

100 mL conical flasks were used for the batch experi-
ments by shaking the samples for a specified time at 220 rpm 
and 30°C in a temperature-controlled Wise Cube orbital 
shaker (Daihan Scientific Co. Ltd, Wisd. ThermoStable IS-20, 
South Korea). Adsorption experiments were performed by 
selecting the appropriate amount of initial metal ions con-
centrations in the range 50–250 mg L–1 with a solution pH 
ranging from 2.5 to 5.5 and different amounts of Ecactiv were 
added in the range of 0.2–1.8 g. After shaking for a specific 
contact time (3, 5, 10, 15, 20, and 30 min and extended fur-
ther to 1, 2, 3, 6, and 12 h), samples were withdrawn from 
the Shaker and were centrifuged at 1,000 rpm for 5 min 
in a centrifuge (Elektromag M815P model) to separate the 
adsorbate from the solution and filtered afterwards using a 
nitrocellulose filter paper (0.45 µm thick). The residual metal 
concentration in each sample was measured by flame atomic 
absorption spectrometry (FAAS, Thermo Scientific, ICE 3000 
Series, Cambridge, United Kingdom).

The transient adsorption capacity, qt (mg g–1) at any 
contact time, t (min) is calculated by measuring the amount 
of adsorbed metal using FAAS. The equilibrium adsorp-
tion capacity, qe (mg g–1), and the removal efficiency (%) are 
calculated as:

q C C V
Me = −( )×0 e  (1)

Removal % 0

0

( ) = −( )
×

C C
C

e 100  (2)

where C0 and Ce are the initial and equilibrium metal 
concentrations (mg L–1) of the solution, respectively, and V 
and M are the volume of the solution (L) and the mass of dry 
adsorbent (g), respectively.

2.4. Equilibrium isotherms and kinetic models

The Langmuir, Freundlich, Temkin, Halsey, Harkin–
Jura (H-J) and Dubinin–Radushkevich (D-R) isotherm mod-
els were used for further analysis of the batch experimental 
data to describe the adsorption capacity in relation to the 
residual adsorbate concentration. A pH of 5.5, contact time 
of 30 min, Ecactiv dose of 1.0 g, and initial metal concentra-
tion of 250 mg L–1 were employed to perform the analyses 
at 30°C. The rate of adsorption was evaluated by selecting 
different initial concentrations of both heavy-metal ions 
(50, 100, 150, 200, and 250 mg L–1), as shown in Table 3, 
using pseudo-first-order and pseudo-second-order kinetic 
models. Constant process parameters included the solution 
pH and temperature of 5.5°C and 30°C, respectively, an 
adsorbent dose of Ecactiv of 1.0 g in addition to the variable 
time intervals in the range of 1 min to approximately 12 h.

3. Results and discussion

3.1. Characterization of Ecactiv before and after adsorption

A higher fixed carbon content (55.67 wt.%) was found 
in Ecactiv compared to the biomass of Ec (15.2 wt.%), as was 
indicated by the proximate analysis while volatile con-
tent in Ecactiv was almost half of the volatile content in Ec 
(60.23 wt.%). Furthermore, ultimate analysis revealed higher 
carbon content in Ecactiv compared with Ec (61.23 compared 
with 41.22 wt.%), confirming the yield of activated carbon 
from the used biomass of Ec in this study. Fig. 1a illustrates 
the XRD pattern of Ec sawdust chemically-activated car-
bon (Ecactiv) before and after lead (Ecactiv-Pb2+) and copper 
(Ecactiv-Cu2+) adsorption.

The XRD pattern of Ecactiv represented a typical diffraction 
pattern of an amorphous material with only one least- 
defined resolved broad peak at about 2θ = 25.63°. Similar 
diffraction pattern was noticed in previous studies [35]. 
A very sharp diffraction peak at 2θ = 30.18° after adsorp-
tion was identified as lead (PDF File No.: 230345) which 
suggested the adsorption of Pb2+ at the surface of Ecactiv. 
Similarly, a sharp diffraction peak at 2θ 43.93° was ascribed 
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Fig. 1. (a) XRD pattern and (b) FTIR spectra of Ecactiv before and after lead adsorption (Ecactiv-Pb2+), and copper adsorption (Ecactiv-Cu2+).
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to Cu2+ (PDF File No.: 03-1015, 85-1326, 04-0836) suggesting 
the adsorption of Cu2+ at the Ecactiv surface. These variations 
in the mineralogical phases of the adsorbent after metal 
adsorption confirm the interactions of metals at the surface 
of the sorbent materials.

The FTIR technique was employed to find the functional 
groups present on the surface of Ecactiv which were respon-
sible for the adsorption of various contaminants from a pol-
luted sample [36]. The FTIR spectra were recorded from 4,000 
to 600 cm–1 (Bruker Alpha-Eco ATR-FTIR, Bruker Optics Inc, 
Germany) for Ecactiv before and after Pb2+ and Cu2+ ion sorp-
tion process as shown in Fig. 1b. Various bands at 1,731.59; 
1,635.22; 1,566.58; 1,140.22; and 1,057.72 cm–1 were observed 
in Ecactiv spectrum prior to the sorption process. A band 
appearing at 1,731.59 cm–1 was ascribed as carbonyl (C=O) 
group, while a band at 1,635.22 cm–1 was designated as C=C 
groups. Likewise, a band at 1,566.58 cm–1 was ascribed as 
weak aromatic groups and the bands occurring at 1,140.22 
and 1,057.72 cm–1 were ascribed as C–O group. It was noticed 
that many functional groups were shifted to different fre-
quency levels after adsorption of the metals, indicating the 
possible involvement of those groups for adsorption of Pb2+ 
and Cu2+. It can be seen that the peak around 1,057.72 cm–1 
before adsorption was shifted to 961.36 and 1,043.86 cm–1 
after the adsorption of Pb2+ and Cu2+, respectively. A decrease 
in the intensities of the aforementioned peaks was observed 

suggesting a decrease in C–O group [37]. A peak around 
1,566.58 cm–1 before adsorption was shifted to 1,538.86 and 
1,552.72 cm–1 after adsorption of Pb2+ and Cu2+, respectively. 
These peaks correspond to aromatic ring stretching in lig-
nin [22,27]. A peak around 1,731.59 cm–1 before adsorption 
was shifted to 1,759.31 and 1,745.84 cm–1 after the adsorp-
tion of Pb2+ and Cu2+, respectively. These peaks correspond 
to the stretching vibrations of the carbonyl group (C=O). 
The increment in the intensities of these aforementioned 
peaks indicated an anhydride modification which resulted 
in an increase in carbonyl groups present in ester bonds 
[37]. Hence, it is obvious that the surface functional groups 
of the adsorbent were acting as active sites for the efficient 
adsorption of Pb2+ and Cu2+ ions.

SEM images of Ecactiv before and after Pb2+ and Cu2+ 
adsorption is presented in Figs. 2a–c. Different types of 
irregular, narrow pore structures along with abundant long, 
cylindrical cavities can be seen in Ecactiv prior to adsorption 
(Fig. 2a). According to previous studies, it has been estab-
lished that activation of Ec at 280°C with H3PO4 resulted in 
the creation of pores and cylindrical porous structures which 
changed the material surface properties and thus lead to 
higher adsorption capacities [38].

The macrographs after sorption in Fig. 2b and c clearly 
show the changes in surface morphology. Small metal par-
ticles of Pb2+ and Cu2+ can be seen on the surface of Ecactiv 

(a) (b)

(c)

Fig. 2. Scanning electron microscopy images of Ecactiv (a) before and after (b) Pb2+, and (c) Cu2+ adsorption.
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confirming the successful adsorption process, which is in 
agreement with the XRD results. These findings suggest 
the occurrence of physiochemical interactions between 
the heavy-metal ions and functional groups present at the 
surface of Ecactiv, which have resulted in metal adsorption 
onto the surface of Ecactiv.

3.2. Effects of different process parameters on batch adsorption

Batch adsorption experiments were mostly performed in 
triplicate by taking 50 or 100 mL of metal solution in con-
ical flasks. The appropriate amount of the adsorbent was 
used to achieve the desired dose of each batch test and the 
effects of the contact time, pH, initial metal concentration and 
adsorbent dose were investigated.

3.2.1. Effect of contact time

The efficiency of an adsorbent is determined by its 
contact time with the targeted contaminants [39,40]. Batch 
kinetic experiments at a pH value of 5.5 and initial metal 
concentrations of 100 mg L–1 were performed using the 

adsorbent dose of 1.0 g to determine the equilibrium time. 
The effect of contact time on the adsorption capacity and 
removal efficiency of both heavy-metal ions was analyzed 
at specific times of 3, 5, 10, 15, 20, and 30 min and further 
continued at 1, 2, 3, 6, and 12 h as shown in Fig. 3.

Significantly rapid adsorption and a high removal 
efficiency were observed for both heavy-metal ions during 
the first 10–20 min mainly owing to the presence of the 
uncovered surface area of the adsorbent [41]. Slower 
adsorption was then observed for approximately 15 min and 
the equilibrium time was attained at approximately 30 min, 
as shown in Fig. 3. A similar behavior of adsorption was 
seen for both heavy-metal ions; however, the metal uptake 
capacity and removal percentage for Pb2+ was higher than 
those for Cu2+. Rest of batch parameters including solution 
pH, adsorbent dose and initial metal concentrations were 
optimized using an equilibrium time of 30 min.

3.2.2. Effect of solution pH

Batch experiments were also performed to determine 
the effects of pH on the adsorption capacity of Ecactiv for both 
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Pb2+ and Cu2+, as shown in Fig. 4. An adsorbent dose of 1.0 g 
was used for a contact time of 30 min with initial metal con-
centrations of 100 mg L–1 by varying the initial solution pH 
from 2.5 to 5.5.

As shown in Fig. 4, an increase in the removal efficien-
cies of both heavy-metal ions was seen by increasing the 
initial solution pH from 2.5 to 5.5 with optimum value 
around 5.0 for maximum adsorption capacity. Metal uptake 
was almost doubled for Cu2+ while even more difference 
was seen for Pb2+ by varying the pH from 2.5 to 5.5. The pH 
for the point of zero charge (pHZPC) of Ecactiv, as measured by 
titration with 0.1 M KNO3 solution with initial pH range of 
1.5–6, was estimate to be at 5.2. In this study, the maximum 
adsorption takes place at pH value of about 5.0 which is 
estimated to be about 90 and 50 mg g–1 for Pb2+ and Cu2+, 
respectively. The effect of pH on the metal uptake efficiency 
of Ecactiv has demonstrated the changes in the surface charge 
and degree of ionization that govern the adsorption of 
heavy-metal ions [42,43]. At pH lower than pHZPC, i.e., 5.2 in 
this study, surface of Ecactiv acquire positive charge resulting 
an electrostatic repulsion between positively charged adsor-
bent and cationic metal ions. The presence of excess H+ ions 

as a result of the acidic conditions (at a pH of 2.5) could 
be one of the reasons for the lowest metal uptake, as these 
ions compete with the divalent Pb2+ and Cu2+ ions for the 
adsorption sites on the surface of Ecactiv [44]. On the other 
hand, a high metal uptake at a pH of 5.5 compared to that at 
pH 2.5 could be due to the depressed electrostatic repulsion 
between the surface of the biochar, which is deprived of 
positive surface charge density, and the positively-charged 
metal ions [45].

3.2.3. Effect of adsorbent dose

The effect on the adsorption capacity of both heavy-
metal ions and their removal percentage was studied using 
different initial concentrations of Ecactiv in the range of 0.2–
1.8 g (Fig. 5). The other constant parameters of the batch 
experiments included the solution pH of 5.5, initial metal 
concentrations of 100 mg L–1 for both Pb2+ and Cu2+, and the 
contact time of 30 min.

A linear increase of about 50%–60% in adsorption capacity 
and removal efficiency was seen by increasing the adsorbent 
dose from 0.2 to 1.8 g for both heavy-metal ions (Fig. 5). An 
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Ecactiv dose of 1.0 g can be considered to be the optimum for 
highest uptake in the case of Pb2+ with insignificant changes 
from 1.0 to 1.8 g while for Cu2+, removal efficiency contin-
ued to increase almost linearly until the maximum used 
dose of Ecactiv i.e., 1.8 g. This increasing trend of the metal 
uptake with the increasing dose of Ecactiv could be attributed 
to the availability of the active adsorption sites in large num-
bers, the greater surface area and the presence of abundant 
functional groups [46,47].

3.2.4. Effects of initial metal concentrations

Among the investigated parameters affecting the per-
formance of batch adsorption, the effects of the initial 
metal concentrations were also examined using initial 
metal concentrations of both heavy-metal ions in the range 
50–250 mg L–1 (Figs. 6a and b). The pH of the solution was 
kept constant at 5.5 during a contact time of 30 min while 
using 1.0 g of Ecactiv.

The removal efficiency of Pb2+ reduced to nearly 70% 
from 96% by increasing its initial solution concentration 
from 50 to 250 mg L–1 (Fig. 6a) while the difference in 
removal efficiency was about 40% for Cu2+ (Fig. 6b) for the 
same increase in the initial metal concentrations. However, 
an increased metal uptake of about 123 and 30 mg g–1 was 
observed for Pb2+ and Cu2+, respectively, by increasing both 
of their initial solution concentrations from 50 to 250 mg L–1 
thus attaining the optimum values around the maximum 
used concentration of 250 mg L–1. A fairly high adsorption 
capacity and removal efficiency were observed for Pb2+ 
when compared with those of Cu2+ under similar adsorp-
tion conditions and pH values, contact time, Ecactiv dose and 
metal concentrations. At high initial concentrations of both 
heavy metal ions, concentration difference between heavy 
metal ions in the solution and that on the surface of Ecactiv 
is high which results in increased driving force and the 
maximum adsorption capacities of 171 and 63 mg g–1 were 
noticed when 250 mg L–1 of initial metal concentration was 
used. Furthermore, the saturation of adsorption sites and 
rapid filling or saturation of the binding sites on the surface 
of Ecactiv, might have caused decreased removal efficiency 

at high initial concentrations of both heavy-metal ions. As 
shown in Table 1, the maximum adsorption capacity of Ecactiv 
in this study is much high for Pb2+ when compared with 
previous studies that have used different adsorbents using 
same activation methods. For Cu2+, however, some reported 
adsorbents have higher adsorption capacity than what was 
estimated using Ecactiv in this study.

3.3. Equilibrium isotherm models and adsorption kinetics

3.3.1. Isotherm models

The Langmuir model, assuming monolayer coverage, can 
be expressed in linear form as:

1 1 1 1
q q q K Ce ads e

= +








×

max max

 (3)

where qe and qmax (mg L–1) are the equilibrium and maximum 
metal concentrations, respectively, Ce (mg L–1) is the metal 
ion concentration in the solution, and Kads (L mg–1) is the 
Langmuir adsorption constant. The intercept and slope val-
ues of the plot 1/qe ~ 1/Ce (Fig. 7a) relate to the qmax and Kads 
values and the value of the coefficient of determination (R2) 
of the linear fit is used to evaluate the fit to the equilibrium 
data. The value of R2 close to unity (>0.99 as in Table 2) for 
both Pb2+ and Cu2+ shows the fitting of the adsorption data to 
the Langmuir isotherm (Table 2) which in turn describes the 
suitability of the Langmuir isotherm model for the adsorp-
tion of both heavy-metal ions on to Ecactiv. The predicted 
qmax was calculated as slightly higher than the experimental 
adsorption capacity reflecting the possibility of the satura-
tion of Ecactiv at high initial metal concentrations (Table 2). The 
value of the Langmuir adsorption constant (Kads) was much 
higher for Pb2+ (0.1914 L mg–1) than Cu2+ (0.051 L mg–1) in 
coincidental with the higher maximum adsorption capacity 
of Pb2+ compared with Cu2+ (172.4 compared with 73 mg g–1), 
as shown in Table 2.

The adsorption of a heterogeneous system is well defined 
by the Freundlich isotherm model [48] that can be written in 
linear form as:
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Fig. 6. Effects of initial metal concentration on the metal adsorption capacity of (a) Pb2+ and (b) Cu2+.
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log log logq K
n

Ce F e= +
1  (4)

where qe and Ce are described earlier, KF (L g–1) is the relative 
adsorption capacity, and 1/n is the dimensionless fac-
tor showing the adsorption intensity. Both KF and 1/n are 
calculated from the intercept and slope of the linear plot 
(log qe ~ log Ce), as shown in Fig. 7b. The experimental fit 
of the equilibrium data in this isotherm model is evaluated 
from the R2 value of the linear plot and is mentioned in 
Table 2.

The values of KF were calculated as 39 and 15 L g−1 for Pb2+ 
and Cu2+, respectively, while the respective n values calcu-
lated from the 1/n values in Table 2 are estimated as 2.94 and 
3.67 showing the favorable adsorption of both heavy-metal 
ions onto Ecactiv since n lies in the range of 2–10. However, 
the lower values of R2 (0.9249 and 0.858 for Pb2+ and Cu2+, 

respectively) compared to those from the Langmuir isotherm 
model show that the equilibrium data for the adsorption of 
both heavy-metal ions are not in better agreement with the 
Freundlich isotherm model.

The linear form of the Temkin isotherm model is shown 
in Eq. (5a) and this model assumes a uniform distribu-
tion of binding energies on the surface of the adsorbent to 
cover the adsorbate-adsorbent interaction [49,50].

q B A B Ce T T T e= +ln ln  (5a)

B RT
bT
T

=  (5b)

where AT (L g−1) is the Temkin isotherm equilibrium binding 
constant calculated using the intercept value of the plot with 
qe ~ ln Ce and BT, which is the slope of the same plot. The 

Table 1
Comparison of adsorption capacity for Pb2+ and Cu2+ with previous studies

Adsorbent type Contaminant Maximum adsorption 
capacity, mg g–1

Reference

Maize tassel based activated carbon Pb2+ 37.31 [36]
Date bead activated carbon Pb2+ 76.92 [51]
Activated date pits adsorbent Cu2+ 33.44 [52]
African palm fruit activated carbon Pb2+ 2.62 [53]
African palm fruit activated carbon Cu2+ 1.52 [53]
Hazelnut shells activated carbon Cu2+ 88.9 [54]
Grape bagasse activated carbon Cu2+ 43.47 [33]
Activated carbon thorough micro-nano spheres Pb2+ 46 [55]
Activated carbon thorough micro-nano spheres Cu2+ 42 [55]
Cotton stalk activated carbon Pb2+ 70.32 [56]
Pine cone activated carbon Pb2+ 27.53 [57]
Van apple pulp Pb2+ 17.7 [58]
Eucalyptus camaldulensis biomass  
 activated carbon

Pb2+ 123 Current Study
Cu2+ 30
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temperature, T (Kelvin) and the universal gas constant, R 
(8.314 J mol−1 K−1) are used to calculate the value of bT (kJ mol–1), 
which is the Temkin isotherm constant, as shown in Table 2. 
Based on the value of R2 (0.99 and 0.92 for Pb2+ and Cu2+, 
respectively), the Temkin isotherm model seems to offer a 
good fit to the equilibrium data along with the Langmuir 
and Freundlich isotherm models. Ecactiv expressed higher 
maximum binding energy (AT) for Pb2+ (2.29 L g−1) than Cu2+ 
(1.03 L g−1) while higher heat of adsorption (bT) was seen for 
Cu2+ (194.1 kJ mol–1) in comparison to Pb2+ (74.62 kJ mol–1). 
The Halsey isotherm model is expressed in linear form as:

ln ln lnq
n

k
n

Ce
H

H
H

e= −
1 1  (6)

where nH and kH are Halsey’s isotherm constants and are 
calculated, respectively, from the slope and intercept of the 
plot with ln qe ~ ln Ce. As indicated by the R2 values (0.99 
and 0.92 for Pb2+ and Cu2+, respectively), a relatively poor fit 
of the Halsey isotherm model compared to that of Temkin 
and others confirms the homogeneous nature of the adsor-
bent. Similarly, a good fit of the equilibrium data is further 
reflected in slightly higher calculated values of qe for both 
Pb2+ and Cu2+ (191 mg g–1 when compared with 171 mg g–1 for 
Pb2+, and 70 mg g–1 when compared with 62 mg g–1 for Cu2+), 
as shown in Table 2. Values of related non-linear parameters 

(nH and kH) in Halsey model were slightly higher for Pb2+ than 
Cu2+, as shown in Table 2. The H-J isotherm model is written 
in the linear form as:

1 1
2q

B
A A

C
e

e= −








 log  (7)

where A and B are the H-J isotherm constants calculated 
from the slope and intercept values of the plot with 
1/qe

2 ~ logCe. A poor fit to the equilibrium adsorption data 
reflected by the low R2 (0.76 and 0.83 for Pb2+ and Cu2+, 
respectively), as shown in Table 2, may reflect that multi-
layer adsorption of the study’s heavy-metal ions was not the 
case onto the surface of the Ecactiv. To distinguish between 
the physical and chemical adsorptions of metal ions, the 
D-R isotherm was applied and is expressed in the linearized 
form as:

ln lnq q Ke s= − ε2  (8a)

ε = +








RT

Ce
ln 1 1  (8b)

E
K

=
1
2

 (8c)

where K is the D-R isotherm constant (mol2 kJ−2), qs is the 
theoretical isotherm saturation capacity (mg g−1), ε is 
the Polanyi potential, and E is the mean free energy of 
adsorption. Values of the intercept and slope of the plot 
with ln qe ~ ε are used to calculate the qs and K values, as 
shown in Table 2. A fairly significant value of R2 for both 
heavy-metal ions (0.98 and 0.99 for Pb2+ and Cu2+, respec-
tively) confirms the suitability of this model for studies 
on the adsorption of heavy-metal ions on to the surface 
of Ecactiv. Finally, the E value of Pb2+ reflects the adsorp-
tion process as chemical (E = 8–16 kJ mol−1) while physical 
adsorption is perceived for Cu2+ (E = 7.07 < 8 kJ mol−1), as 
shown in Table 2.

3.3.2. Adsorption kinetics

Eqs. (9) and (10) present the linear form for both the 
pseudo-first-order and pseudo-second-order kinetic models, 
respectively.

log log
.

q q q
k

te t e−( ) = − ×1

2 303
 (9)

t
q k q q

t
t e e

= + ×
1 1

2
2  (10)

where qe and qt are the amount of metal ions adsorbed per 
unit mass of adsorbent (mg g–1) at equilibrium and at time 
t, respectively. The reaction rate constants, k1 (h–1) and 
k2 (g mg–1 min–1) for the pseudo-first-order and pseudo- 
second-order models, are calculated from the slope and inter-
cept values of the plot with log (qe – qt) ~ t and t/qt ~ t, respec-
tively. As shown in Fig. 8, an excellent correlation with the 

Table 2
Parameters of different isotherm models for the adsorption 
of Pb2+ and Cu2+ on to eucalyptus sawdust biomass-derived 
activated carbon

Isotherm Parameter Pb2+ Cu2+

Langmuir qe,exp. mg g–1 171.469 62.5
qmax, mg g−1 172.4138 72.99
Kads, L mg−1 0.1914 0.051
R2 0.9984 0.9907

Freundlich KF, L g−1 38.876 15
N 2.94 3.67
R2 0.9437 0.8935

Temkin AT, L mg−1 2.286 1.0264
bT, kJ mol−1 74.62 194.1
R2 0.9946 0.9195

Halsey qe,cal, mg g–1 191.03 69.73
nH –2.94 –3.668
kH 11.08 10.337
R2 0.9437 0.8935

Harkin-Jura A, mg g−1 5,000 1,666.67
B 2 2.5
R2 0.7594 0.8316

Dubinin- 
 Radushkevich

qs, mol g−1 162.65 69.28
K, (mol kJ−1)2 0.0006 0.0025
E, kJ mol−1 14.43 7.07
R2 0.9756 0.989
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experimental data was observed for both heavy-metal ions 
by employing both pseudo-first-order and pseudo- second-
order kinetic models (initial concentration of 250 mg L–1 for 
both Pb2+ and Cu2+) as indicated by the high R2 values (0.96–1), 
as shown in Figs. 8a and b.

Similarly, for other tested values of initial metal 
concentrations i.e., 100, 150, 200, and 250 mg L–1, very high 
R2 values (close to unity) were observed for both heavy-metal 
ions using the pseudo-second-order kinetic model, as shown 
in Table 3, displaying a linear relationship. The initial rate 
of adsorption (h in Table 3) was also calculated by taking 
the inverse of the intercept value in the plot with t/qt ~ t and 
is presented against each initial solution concentration of 
Pb2+ and Cu2+ in Table 3.

The pseudo-second-order model explains the kinetic 
behavior of the adsorption of Pb2+ and Cu2+ onto Ecactiv well 
as is reflected by the closeness of the calculated and the 
experimental adsorption capacities (qe,cal and qe,exp in Table 3). 
The good fit of the pseudo-second-order model helps con-
sidering the chemisorption to be the rate-controlling step for 

the adsorption of both heavy-metal ions on to the surface 
of Ecactiv.

4. Conclusions

In this study, the application of Ecactiv for the adsorption 
of Pb2+ and Cu2+ from aqueous media was investigated and 
SEM, XRD, and FTIR techniques were used to character-
ize the adsorbent. Different isotherm and kinetinc models 
were used to analyze the mechanism and behavior of the 
adsorption process. XRD patterns of Ecactiv indicated the 
presence of amorphous carbon, which reduced after lead 
and copper adsorption while FTIR spectra represented the 
shifting of many functional groups to different frequency 
levels after adsorption indicating the possible involvement 
of those groups for the adsorption of Pb2+ and Cu2+. SEM 
images of Ecactiv before adsorption showed different types of 
irregular narrow pore structures along with abundant long 
cylindrical cavities which may lead to higher adsorption 
capacities.
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Table 3
Parameters of pseudo-second-order adsorption rate constants and calculated qe at different initial concentrations of Pb2+ and Cu2+ on 
to eucalyptus sawdust biomass-derived activated carbon

Initial Pb2+ conc. (mg L−1) qe,exp (mg g−1) qe,cal (mg g−1) k2 (g mg−1 min−1) h (mg g−1 min−1) R2

50 48 49.75 0.0109 27.1 1
100 93.449 99.01 0.0047 45.66 0.9999
150 131.463 136.986 0.0061 113.64 1
200 156 161.29 0.0045 116.28 1
250 171.469 178.57 0.0024 76.923 0.9999

Initial Cu2+ conc. (mg L−1)

50 33.327 36.10 0.0094 12.24 1
100 53 59.17 0.0042 14.859 0.9999
150 60 63.29 0.0074 29.586 1
200 66 68.027 0.0059 27.25 0.9999
250 62.5 70.42 0.0041 20.28 0.9999
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Significant rapid adsorption during the first 15 min for 
Pb2+ and Cu2+ was followed by slower adsorption to reach 
equilibrium at about 30 min. A similar metal removal effi-
ciency was observed for both heavy-metal ions with higher 
metal uptake of Pb2+ than that of Cu2+. An increase in pH from 
2.5 to 5.5 resulted in a two fold increase in the Cu2+ removal 
efficiency while even higher metal uptake was observed 
for Pb2+. A 50%–60% increase in the adsorption capacity/
removal efficiency by increasing the adsorbent dose from 0.2 
to 1.8 g with 1.0 g of Ecactiv being the optimum dose for Pb2+. 
An increase in metal uptake of about 123 and 30 mg g–1 for 
Pb2+ and Cu2+, respectively, was seen by increasing the initial 
concentrations from 50 to 250 mg L–1.

The Langmuir model agreed well with the experimental 
data for the adsorption of both heavy-metal ions based on 
the R2 value. Other isotherm models exhibited the best-fit to 
the experimental data in the following order: Temkin > D-
R > Halsey > Freundlich > H-J. The results indicated a good 
correlation with both kinetic models although the pseudo- 
second-order kinetic model better described the adsorption 
behavior of Pb2+ and Cu2+ onto Ecactiv and provided R2 values 
close to 1.0, suggesting the chemisorptive nature of the inves-
tigated Ecactiv. The overall results demonstrated the effective 
absorption potential of Ecactiv for the studied heavy-metal 
ions and indicated the effectiveness of its use for potential 
applications in waste water treatment.
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