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a b s t r a c t
Nowadays, various heavy metals have been released into the waters, causing serious pollution of 
water resources and endangering human health. Therefore, it is very important to study the removal 
of heavy metals from water. In this work, the adsorption of heavy metal ions including Pb(II), Cu(II), 
Zn(II), Cd(II) and Cr(VI) onto activated carbon (AC) from aqueous solutions was investigated in both 
single and mixed systems. The batch adsorption experiment for heavy metal ions on AC in single 
system was studied at different conditions including contact time, initial concentration, initial pH 
and adsorbent dosage. The results indicated that the adsorption kinetics and isotherms followed the 
pseudo-first order model and the Langmuir isotherm model, respectively. The final removal efficien-
cies and maximum adsorption capacity followed the order of Pb(II) > Cr(VI) > Cd(II) > Cu(II) > Zn(II) 
at the pH 5.0 and 25°C in single system. The adsorption of heavy metals was mainly determined by 
the pH of the solution and the surface properties of the adsorbent, and it was found that the initial pH 
of 3 was optimal for the removal of Cr(VI), which was different from the optimum initial pH of 7.0 for 
Pb(II), Cu(II), Zn(II) and Cd(II). The results demonstrated that the electrostatic interaction between 
the surface of AC and heavy metal ions played an important role in the adsorption of heavy metal 
ions. In addition, compared with the results in single system, the results in multi-component mixed 
system showed that the adsorption of Cu(II) and Cr(VI) was promoted, but the adsorption of Zn(II) 
and Cd(II) was inhibited. The factors affecting the adsorption impetuses are interactive involving 
electrostatic interaction, promotion or inhibition between heavy metal ions, chemical reaction and 
so on. 
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1. Introduction

The pollution of heavy metals has become an increasingly 
severe environmental issue nowadays that deserves global 
attention [1–3]. Heavy metals are becoming increasingly 
used in various industries such as mining and smelting of 
metals, energy and fuel production, iron and steel, aerospace, 
electroplating and so on [4]. As one of the most important 
pollutants affecting water resources [5], heavy metals may 

cause irreversible damage to the human health and ecosys-
tem due to its characteristics of persistence [6], accumula-
tion, difficulty to degradation [7] and acute toxicity at both 
high and low concentrations [4]. In addition, heavy metals 
may accumulate in organisms via the biological chain [8,9]. 
Hence, it is imperative to remove the heavy metals during 
wastewater treatment.

Various technologies, including electrolysis [10], fil-
tration [11], adsorption [12], coagulation–flocculation [13], 
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membrane separation [14], chemical precipitation and elec-
trochemical precipitation [14], are available for removing 
heavy metals from wastewater [15]. Among these technol-
ogies, adsorption is regarded as one of the most promising 
strategies [16–18] because of its obvious advantages such 
as low cost, high efficiency, simplicity, flexibility and envi-
ronmental friendliness [19,20]. According to the previous 
studies, a variety of adsorbents, including carbon foam [21], 
clay minerals [22], activated carbon (AC) [23], biochar pre-
pared from agricultural wastes [24–26] have been widely 
used for removing heavy metals from wastewater. Among 
these adsorbents, AC is one of the most effective adsor-
bents for heavy metals removal because of its large specific 
surface area and abundant surface functional groups [27,28]. 
These tasks can serve for the treatment of actual wastewa-
ter characterised by complexity and emergency using AC as 
adsorbents [29,30].

Nowadays, many efforts have been devoted to study 
the removal of heavy metals in aqueous solutions by AC 
adsorption [31,32]. However, most studies were focused 
on the adsorption of single heavy metal ion, while the 
researches on multi-component heavy metal ions adsorp-
tion were limited [33,34]. Besides, in the existing studies on 
competitive adsorption of heavy metal ions, most are about 
binary or ternary adsorption [21,23,35]. The research of the 
interaction and competitive mechanism between the AC 
and heavy metal ions is far from sufficient [36,37]. However, 
few studies on the adsorption of multi-component solutions 
involving five heavy metal ions have been reported [29,38–
40]. Hence, it is of great necessity to make further study on 
the competitive adsorption mechanism of multiple heavy 
metal ions in mixed system.

The aim of this work was to study the adsorption kinet-
ics and competitive mechanisms of the heavy metal ions 
including Pb(II), Cu(II), Zn(II), Cd(II) and Cr(VI) in coexist-
ing systems. The effects of contact time, initial concentration, 
initial pH and adsorbent dosage on heavy metal removal 
rates in both single aqueous solutions and multi-component 
system were discussed, providing a solid basis for the appli-
cation of AC in wastewater treatments involving multiple 
heavy metals. In addition, the adsorption priority order, 
mutual interference and competition onto AC in mixed sys-
tem were analyzed. This work cannot only provide a fast 
and efficient approach to solve the problem of treating high 
concentration heavy metals pollution wastewater resulting 
from emergency accident but also provide a valid theoret-
ical foundation about absorption mechanism towards the 
applications of the AC in wastewater treatments.

2. Materials and methods

2.1. Materials and reagents

All chemical regents used in this study were of analyt-
ical grade. The regents were used without further purifi-
cation. Cu(NO3)2·3H2O, Zn(NO3)2·6H2O, Cd(NO3)2·4H2O, 
Pb(NO3)2 and K2Cr2O7 were purchased from Sinopharm 
Chemical Reagent Co., Ltd (Shanghai, China), while NaOH 
and HNO3 which were used for pH adjustment were 
bought from Shanghai Aladdin Bio-Chem Technology Co., 
Ltd. (Shanghai, China). Precision pH meter (PSH-3C) was 

bought from Shanghai INESA Scientific Instrument Co., 
Ltd. (Shanghai, China), electronic balance (ML 104/02) was 
bought from Mettler Toledo Instrument Co., Ltd. (Shanghai, 
China), and constant temperature oscillator (LPH-200D) was 
bought from labCAN Instrument Equipment Co. Ltd., (Wuxi, 
China). Adsorbent wooden commercial AC was supplied by 
Yiqing activated carbon Co., Ltd. (Jiangsu China). The stock 
solutions of Pb(II), Cu(II), Zn(II), Cd(II) and Cr(VI) with 
concentration of 1,000 mg/L were prepared by dissolving 
a certain amount of corresponding reagent into a 1,000 mL 
volumetric flask, respectively. In order to prevent the heavy 
metal ions from hydrolysis, the stock solutions and the work-
ing solutions diluted from the stock solutions were stored at 
4°C under HNO3 (5 wt%) condition. Deionized (DI) water 
and ultrapure water (conductivities <0.5 ms/cm) were used 
throughout the experiment obtained from Milli-Q water puri-
fication system (Millipore Synergy 185, the United States).

The AC was immersed in DI water for 24 h, washed 
several times after stirred to remove dust and other impuri-
ties. Then the AC were filtered and dried in an oven at 80°C 
for 24 h. Finally, the dried AC cooled to room temperature 
was powdered and sieved to particle diameter of 0.075 to 
0.15 mm, stored in a desiccator until it was used. 

2.2. Adsorption experiments

The adsorption processes were performed in 50 mL 
tubes containing a certain amount of AC and 25 mL of heavy 
metals solution. Then, the tubes were placed into a ther-
mostat shaker. The adsorption experiment was conducted 
with the speed of 250 rpm at 25°C. The pH value of solution 
before and after adsorption was measured by a fixed pH-me-
ter with regular correction. The adsorption experiments of 
single factor including contact time, initial concentration, 
initial pH and adsorbent dosage for single heavy metal ions 
adsorption were carried out in batch experiments. Also, the 
effect of dosage on adsorption performance of AC under dif-
ferent pH value was investigated using the multi-component 
solution containing Pb(II), Zn(II), Cu(II), Cd(II) and Cr(VI) 
with initial concentration of 25 mg/L, respectively. 

The adsorption capacity (qt) of AC and the removal per-
centage (R) of heavy metals were calculated using Eqs. (1) 
and (2) as follows, respectively.

q
C C V

mt
e=

−( )×0  (1)

R
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e% %( ) = −( )
×0

0

100  (2)

where qt (mg/g) is the adsorption capacity at certain time; C0 
(mg/L) is the initial concentration of the heavy metals at a cer-
tain time; Ce (mg/L) is the equilibrium concentrations of the 
heavy metals; V (L) represents the volume of the solution and 
m (g) is the quality of AC; R (%) is the removal percentage.

2.3. Analytical methods

Identically, prior to measurement, all samples were sep-
arated from supernatant after adsorption, filtered through 
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membrane filters (0.45 μm pore size, Jinteng, Tianjin Jinteng 
Technology Co., Ltd.), and acidified with HNO3 (3 wt%). 
The residual heavy metal concentrations of all samples were 
measured using an inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES, Thermo, 7000 plus series). All 
adsorption experiments were performed in triplicate with a 
relative standard deviation of less than 1%. 

3. Results and discussions

3.1. Adsorption of single heavy metal ion

3.1.1. Adsorption kinetics

The adsorption kinetics in the single system was studied. 
The pseudo-first order model, pseudo-second order model 
and intraparticle diffusion model were used to describe 
the adsorption kinetics processes which are expressed as 
Eqs. (3)–(5) [41–44].

q q et e
k t= −( )−1 1  (3)

q
k q t
k q tt
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e
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2

2

21  (4)

q kt dt = +1 2  (5)

where qt (mg/g) and qe (mg/g) are the adsorbed capacity at a 
certain time and at equilibrium; k1 and k2 are the rate constants 
of the pseudo-first order and pseudo-second order models, 
respectively; k and d are the rate constants and adsorption 
constant of the intraparticle diffusion model, respectively.

The adsorption kinetics of Pb(II), Cu(II), Zn(II), Cd(II) 
and Cr(VI) by AC are shown in Fig. 1. The trends of adsorp-
tion process for different heavy metal ions were similar. It 
can be seen intuitively from Fig. 1 that more than 80% of the 
adsorption capacity was achieved in the first 5 min for all 
of the heavy metal ions, which corresponded to the rapid 
adsorption stage. The adsorption rates all slowed down as 
the residual concentration and adsorption sites in solutions 
were decreased. Adsorption equilibriums were reached in 
30 min eventually, and the removal rates after equilibrium 
for the above mentioned heavy metal ions followed the 
order of Pb(II) > Cr(VI) > Cd(II) > Cu(II) > Zn(II). In order 
to compare the adsorption performance of heavy metal ions 
on AC, three kinetic models were employed to correlate the 
adsorption data. As the fitting parameters calculated by lin-
ear regression analysis are listed in Table 1, the pseudo-sec-
ond order model is far superior to the pseudo-first order 
model and intraparticle diffusion model according to the 
perspective of fitting parameters (R2). It suggests that the 
adsorption was a chemisorption process occurred between 
AC and heavy metal ions [45]. The chemisorption could 
be attributed to the complexation reaction [36]. Thus, the 
interaction between these heavy metal ions and functional 
groups of AC is the key adsorption power [26]. 

The adsorption capacities of the adsorption equilibrium 
were 25.3, 7.5, 4.2, 8.8 and 9.3 mg/g for Pb(II), Cu(II), Zn(II), 
Cd(II) and Cr(VI) at pH of 5.0, respectively. On the basis of 
kinetic rate constants, fast absorption properties of five heavy 

metal ions on AC could be deduced. These results can be 
attributed to the active absorption sites on the surface of the 
AC, which has good prospects for the rapid removal of heavy 
metal ions from wastewater.

3.1.2. Adsorption isothermals

The adsorption isotherm study was conducted for the 
above mentioned five heavy metal ions with different initial 
concentrations at 25°C and the adsorption time was 120 min. 
The results were analyzed using Langmuir and Freundlich 
models described by Eqs. (6) and (7), respectively [41–44].

q
q K C
K Ce

m L e

L e

=
+1

 (6)

q K Ce F e

n

=
1

 (7)

where qe (mg/g) and qm (mg/g) are the adsorption capacity 
at equilibrium and the theoretically maximum adsorption 
capacity, respectively; KL (L/mg) is the constant of Langmuir 
model related to the energy of adsorption; KF is the param-
eter of Freundlich model, which predicts the amount of the 
heavy metals per unit mass of adsorbent at equilibrium; Ce 
(mg/L) is the concentration of residual heavy metal in aque-
ous solution at equilibrium; n is a parameter of Freundlich 
model related to the adsorption effectiveness.

It can be easily seen from Fig. 2 that the adsorption 
capacity of the five heavy metal ions on the AC increased 
and the increase rate slowed down with the increase of the 
initial concentration. It demonstrates that AC is especially 
suitable for heavy metal ions aqueous solution with high 
concentration. The fitting parameters of the two isotherm 
models estimated by linear regression analysis are listed in 
Table 2. According to the comparison of parameter (R2), the 
adsorptions of five heavy metal ions are all more consistent 
with Langmuir isotherm model rather than Freundlich iso-
therm model. It revealed that the adsorption processes fol-
low a monolayer reaction and the even adsorption sites on 
the surface control the adsorption processes [46]. In addi-
tion, it can be seen that the order of saturated adsorption 
capacities (qe) of AC followed Pb(II) (34.7 mg/g) > Cr(VI) 
(26.6 mg/g) > Cd(II) (10.8 mg/g) > Cu(II) (8.8 mg/g) > Zn(II) 
(4.4 mg/g), which was consistent with the kinetic results 
above completely. It reflects the adsorption diversity and 
preference for different heavy metal pollutants due to the 
huge gap between the adsorption capacity of AC for differ-
ent heavy metal ions [38], which provides a theoretical basis 
for competitive adsorption.

3.1.3. Effects of the AC dosage

The adsorbent dosage is an important parameter because 
it has a large effect on the removal and capacity of AC at 
a certain initial concentration of heavy metal ions [47]. 
Fig. 3 shows the effect of AC dosage from 0.4 to 10 g/L on 
adsorption of heavy metal ions on adsorption capacity and 
removal rate. It is clear that with the increase of dosage, the 
removal rate was obviously increased from Fig. 3a, but the 
adsorption capacity was significantly decreased from Fig. 
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Fig. 1. Adsorption kinetics of heavy metal ions: (a) Pb(II), (b) Cu(II), (c) Zn(II), (d) Cd(II) and (e) Cr(VI) on AC in single system 
(initial concentration 25 mg/L, pH 5.0, temperature 25°C).

Table 1
Fitting parameters of adsorption kinetic using different models at 25°C and pH of 5.0 in the single systems

Heavy 
metal ions 

Pseudo-first order Pseudo-second order Intraparticle diffusion

qe k1 R2 qe k2 R2 k d R2

Pb(II) 24.770 1.695 0.930 25.300 0.136 0.960 0.562 17.700 0.282
Cu(II) 7.399 2.272 0.979 7.527 0.927 0.987 0.225 5.585 0.155
Zn(II) 4.065 0.418 0.936 4.261 0.146 0.981 0.124 2.452 0.431
Cd(II) 8.486 0.762 0.885 8.843 0.147 0.961 0.263 5.738 0.323
Cr(VI) 8.856 0.620 0.849 9.303 0.932 0.930 0.332 5.500 0.465
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3b. This is mainly related to the number and the density of 
active adsorption sites which are related to dosage of the 
AC in the aqueous solution [5]. At low dosage of AC, it was 
faster to reach saturation and larger of adsorption capacity 
due to all surface sites exposed to heavy metal ions [48,49]. 
The increased dosage of AC greatly promotes the number 

and density of the adsorption sites, thereby increasing the 
removal rate [5]. However, it leads to a non-proportional 
increase in the effective active sites, resulting in the reduction 
of the utilization rate and the adsorption capacity.

3.1.4. Effect of initial pH on adsorption of heavy metals

Initial pH has been identified as a critical condition 
affecting the water–adsorbent interface adsorption pro-
cess [50]. The effect of initial pH ranging from 2 to 10 on 
the adsorption property for Pb(II), Cu(II), Zn(II), Cd(II) and 
Cr(VI) on AC was investigated, and the absorption results 
are shown in Fig. 4.

The removal rate of five heavy metal ions was signifi-
cantly affected by the initial pH. For heavy metal ions of 
Pb(II), Cu(II), Zn(II) and Cd(II), the removal rate was rela-
tively low and its growth trend is relatively slow at the pH 
of 2.0–3.0 for Pb(II) and Cu(II) and pH 2.0–4.0 for Cd(II) and 
Zn(II). However, the removal rate dramatically increased 
accordingly as the pH increased at higher pH, especially 
at the pH 5.0–6.0 for Pb(II) and Cu(II) and pH 6.0–7.0 for 
Cd(II) and Zn(II). The adsorption trends of initial pH were 
consistent with the previous reports. This phenomenon was 
related to the charge on the surface of the adsorbent [51,52]. 
At lower pH, protonated functional groups of AC caused 
by high concentration of H+ leads to a positively charged 
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Fig. 2. Adsorption isothermals of Pb(II), Cu(II), Zn(II), Cd(II) and 
Cr(VI) on AC. (pH 5.0, temperature 25°C).

Table 2
Fitting parameters of the Langmuir and Freundlich models at 25°C and pH of 5.0 in the single systems

Heavy  
metal ions

Langmuir Freundlich

qm KL R2 KF n R2

Pb(II) 34.715 0.049 0.991 3.745 2.139 0.953
Cu(II) 8.818 0.220 0.956 2.648 3.376 0.828
Zn(II) 4.399 0.402 0.976 1.835 4.748 0.861
Cd(II) 10.816 0.101 0.996 2.186 2.849 0.958
Cr(VI) 26.635 0.055 0.996 3.281 2.258 0.967
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Fig. 3. Effect of (a) removal and (b) qe of dosage on Pb(II), Cu(II), Zn(II), Cd(II) and Cr(VI) adsorption efficiency on AC (initial concen-
tration 25 mg/L, pH 5.0, temperature 25°C).
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interface [49]. AC repels the same positively charged heavy 
metal cation due to the electrostatic interaction between the 
surface of AC and the heavy metals. In addition, the compe-
tition among protonated functional groups and heavy metal 
cations for active site impair absorption capacity [26]. With 
the increase of initial pH, the positive charge on the surface 
of the functional groups decreases first due to neutraliza-
tion resulting in the decrease in electrostatic repulsion. And 
then the negative charge increases due to the accumulation 
of hydroxide ions (OH–), resulting in enhanced electrostatic 
attraction and weakening the protonation of the AC surface 
thereby enhancing adsorption ability of heavy metal cat-
ions [49]. Other than that, a large amount of hydroxide ions 
cause heavy metal cations to reach the limit of the concen-
tration required for the solubility product constant, thereby 
increasing the removal rate of heavy metals [5].

It can be seen from Fig. 4 that the removal rate curve of 
heavy metal anion Cr2O7

2– shape a horizontal type “S” with 
the increase of pH, and the removal rate was higher under 
acidic conditions, but lower under alkaline conditions. The 
effect of pH on adsorption for Cr2O7

2– can also be explained 
by the electrostatic interaction between the surface charge 
of AC and heavy metal ions in solution, but Cr2O7

2– presents 
as an anion has an opposite interaction compared with the 
influence mechanisms of four cations described above [53]. 

In addition, the ionic state of heavy metals in aqueous 
solution varies greatly under different pH conditions due 
to the complexation of heavy metal ions with hydrogen 
ions (H+) or hydroxide ions (OH–) based on previous reports 
[12]. Adsorption mechanisms for different ionic states of 
heavy metals differ greatly on the active site of AC, result-
ing in differences in adsorption capacity under different 
pH conditions.

3.2. Adsorption of multi-component heavy metal ions

In order to obtain a deeper understanding of the adsorp-
tion efficiency and competition between heavy metal ions, 
adsorption experiment was performed in DI water of 
multicomponent mixed system containing Pb(II), Cu(II), 

Zn(II), Cd(II) and Cr(VI), and the results are shown in Fig. 
5. It can be seen that the removal rate of Pb(II) had almost 
reached 100% under the condition of zero dosage, so it can 
be proved that Pb(II) could not coexist with other four heavy 
metal ions in this system. Because Pb(II) mainly reacted 
chemically with Cr2O7

2– or CrO4
2– to yellow precipitate [54]. 

The optimum pH was still 3.0 in mixed system, which 
was consistent with that of the single heavy metal adsorp-
tion mentioned above. It can be seen from Fig. 5b that the 
removal rate of Cr(VI) reached approximately 100% at pH 
3.0 with the AC dosage of 3.2 g/L, which was much higher 
than the removal rate in single heavy metal system under 
the same conditions. Besides, the removal rate of Cr(VI) in 
mixed system was also higher than that in single system at 
the same dosage from Figs. 3 and 5b. The results indicates 
that the other three heavy metals promote the adsorption of 
Cr(VI) [55]. From Figs. 5b–e, the removal rate decreased for 
Cr(VI) but increased for Cu(II), Zn(II) and Cd(II) under the 
same dosage with the increase of pH. The reason is that as 
the pH increases, the electrostatic repulsion between heavy 
metal cations of Cu(II), Zn(II) and Cd(II) and the charge 
on the surface of the AC and the electrostatic attraction for 
Cr(VI) are weakened, and the promotion for Cr(VI) by heavy 
metal cations is weaker than the reduction of electrostatic 
forces [26,56]. From Figs. 5b–j, more AC was required to 
achieve removal rate for Cr(VI) to 100% with the increase 
of the pH value. In particular, from Figs. 5h–j, the removal 
rate of Cr(VI) cannot be achieved 100% any more, and the 
initial amount of precipitation without AC increased at 
higher pH, resulting in the reaction of Cu(II), Zn(II) and 
Cd(II) with more amount of CrO4

2–. However, although more 
amounts of CrO4

2– present in the mixed composite system, 
the other four metals are nearly precipitated completely due 
to the accumulation of a large amount of hydroxide (OH–), 
the opposite tendency of the initial precipitation amount for 
Cr(VI) could be seen from Figs. 5h–j. 

From Figs. 3 and 5e, the removal efficiency of Cu(II) in 
single system was higher than that in the mixed system at pH 
of 5.0 and dosage range from 0 to 10 mg/L, and the removal 
efficiency of Cd(II) and Cd(II) was lower under the same con-
ditions. Similarly, from Figs. 4 and 5a–j, the removal efficiency 
of Cu(II) in single system was higher than that in the mixed 
system at dosage of 0.8 mg/L and pH range from 2.0 to 10.0, 
and the removal efficiency of Zn(II) and Cd(II) was lower 
under the same conditions. The adsorption isotherm study 
was conducted for the above mentioned five heavy metal 
ions with different initial concentrations at 25°C at pH of 3.0, 
5.0 and 8.0. According to the comparison of parameter (R2), 
the adsorptions of four heavy metal ions (except Pb(II)) were 
all more consistent with Langmuir isotherm model rather 
than Freundlich isotherm model. And the fitting parame-
ter qm of the Langmuir model estimated by linear regression 
analysis is listed in Table 3. Compared with the parameters 
from Table 2 in single system, the adsorption capacity of 
Cr(VI) and Cu(II) was higher but the adsorption capacity of 
Zn(II) and Cd(II) was lower conversely in the mixed system. 
And the results under the condition of pH of 3.0 and 8.0 are 
consistent with the conclusions above. Therefore, the adsorp-
tion of Cr(VI) and Cu(II) was promoted but the adsorption 
of Zn(II) and Cd(II) was suppressed conversely in the mixed 
system and the inhibition is weakened as the pH increases 
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compared with the results in single system. Because more 
hydroxide precipitates were produced at higher pH, and the 
concentration of heavy metal ions involved in competitive 
adsorption was lower resulting in the removal rate of Zn(II) 
and Cd(II) closer to the data in a single system under the 
same condition [21].

4. Conclusion

The adsorption of Pb(II), Cu(II), Zn(II), Cd(II) and Cr(VI) 
in single system conforms to the pseudo-first order model 
and the Langmuir isotherm model, and the final removal 
efficiencies followed the order of Pb(II) > Cr(VI) > Cd(II) > C
u(II) > Zn(II) at the pH 5.0 and 25°C in single system. The 
optimum pH is 3.0 for Cr(VI) and the optimum pH is 7.0 for 
Pb(II), Cu(II), Zn(II) and Cd(II). The adsorption process was 
mainly affected by the pH of the solution due to its effect on 
the surface charge of the AC and the ion state in the aque-
ous solution. The adsorption in mixed system shows that 
Pb(II) cannot coexist in this system, and the removal rates 
of Cu(II) and Cr(VI) were promoted, the removal rates of 
Zn(II) and Cd(II) were inhibited. In addition, the driving 
force of adsorption is affected by a combination of factors 
involving electrostatic interaction, promotion or inhibition 
between heavy metal ions, chemical reaction and so on. 
This work is expected not only to provide effective guidance 
for the application of AC in the actual complex wastewater 
treatment involving various heavy metal pollutants in the 
future but also provide a valid theoretical foundation about 
absorption mechanism towards the applications of the AC in 
wastewater treatments.
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