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a b s t r a c t
At present, global water resources are seriously polluted by heavy metals. It is necessary to take timely 
measures to remove heavy metals from wastewater. In this study, the effect of natural organic mat-
ter (NOM) on the adsorption of heavy metals by activated carbon was confirmed, and the optimal 
regeneration method of activated carbon was obtained. The results showed that the order of adsorp-
tion capacities of activated carbon for five heavy metals was Cu(II) > Cr(VI) > Pb(II) > Zn(II) > Cd(II).  
NOM, which is widely present in wastewater, affected the adsorption capacities of heavy met-
als. The equilibrium adsorption capacities of activated carbon for Pb(II), Zn(II), Cd(II) and Cu(II) 
increased by 0.031, 0.023, 0.001 and 0.012  mmol/g respectively, while the equilibrium adsorp-
tion capacity for Cr(VI) decreased by 0.020  mmol/g when the concentration of NOM was 1  mg/L. 
With the raise of NOM concentration, the promoting effect of NOM on the removal of Pb(II) and 
Zn(II) was gradually reduced, and the promoting degree of Cd(II) adsorption and the inhibiting 
degree of Cr(VI) adsorption were correspondingly enhanced. At the same time, the influence 
of high concentration of NOM on the removal of Cu(II) was changed from promotion to inhibi-
tion. In addition, HCl solution of 0.1  mol/L was confirmed to be the best regeneration reagent for 
desorbing metal ions on activated carbon through regeneration experiments. After six adsorption–
regeneration cycles, the high adsorption performance of activated carbon could still be maintained.
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1. Introduction

With the rapid development of electroplating, textile, 
mining, tanning and other industries in the past decades, 
water pollution caused by heavy metals has been regarded 
as a serious environmental problem threatening the world 
[1–3]. Although trace amounts of several heavy metals can be 
absorbed by organisms as daily supplements, heavy metals 

are stubborn and persistent, and are not easy to be biode-
graded. When heavy metals in water gradually accumulate 
to an excessive amount, the surrounding environment, ani-
mals and plants, and human health will be seriously dam-
aged [4–6]. Consequently, heavy metals in wastewater need 
to be removed.

A variety of technologies, including chemical precipi-
tation, adsorption, ion exchange, membrane filtration and 
electrolysis, have been used for the treatment of wastewater 
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polluted by heavy metals [7,8]. However, metal sludge is 
prone to be produced in the process of chemical precipitation, 
which causes the sludge treatment load to be increased [9]. 
When ion exchange is selected to remove heavy metals, the 
resins are easily to be contaminated or oxidized. Membrane 
filtration technologies, such as ultrafiltration and reverse 
osmosis, usually have relatively high investment and oper-
ating costs. In addition, backwashing is constantly required 
during the filtration process, which leads to complicated 
operations. The main disadvantages of electrolysis, which 
make it difficult to be widely promoted and applied, are high 
power consumption and short service life of electrode mate-
rials [10]. Adsorption is a method that porous solid materials 
are used to adsorb heavy metals in wastewater. Compared 
with other technologies, many promising characteristics are 
possessed by adsorption, including simple operation, small 
footprint, stable effect, low cost and regeneration potential 
[11,12]. Among adsorbents, considerable attention and appli-
cation have been received for activated carbon [13,14].

As an adsorption material, activated carbon has good 
porosity, large specific surface area, and abundant func-
tional groups on the surface and inside [15]. The excellent 
adsorption performance for heavy metals is produced by 
these characteristics. Therefore, activated carbon has been 
widely studied due to low price and stable removal effect of 
heavy metals [16–18]. As an example, it had been reported 
that Pb(II), Co(II) and Ni(II) in wastewater could be removed 
by more than 97.54% when activated carbon made from 
lemon leaves was used [19]. By comparing the adsorption 
effects of activated carbon on Pb(II) and Cr(VI) before and 
after modification, a recent study indicated that the adsorp-
tive property of activated carbon for heavy metals could be 
enhanced by thermal tension method [20].

However, the adsorption of heavy metals is easily 
affected by other substances in wastewater [21], especially 
natural organic matter (NOM). NOM is ubiquitous in the 
water system such as industrial wastewater, domestic sew-
age and surface water [22]. It has complex ingredients and 
can weaken the adsorption capacities of activated carbon on 
heavy metals by competing for adsorption sites and block-
ing pores [23]. Research demonstrated that metal ions can 
also be combined by NOM to form coordination compounds 
[24]. For these reasons, the inhibitory or promoting effect of 
NOM on the adsorption of heavy metals by activated carbon 
needs to be determined by study. Moreover, when multiple 
heavy metals are present in wastewater at the same time, the 
influence of NOM on the adsorption effect is not yet clear.

Furthermore, in the actual application process, the regen-
eration and recycling of the saturated activated carbon need 
to be considered in order to reduce the treatment cost and 
control the secondary pollution of the water environment 
caused by adsorbent [25]. Although there are many regen-
eration methods, including electrochemistry, biological pro-
cess, heat treatment and microwave method, the effect of 
chemical regeneration is proved to be the best for activated 
carbon which adsorbed heavy metals [26–29]. However, the 
chemical reagents for simultaneous desorption of various 
metal ions on activated carbon have not been studied by pre-
vious researchers.

The objective of this research was to determine the influ-
ence of NOM on the adsorption of different heavy metals 

by activated carbon, and to obtain the optimal regeneration 
method after activated carbon adsorption. Pb(II), Cu(II), 
Zn(II), Cd(II) and Cr(VI) were selected as research objects. 
Different concentrations of NOM were added to explore 
the inhibitory or promoting effect of heavy metals adsorp-
tion through adsorption kinetics study, Brunauer–Emmett–
Teller (BET) and scanning electron microscope (SEM) detec-
tion. Then, the types and concentrations of activated carbon 
regenerated reagents, and the regeneration times of acti-
vated carbon were investigated.

2. Materials and methods

2.1. Materials

Wooden granular activated carbon was purchased from 
Yiqing activated carbon Co., Ltd., (Jiangsu, China). Activated 
carbon used in this study was immersed and washed in 
deionized water for several times to remove dust and impu-
rities. After drying, the activated carbon was sieved into 
0.15 mm particles. Pb(NO3)2, Cu(NO3)2·3H2O, Zn(NO3)2·6H2O, 
Cd(NO3)2·4H2O, K2Cr2O7, NaCl, HCl and NaOH with analyt-
ical reagent grade were obtained from Sinopharm Chemical 
Reagent Co., Ltd. (Shanghai, China). NOM was obtained 
from International Humic Substances Society (IHSS). 
In addition, deionized water (resistivity  >  18  MΩ  cm) for 
preparing the solutions required in the experiments was 
provided by a Milli-Q System (USA).

2.2. Experimental procedures

2.2.1. Adsorption of heavy metals

In a previous study [30], the dosage of 0.8 g/L activated 
carbon was proved to be more reasonable considering the 
removal effect and economic cost. Therefore, activated car-
bon of 0.8  g/L was used to remove heavy metals. Single 
heavy metal solution of Pb(II), Cu(II), Zn(II), Cd(II) or Cr(VI) 
with initial concentration of 0.5 mmol/L was prepared. The 
adsorption experiments were carried out in a thermostatic 
oscillator after activated carbon was added into the solu-
tions. The oscillator speed and reaction temperature were 
set at 250  rpm and 25°C, respectively. Water samples were 
obtained at different contact times (0–240  min), and then 
immediately filtered through a 0.45  µm filter membrane. 
The concentration of residual heavy metals in water samples 
after adsorption was determined.

2.2.2. Influence of NOM

In order to explore the influence of different concen-
trations of NOM on the adsorption of heavy metals, mixed 
solutions of single heavy metal (Pb(II), Cu(II), Zn(II), Cd(II) 
or Cr(VI)) and NOM were prepared, respectively. The con-
centration of each heavy metal was 0.5  mmol/L. The con-
centration of NOM was adjusted to 0, 1, 5 or 10 mg/L, and 
then the numbers of water samples can be defined as heavy 
metal-0, heavy metal-1, heavy metal-5 and heavy metal-10. 
Activated carbon of 0.8  g/L was used to adsorb the mixed 
solution of single heavy metal and NOM in an oscillator at 
25°C and 250 rpm. The amounts of heavy metals adsorbed 
under different contact time were analyzed and the kinetic 
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models were fitted. In order to evaluate the effect of tem-
perature on adsorption effect, thermodynamic studies with 
NOM of 0 and 10 mg/L were carried out, with temperature 
gradients of 15°C, 25°C, 35°C, 45°C and 55°C. The nature of 
adsorption process of activated carbon for heavy metals was 
clarified by the Gibbs free energy (ΔG), variation of enthalpy 
(ΔH) and variation of entropy (ΔS) obtained.

Under the conditions of NOM of 0 and 10  mg/L, the 
activated carbon in the solution was separated by pressure 
filtration. The activated carbon with neutral pH value was 
obtained after repeated washing with deionized water, and 
then the drying oven was used for constant temperature 
drying. The specific surface area, N2 adsorption–desorption 
isotherm, pore-size distribution and surface morphology of 
activated carbon were analyzed, and the functional groups 
of activated carbon and NOM were studied.

2.2.3. Activated carbon regeneration

The adsorption activated carbon obtained through press-
ing, rinsing and drying was stirred with deionized water 
(H2O), or NaCl, HCl or NaOH solution of 0.1 mol/L, respec-
tively. The concentration of heavy metals was detected, and 
the desorption rate of activated carbon was determined.

HCl solutions with concentrations of 0.01, 0.05, 0.1, 0.2, 
0.5 and 1 mol/L were prepared for desorption and regener-
ation of activated carbon after adsorption equilibrium. The 
desorption rates of activated carbon at different HCl con-
centrations were compared. Then 0.5 mmol/L Pb(II), Cu(II), 
Zn(II), Cd(II) and Cr(VI) solutions were adsorbed on regen-
erated activated carbon. The removal rate of heavy metals 
was calculated. The optimal concentration of HCl solution 
was chosen for repeated adsorption–desorption treatment 
of activated carbon, and the influence of regeneration times 
was analyzed.

2.2.4. Description of employed equations

Table 1 shows all equations employed in the current 
research.

2.3. Analytical methods

The concentration of heavy metals in the solution was 
determined by inductively coupled plasma optical emis-
sion spectrometer (ICP-OES, iCAP 7000 Plus series, USA). 
The functional groups of activated carbon and NOM were 
analyzed by Fourier-transform infrared spectrometer (FT-IR 

Table 1
Basic equations and mathematical models used for kinetic and thermodynamic studies

Basic equations

Amount of adsorption q
C C V
mt

t�
�� �0

qt (mmol/g): amount of each metal adsorbed by activated carbon at time t 
(min); C0 (mmol/L): initial concentration of heavy metals; Ct (mmol/L):  
concentration of heavy metals at time t (min); V (L): volume of aqueous 
phase; m (g): mass of activated carbon.

Desorption rate D
C V

C C Vp � �� � �2 2

0 1 1

100%
Dp (%): desorption rate of activated carbon; C0 (mmol/L); C1 (mmol/L): initial 
and equilibrium concentrations of heavy metals, respectively; C2 (mmol/L): 
heavy metals concentration of regeneration solution after desorption,  
V1 (L): volume of adsorption solution; V2 (L): volume of regeneration solution; 
R (%): removal rate of heavy metals by activated carbon.

Removal rate R
C C
C

�
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0
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BET [31]
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p (Pa) and p0 (Pa): equilibrium and saturation pressures of activated carbon 
at the adsorption temperature, respectively; v (mL): amount of adsorbed gas; 
vm (mL): amount of adsorbed gas in monolayer; c: constant of BET.

Kinetic nonlinear models

Pseudo-first-order q qt e
k t� �� ��1 1e qt (mmol/g) and qe (mmol/g): amounts of heavy metals adsorbed at time t 

(min) and at equilibrium, respectively; k1 (1/min) and k2 (g/(mmol min)): 
rate constants for pseudo-first-order and pseudo-second-order adsorption 
models, respectively.

Pseudo-second-order 
[32,33]

q
k q t
k q tt
e

e

�
�
2

2

21

Intraparticle diffusion 
(linear) [34]

q k t dt i� �0 5.

D r
ti =

0 03 2

0 5

.
.

ki (mmol/(g min0.5)): rate constant for intraparticle diffusion model; 
d (mmol/g): effect of boundary layer thickness; Di (cm2/s): intraparticle 
diffusion coefficient; r (cm): average pore radio.

Thermodynamic linear models

Gibbs free energy 
parameter

�G RT Kd� � ln Kd: ratio of the amount adsorbed per unit of activated carbon (qe) and solution 
concentration in equilibrium (Ce); R: universal gas constant (8.314 J/(mol K)); 
T (K): experimental temperature. The values of ΔH and ΔS were obtained 
from the graph of lnKd in function of 1/T.

Enthalpy and entropy 
parameters [35]

lnK S
R

H
RTd � �

� �
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Spectrometer, Perkin Elmer Frontier, Japan) in transmission 
mode using KBr pellets. The detection area was between 
400 and 4,000 cm–1 and the resolution was 4 cm–1. The spe-
cific surface area, N2 adsorption–desorption isotherm and 
pore-size distribution curve of activated carbon, based on 
the famous BET theory, were obtained by specific surface 
area and porosity analyzer (ASAP 2020M, USA). The distri-
bution of heavy metals and NOM on the surface and pores 
of activated carbon could be directly reflected by the surface 
morphology of activated carbon before and after adsorption, 
which was observed using scanning electron microscope 
(SEM, S-4800, Japan). All experiments were repeated twice to 
control the errors.

3. Results and discussions

3.1. Adsorption effect of activated carbon on heavy metals

In order to reveal the adsorption effect of activated car-
bon on different heavy metals, the changes of the amounts 
of Pb(II), Cu(II), Zn(II), Cd(II) and Cr(VI) adsorbed under 
different contact time were studied. The results are shown 
in Fig. 1.

It can be seen that the adsorption was relatively rapid in 
the first few minutes. About 75% of the equilibrium adsorp-
tion capacities for five heavy metals were obtained within 
2  min. Then, the amounts of adsorption increased slowly 
with the increase of time, indicating the removal rates of 
heavy metals decreased. The dynamic equilibrium stage 
of Pb(II), Zn(II) and Cd(II) was reached at 30  min, while 
the equilibrium time of Cu(II) and Cr(VI) was longer, and 
the maximum amount of adsorption was not achieved at 
240  min. Therefore, the reaction process between activated 
carbon and heavy metals was divided into two stages, that 
is, a former rapid step and a subsequent slow step, which 
was consistent with the observation of other researchers 
[36,37]. In the initial contact process, the adsorption sites on 
the surface of activated carbon were sufficient, and the heavy 
metals were quickly removed by physical and chemical 
adsorption. Afterwards, the available active sites gradually 

decreased, resulting in the amounts of metals adsorbed 
slowly increasing to a stable state.

As shown in Fig. 1, the adsorption capacities of acti-
vated carbon for five heavy metals were different, the 
adsorption capacity of Cu(II) (0.144  mmol/g) was the 
largest, while that of Cd(II) (0.040 mmol/g) was the least. 
Cu(II)  >  Cr(VI)  >  Pb(II)  >  Zn(II)  >  Cd(II) was determined 
to be the order of adsorption capacities of five heavy met-
als, which is mainly related to the characteristics of differ-
ent metal ions, such as ionic radius, hydration heat and 
electronegativity [38]. The ionic radii of Cu(II), Cr(VI), 
Pb(II), Zn(II) and Cd(II) are 0.72, 0.52, 1.20, 0.74 and 0.97 Å, 
respectively. The pores of activated carbon would be over-
crowded and blocked by ions with larger radius, and the 
adsorption sites could not be fully utilized [39]. Thus, metal 
ions with smaller radius, such as Cu(II) and Cr(VI), were 
easily removed by activated carbon. Although the largest 
ionic radius of Pb(II) was observed, the hydration heat of 
Pb(II) was lower than that of Zn(II). The low hydration heat 
could make the complex water easy to be removed, and the 
generated bare Pb(II) had a strong ability to exchange with 
cations on the surface or inside of the adsorbent [40,41]. 
Furthermore, the relative electronegativities of Cu(II), 
Cr(VI), Pb(II), Zn(II) and Cd(II) are found to be 1.9, 1.6, 1.9, 
1.6 and 1.7. The comparison shows that Pb(II) and Cu(II) 
have the highest electronegativity and the strongest abil-
ity to attract electrons [42], and the covalent bonds with 
oxygen-containing groups of activated carbon are also 
easily formed. These are the reasons why the amount of 
Pb(II) adsorbed by activated carbon was higher than that 
of Zn(II) and Cd(II), and the adsorption capacity of Cu(II) 
was higher than that of Cr(VI). Moreover, the complex-
ation reaction could be occurred between the active center 
(–OH) of the adsorbent and Cu(II) [43], and the solubil-
ity product of Cu(OH)2 produced was detected to be low, 
which indicated that it was difficult to dissolve in water. 
Comprehensive analysis shows that the strongest adsorp-
tion capacity of activated carbon for Cu(II) was mainly 
due to the smaller ionic radius and solubility product of 
precipitated product, and the largest electronegativity.
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Fig. 1. The amounts of different heavy metals adsorbed by activated carbon.
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3.2. Effect of NOM on adsorption of heavy metals

3.2.1. Functional groups of the adsorbent and NOM

The chemical adsorption property of activated carbon is 
determined by the surface chemistry, and functional group 
is an important part of the chemical property. A large num-
ber of functional groups will be provided by NOM which 
is widely present in water, so the adsorption effect of acti-
vated carbon on heavy metals will be affected. Therefore, 
the functional groups of activated carbon and NOM were 
focused on analysis, and the detection results are shown in  
Fig. 2.

Common wooden granular activated carbon was the 
adsorbent used in this research, which has abundant pores, 
large specific surface area and strong adsorption capac-
ity. The chemical adsorption capacity of activated carbon 
depends on the abundant functional groups on the surface 
and inside of the particles. It can be seen from Fig. 2a that 
the infrared characteristic vibrational peaks of activated 
carbon were obtained in regions of 588–671  cm–1, 1,105–
1,260 cm–1, 1,383–1,436 cm–1, 1,628 cm–1, 2,850 to 2,931 cm–1 
and 3,432  cm–1. As already mentioned, the peaks observed 
between 588 and 671 cm–1 were attributed to the out-of-plane 
bending vibration of C–H bonds in chain olefins, while 

the activated carbon contained alcohols and phenols (C–O 
bonds) [44], and the existence of C–O–P phosphorus-con-
taining functional groups was proved by absorption peaks 
at 1,105–1,260  cm–1. Moderate absorption was detected in 
the range of 1,383–1,436  cm–1, indicating that the nitro-
gen in the activated carbon composition was mainly in the 
form of N–H [45]. According to the division of the infrared 
spectrum, 1,500–2,000 cm–1 should belong to the vibrational 
stretching of the double bonds, so the absorption peak at 
1,628 cm–1 was mainly related to the C=C and C=O groups 
in the aromatic ring, lactone and anhydride [46]. This may 
be because activated carbon underwent dehydration and 
cleavage reactions through high temperature activation, 
thereby forming double bonds. The reducibility of acti-
vated carbon could be enhanced by the C=C bonds, and 
part of the negative charge on the surface of the adsorbent 
was generated by the C=O bonds of the carboxyl groups. 
The hydrogen-containing functional groups were mainly 
reflected in the range of 2,500–4,000  cm–1, including the 
asymmetric vibration of methylene C–H, and the stretching 
vibration of O–H in alcohol and phenol [47]. In summary, 
there were a large number of functional groups in activated 
carbon, such as C–O, COO–, O–H bonds, which were con-
ducive to the adsorption of heavy metals.
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Fig. 2. FT-IR from 400 to 4,000 cm–1 for activated carbon and NOM.
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NOM in water was a kind of complex organic sub-
stance mixture. Humus, such as fulvic acid and humic 
acid, was the most important component of NOM, which 
accounted for about 60%–90% of NOM content. In addition, 
a small amount of polysaccharides, proteins and hydro-
philic organic acids were detected in NOM. The NOM used 
in this study was provided by the International Humic 
Substances Society (IHSS), which was called Suwannee River 
NOM. The test showed that Suwannee River NOM was 
mainly composed of C (50.70%), H (3.97%), O (41.48%), N 
(1.27%), and S (1.78%). FT-IR was used to analyze the func-
tional groups of Suwannee River NOM, and the results are 
shown in Fig. 2b. Vibrational stretching was observed at 
587 cm–1, 1,052 cm–1, 1,211 cm–1, 1,386 to 1,430 cm–1, 1,601 to 
1,645 cm–1, 1,723 cm–1 and 3,429 cm–1, which were attributed 
to the presence of C–H, C–N, C–O, N–H, NH2, COO–, N–H, 
C=C, C=O and O–H bonds in NOM, respectively [48]. When 
there was a large amount of NOM in water, some new func-
tional groups, such as O–H, COO– and C=O, were intro-
duced by NOM, which could provide more adsorption sites 
for heavy metals in water and combine with metal ions to 
form coordination compounds, so that the removal effect 
of heavy metals in polluted water was enhanced.

3.2.2. Adsorption kinetics under the influence of different 
concentrations of NOM

The adsorption kinetics of Pb(II), Cu(II), Zn(II), Cd(II) 
and Cr(VI) by activated carbon with different concentrations 
of NOM were studied. The pseudo-first-order kinetic, pseu-
do-second-order kinetic and intraparticle diffusion models 
are important indicators to characterize the reaction rate 
and adsorption process, so these typical models were used 
for evaluation in the experiment.

The fitting images of Pb(II) by the three kinetic models 
under different NOM concentrations are shown in Fig. 3, 
and the fitting parameters are listed in Table S1. It can be 
seen from the fitting images that the adsorption reaction 
mainly was occurred in the first few minutes of contact, 
and the reaction rate was relatively large. Subsequently, the 
amount of adsorption was detected to increase slowly and 
the reaction rate decreased. This response trend was not 
changed by the presence of NOM in wastewater. The pseu-
do-first-order model is based on the linear relation between 
the adsorption rate and the number of active sites, while the 
pseudo-second-order model is defined as the linear relation 
between the reaction rate and the square of the number of 
active sites. The adsorption process is better explained by 
both models. Considering high values of adjusted determi-
nation coefficient (Adj-R2), low values of standard deviation 
(σ), and proximity of the quantities adsorbed in equilibrium 
(qe(cal.)) to that experimentally obtained (qe(exp.)) [31], the fitting 
degree of pseudo-second-order equation was relatively bet-
ter than that of pseudo-first-order equation, suggesting the 
process of removing heavy metals by activated carbon was 
mainly controlled by the chemical force through the sec-
ondary adsorption rate. Similar conclusions had been found 
by other researchers [49–51].

However, the adsorption mechanism cannot be fully 
explained by pseudo-second-order kinetic, so intraparti-
cle diffusion (Weber–Morris) model needs to be used for 

multilinear analysis. According to the parameters of Weber–
Morris model in Table S1, although only some values of 
Adj-R2 were close to 1, the values of σ were small, and the 
calculated adsorption capacities (d) and the experimental 
qe(exp.) were close to each other, indicating the partial removal 
of Pb(II) by activated carbon was controlled by intraparticle 
diffusion [45]. By observing Fig. 3e and f, it was found that 
the process of heavy metals adsorption on activated carbon 
particles was mainly divided into three phases. In the first 
minute of adsorption, Pb(II) was first transferred from water 
to the surface of liquid membrane formed around activated 
carbon due to hydration. In the second-phase, Pb(II) over-
came the resistance and passed through the liquid mem-
brane to reach and be adsorbed on the surface active sites of 
activated carbon. The bonding strength was determined by 
whether the process was a physical or chemical effect. In the 
third phase, Pb(II) was diffused and adsorbed to the inside of 
activated carbon particles [47,48]. When the concentrations 
of NOM in water were different, the differences of intra-
particle diffusion coefficient (Di) were small, which were all 
within the range of 10–5 to 10–13 cm2/s, indicating the removal 
rate of heavy metals could be limited by the diffusion rate 
in the particles, and the degree of restriction was more sig-
nificant in the chemical adsorption process [52].

Comparing with the fitting parameters of pseudo-sec-
ond-order model in Table S1, the equilibrium adsorption 
capacity of 0.095 mmol/g for Pb(II) was achieved when there 
was no NOM in water, while the equilibrium adsorption 
amount increased to 0.126 mmol/g with NOM concentration 
of 1  mg/L. This was mainly because NOM in wastewater 
has multiple functional groups, such as O–H, COO– and 
N–H, which could react with metal ions to form coordina-
tion compounds [53]. The stability of Pb(II)-NOM coordi-
nation compound was proved to be relatively strong in the 
products formed. Also, most of NOM are anionic polymer 
organic matters. Pb(II) had the largest ionic radius (1.20 Å) 
among the five heavy metals, and the micropores of acti-
vated carbon were easily blocked by it. Therefore, Pb(II) 
could be better adsorbed and removed under the help of 
NOM with high molecular weight because new adsorp-
tion sites for Pb(II) were provided when NOM was added. 
However, the competition ability of NOM for the active 
sites of adsorbent was enhanced with the raise of NOM con-
centration [54]. Moreover, high concentration of NOM was 
easy to block the pores and wrap the surface of activated 
carbon, which meant that the effective contact area between 
heavy metals and activated carbon was reduced [54]. 
Combining the promotion and inhibition effects of NOM 
on adsorption, these are the main reasons why the adsorp-
tion capacities of activated carbon for Pb(II) were ranked as 
Pb(II)-1 > Pb(II)-5 > Pb(II)-10 > Pb(II)-0.

According to the experimental results of Pb(II), the 
kinetic curve of activated carbon adsorbing heavy metals 
was more in line with the pseudo-second-order model. 
Thus, the adsorption procedures of Cu(II), Zn(II), Cd(II) 
and Cr(VI) under different NOM concentrations were fitted 
by this model, and the fitting images and parameters are 
shown in Fig. 4 and Table S2. Research suggested that the 
influences of different concentrations of NOM on several 
heavy metals were diverse from each other, which mainly 
depended on the metal properties such as the affinity of 
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heavy metals and NOM, ionic radius, electronegativity and 
complex stability.

From the pseudo-second-order kinetic simulation 
results of Cu(II), the adsorption of Cu(II) was promoted 
under the help of 1 mg/L NOM, and the adsorption capacity 
increased from 0.132 to 0.144  mmol/g, while the adsorp-
tion capacity of activated carbon was inhibited by com-
petition of adsorption sites and blockage of pores when 5 

or 10  mg/L NOM was added. In other words, the equilib-
rium adsorption amounts of Cu(II) were in the order of 
Cu(II)-1  >  Cu(II)-0  >  Cu(II)-5  >  Cu(II)-10. Comparing the 
influence of NOM on the removal of Cu(II) and Pb(II), the 
amount of Pb(II) adsorbed increased by 27% and that of 
Cu(II) decreased by 11% when there was 10 mg/L NOM in 
water. That was, high concentration of NOM promoted the 
removal of Pb(II), but inhibited the adsorption of Cu(II), 
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which should be attributed to the different stability of com-
plexes of heavy metals with NOM. Previous studies [55] have 
shown that Cu(II) had the highest affinity for NOM among 
the five heavy metals, and the stability of Cu(II)-humic acid 
complex was much stronger than that of Pb(II)-humic acid 
complex. Consequently, with the increase of NOM, Cu(II) 
could not only be adsorbed by the NOM on the surface of 
activated carbon, but also be attached to the humic acid sus-
pended in wastewater in a large amount, which caused the 
adsorption of Cu(II) on activated carbon to be prevented [56].

Observing the pseudo-second-order kinetic parame-
ters of Zn(II), the equilibrium adsorption capacities order 
of Zn(II)-1  >  Zn(II)-5  >  Zn(II)-10  >  Zn(II)-0 was obtained, 
which was consistent with the order of Pb(II). Even though 
the hydration heat of Zn(II) was higher than that of Pb(II), 
which made the ion exchange between Zn(II) and the cations 
in NOM and activated carbon difficult to be realized [40], the 
ionic radius of Zn(II) was smaller than that of Pb(II), mean-
ing that Zn(II) was easier to diffuse into the interior of NOM 
and activated carbon, and the effective specific surface area 
of adsorbent was relatively larger. Also, the hydroxyl groups 
in humic acid could react with metal ions, and the solu-
bility product of Zn(OH)2 (1.2 × 10–17) was less than that of 
Pb(OH)2 (1.2 × 10–15), demonstrating that Zn(OH)2 was more 
likely to be precipitated, and the possibility of Zn(II) removal 

by NOM was greater. As a result, although the active sites 
of activated carbon were occupied by NOM, the removal 
efficiency of Zn(II) could be enhanced by the formation 
of activated carbon-NOM-Zn(II) ternary compounds.

Similarly, the ionic radius of Cd(II) was smaller than that 
of Pb(II), and the possibility of Cd(II) being transferred to the 
pores of NOM was stronger than that of Pb(II). This resulted 
in Cd(II) being favorably removed under the help of NOM. 
From the previous research results, it was known that the 
adsorption capacity of activated carbon for Cd(II) was the 
weakest among the five heavy metals, but the removal effect 
of Cd(II) may be enhanced by the functional groups of humic 
acid. Hence the equilibrium adsorption amount of Cd(II) 
gradually increased from 0.040 to 0.059  mmol/g with the 
raise of NOM concentration from 0 to 10 mg/L, and the order 
of Cd(II)-10 > Cd(II)-5 > Cd(II)-1 > Cd(II)-0 was achieved.

Different from Pb(II), the removal of Cr(VI) by activated 
carbon was inhibited by the presence of NOM. Only 79% of 
the equilibrium adsorption amount of Cr(VI)-0 was reached  
at 10 mg/L NOM in water, and the order of equilibrium ads
orption amounts was Cr(VI)-0 > Cr(VI)-1 > Cr(VI)-5 > Cr(VI)-
10. This should be attributed to the fact that the electro-
negativity of Cr(VI) (1.6) was less than that of Pb(II) (1.9), 
implying that Cr(VI) was less attractive to electrons than 
Pb(II) [39]. When the surface of activated carbon was 
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Fig. 4. Pseudo-second-order fitting for Cu(II), Zn(II), Cd(II) and Cr(VI) at different NOM concentrations.
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wrapped by NOM, it was difficult for Cr(VI) to be adsorbed 
by the anions of NOM. The amount of NOM encapsulated 
increased with raising NOM concentration, and the inhibi-
tory effect of adsorption was also enhanced.

3.2.3. Adsorption thermodynamics under 
the influence of NOM

In order to evaluate the properties of activated carbon 
on the adsorption process of heavy metals and the effect of 
temperature on the adsorption effect, the thermodynamic 
tests of activated carbon on five heavy metals under the con-
ditions of NOM of 0 and 10 mg/L were carried out. The ther-
modynamic parameters obtained are shown in Table 2.

The change process in the adsorption system can be 
inferred from the value of Gibbs free energy (ΔG). For the 
five heavy metals under all temperature conditions, ΔG was 
negative, indicating that the adsorption reactions of acti-
vated carbon to Pb(II), Cu(II), Zn(II), Cd(II) and Cr(VI) were 
spontaneous process [35]. Moreover, the absolute value of 
ΔG gradually increased with the increase of temperature. It 

can be seen that higher reaction temperature was beneficial 
to the removal of heavy metals by activated carbon. In addi-
tion, the absolute values of ΔG of Pb(II), Cu(II) and Cd(II) 
increased correspondingly when NOM existed in water, 
while the absolute value of ΔG of Cr(VI) decreased corre-
spondingly. Therefore, NOM was conducive to the sponta-
neous adsorption of Pb(II), Cu(II) and Cd(II), while inhibiting 
the spontaneous adsorption of Cr(VI), which was consistent 
with the results of adsorption kinetics. This was mainly due 
to the fact that a large number of functional groups were 
provided by NOM, and the coordination compounds of 
Pb(II)-NOM, Cu(II)-NOM and Cd(II)-NOM were produced, 
which promoted the spontaneous removal of heavy metals 
in the treatment system. The electronegativity of Cr(VI) was 
small, which meant that the ability to attract negative charges 
in NOM was weak, and some adsorption sites of activated 
carbon were occupied by NOM, resulting in a weakened 
spontaneous adsorption of Cr(VI) by activated carbon.

Whether the reaction process was endothermic or exo-
thermic can be judged by the variation of enthalpy (ΔH). 
When the reaction system absorbed heat, the enthalpy value 

Table 2
Thermodynamic parameters comparison of adsorption for Pb(II), Cu(II), Zn(II), Cd(II) and Cr(VI) at NOM concentrations of 0 and 
10 mg/L

Heavy 
metal

Temp. 
(°C)

NOM-0 NOM-10

qe 
(mmol/g)

ΔG 
(kJ/mol)

ΔH 
(kJ/mol)

ΔS 
(J/(mol K))

Adj-R2 qe 
(mmol/g)

ΔG 
(kJ/mol)

ΔH 
(kJ/mol)

ΔS 
(J/(mol K))

Adj-R2

Pb(II)

15 0.087 –12.701

6.844 
(σ 0.955)

67.992 
(σ 3.111)

0.926

0.111 –13.391

4.701 
(σ 1.982)

63.121 
(σ 6.457)

0.536
25 0.099 –13.531 0.124 –14.195
35 0.099 –13.985 0.124 –14.672
45 0.111 –14.813 0.143 –15.640
55 0.118 –15.459 0.130 –15.800

Cu(II)

15 0.112 –13.431

12.136 
(σ 3.402)

88.854 
(σ 11.082)

0.746

0.143 –14.165

6.005 
(σ 3.155)

69.372 
(σ 10.276)

0.396
25 0.144 –14.679 0.130 –14.364
35 0.128 –14.786 0.147 –15.234
45 0.160 –16.032 0.179 –16.446
55 0.192 –17.228 0.163 –16.605

Zn(II)

15 0.045 –10.953

8.953 
(σ 2.020)

68.804 
(σ 6.568)

0.823

0.042 –10.776

8.408 
(σ 1.951)

67.112 
(σ 6.354)

0.815
25 0.050 –11.616 0.055 –11.874
35 0.049 –11.950 0.053 –12.169
45 0.059 –12.875 0.059 –12.875
55 0.070 –13.800 0.066 –13.620

Cd(II)

15 0.034 –10.237

6.775 
(σ 2.549)

59.595 
(σ 8.304)

0.602

0.047 –11.066

9.238 
(σ 2.202)

71.191 
(σ 7.172)

0.806
25 0.041 –11.086 0.061 –12.157
35 0.048 –11.893 0.066 –12.789
45 0.042 –11.898 0.074 –13.545
55 0.050 –12.786 0.072 –13.886

Cr(VI)

15 0.160 –14.520

7.199 
(σ 1.105)

75.113 
(σ 3.598)

0.912

0.080 –12.480

8.619 
(σ 3.513)

74.025 
(σ 11.440)

0.557
25 0.161 –15.036 0.102 –13.559
35 0.183 –15.996 0.114 –14.307
45 0.189 –16.647 0.130 –15.318
55 0.205 –17.481 0.116 –15.236

Notes: qe (mmol/g): adsorbed amount per activated carbon unit; ΔG (kJ/mol): Gibbs free energy; ΔH (kJ/mol): variation of enthalpy; 
ΔS (J/(mol K)): variation of entropy; Adj-R2: adjusted determination coefficient; σ: standard deviation.
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increased, and ΔH was a positive value. When the reaction 
system emitted heat, the enthalpy value decreased, and ΔH 
became a negative value [46,48]. It can be seen from Table 2 
that the ΔH values of Pb(II), Cu(II), Zn(II), Cd(II) and Cr(VI) 
were greater than 0, showing that the adsorption of metal 
ions on activated carbon was an endothermic process. After 
NOM was added to water, heat was required when the com-
plex reaction between NOM and heavy metals occurred. 
This may be because the heavy metals were exchanged with 
the functional groups on the surface of activated carbon 
and NOM, and the process was generally endothermic. In 
addition, metal ions were adsorbed after losing hydration, 
and energy was needed in the process of ion dehydration. 
Thus, the removal of heavy metals was promoted by the 
increase in temperature, and the amount of adsorption by 
activated carbon was correspondingly increased.

The degree of chaos in the reaction system can be rep-
resented by entropy (S). The greater the chaos of the sys-
tem, the greater the S value. For Pb(II), Cu(II), Zn(II) and 
Cr(VI), the value of ΔS decreased when NOM existed in 
water. It was speculated that metal ions could be more firmly 
adsorbed on the surface of NOM, and the randomness of sol-
id-liquid interface was reduced. However, the ΔS value of 
Cd(II) increased instead, confirming that Cd(II) had greater 
randomness in the coexistence system of activated carbon 
and NOM, which meant the recovery of Cd(II) may be hin-
dered during the regeneration process [31]. In addition, the 
values of ΔS in Table 2 were all greater than 0, implying the 
adsorption process of activated carbon for heavy metals 
was irreversible [45].

3.2.4. N2 adsorption–desorption isotherm and pore-size 
distribution of the adsorbent

The adsorption capacity of activated carbon is mainly 
associated with the factors such as specific surface area, pore-
size distribution and pore volume. The specific surface areas, 
N2 adsorption–desorption isotherms and pore-size distri-
butions of the adsorbed activated carbon were determined, 
and the results are presented in Figs. 5 and 6.

Based on the IUPAC regulations [55], N2 adsorption–
desorption isotherms are divided into six types, and their 
shapes depend on the pore structure of adsorbent. It can be 
observed from Fig. 5 that the adsorption curve of activated 
carbon used in the experiments had the characteristics of 
Type I and IV, confirming that the adsorbent was classi-
fied as a mixture of these two types. Type I isotherms indi-
cate that the materials have micropores (pore size  <  2  nm) 
[57,58], while Type IV isotherms imply that the materi-
als are mainly mesopores (2  nm  <  pore size  <  50  nm) [59]. 
Thus, most of the heavy metals in water were adsorbed by 
micropores and mesopores of activated carbon, which was 
demonstrated in the measurement of pore-size distributions. 
The large number of mesopores of activated carbon were 
conducive to the entry of large molecules of NOM, so that 
the influence of NOM on the removal of heavy metals was 
enhanced. Moreover, according to previous studies, it was 
known that metal ions, such as Pb(II), Cd(II) and Cr(VI), 
were more strongly adsorbed by activated carbon with a rich 
mesoporous structure. Additionally, the hysteresis loops of 
the isotherms were clearly observed at the relative pressure 

of 0.75. This indicated that the activated carbon used in the 
experiments was monolayer chemisorption in the low-pres-
sure region, and the metal ions were removed by the chem-
ical bonds on the surface of the material. With the increase 
of relative pressure, the capillary condensations of activated 
carbon were occurred, and the physical adsorption of multi 
molecular layer appeared, which suggested that the adsorp-
tion reactions were dominated by van der Waals forces. 
According to the classification of IUPIC, these hysteresis 
loops belonged to Type H4, so that the layered structure of 
the adsorbent with slit-like pores was determined [60].

By comparing the N2 adsorption–desorption isotherms 
with NOM of 0 and 10  mg/L, the removal of Pb(II), Zn(II) 
and Cd(II) was promoted by the presence of NOM, while 
the adsorption of Cu(II) and Cr(VI) was inhibited under 
the same condition, which was consistent with the previous 
research conclusions.

As seen in Fig. 5c, the adsorption capacity of Zn(II) was 
significantly increased by NOM of 10  mg/L. The pore-size 
distributions showed that the microporous volume of acti-
vated carbon was increased when NOM was added. Further, 
the specific surface areas of the adsorbent under the con-
ditions of Zn(II)-0 and Zn(II)-10 were 862 and 1,099  m2/g 
respectively, and the specific surface area of the material was 
also significantly increased by NOM. This may be due to the 
fact that NOM was loaded on the surface of activated car-
bon, which increased the surface pores of activated carbon, 
and NOM could also enter and be adsorbed in the macrop-
ores and mesopores of the particles, so that the larger pores 
were transformed into many micropores, thus increasing the 
microporous volume and specific surface area. Hence the 
adsorption performance of activated carbon was enhanced 
under the help of NOM.

Although the specific surface area of activated carbon 
was increased by NOM loading, the ionic radii of Pb(II) and 
Cd(II) were the largest among the five heavy metals, and the 
micropores of particles were easily blocked by Pb(II) and 
Cd(II) in the adsorption process, so the active sites could not 
be fully utilized. The little change of pore volumes in Fig. 6a 
and d was caused by both the promoting effect of NOM and 
the blocking effect of metal ions. Consequently, the adsorp-
tion capacity of activated carbon was slightly increased by 
NOM when the water was polluted by Pb(II) and Cd(II).

Among the five heavy metals, the electronegativity of 
Cu(II) was the largest, and the stability of the complex formed 
by the reaction of Cu(II) with NOM was also the strongest. 
The well-developed mesoporous material is conducive to 
the entry of macromolecular NOM. When NOM diffused 
into the particles, the ternary complex of activated carbon-
Cu(II)-NOM was easy to be produced, which made a large 
amount of NOM accumulate in the material, and caused pore 
blockage and reduction of pore volume, thus the adsorption 
capacity of activated carbon was weakened [27]. This conjec-
ture was confirmed by the decrease of adsorption quantity 
(Fig. 5b) and pore volume (Fig. 6b).

Because the ionic radius (0.52  Å) and electronegativity 
(1.6) of Cr(VI) were relatively small, and the complexation 
degree of Cr(VI) with NOM was weak, the pores in the adsor-
bent were not easily blocked by Cr(VI). Fig. 6e shows that 
the pore volumes of Cr(VI)-0 and Cr(VI)-10 were not much 
different, which should be interpreted as the function of 
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NOM itself. NOM was attached to the surface of activated 
carbon and occupied part of the adsorption sites, but the 
new functional groups and specific surface area were also 
provided by NOM, so the specific surface areas and pore 
volumes of Cr(VI)-0 and Cr(VI)-10 were almost unchanged. 
Fig. 5e illustrates that the inhibition of NOM on the adsorp-
tion of heavy metals was only slight.

3.2.5. Surface morphology of the adsorbent

Surface morphology is a significant factor affecting the 
adsorption performance of material. The morphologies of 
activated carbon after adsorption of Pb(II), Cu(II), Zn(II), 
Cd(II) and Cr(VI) were observed by SEM. The results are 
shown in Fig. 7. It can be confirmed that the activated carbon 
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Fig. 5. N2 adsorption–desorption isotherms of activated carbon for Pb(II), Cu(II), Zn(II), Cd(II) and Cr(VI).
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used in the experiments was characterized by rough surface 
and many slit like pores. Some regions of activated carbon 
also had macroporous structure, which was connected with 
the interior of particles. Consequently, the specific surface 
area and pore volume of the adsorbent were increased.

As presented in Fig. 7a, there were many attachments 
on the surface of activated carbon, meaning that Pb(II) 

was adsorbed on the active center in a large amount. Some 
elliptical macromolecular substances were found on the 
surface of the material in Fig. 7b, which may be NOM 
in water. The attachments on the surface of NOM were 
clearly observed, indicating that Pb(II) and NOM could be 
adsorbed by activated carbon, and new functional groups 
could also be provided by NOM, thereby forming activated 
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Fig. 6. Pore-size distributions of activated carbon for Pb(II), Cu(II), Zn(II), Cd(II) and Cr(VI).
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(a) Pb(II)-0 (b) Pb(II)-10 

(e) Zn(II)-0 (f) Zn(II)-10 

(c) Cu(II)-0 (d) Cu(II)-10 

(g) Cd(II)-0 (h) Cd(II)-10 

(i) Cr(VI)-0 (j) Cr(VI)-10 

Fig. 7. SEM images of activated carbon after adsorption of Pb(II), Cu(II), Zn(II), Cd(II) and Cr(VI).
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carbon-NOM-Pb(II) complexes. It was concluded that the 
adsorption of Pb(II) was promoted under the help of NOM, 
which confirmed the results of the previous study.

By comparing the morphologies of Zn(II)-0, Zn(II)-10, 
Cd(II)-0 and Cd(II)-10, it was found that the surface of the 
material was covered by a large number of oval NOM sub-
stances when high concentration of NOM was added. Since 
the precipitation reaction between Zn(II) and the hydroxyl 
groups in humic acid was prone to occur, and the affinity of 
Cd(II) with NOM was also strong, many Zn(II) and Cd(II) 
were adsorbed on the surface of NOM, and their removal 
efficiencies were also enhanced accordingly.

There were some irregular macroporous and meso-
porous structures on the surface of activated carbon. As 
clearly seen in Fig. 7d and j, the polymer NOM could enter 
and block these pores, so that the adsorption space of the 
material was reduced, and the utilization of Cu(II) and 
Cr(VI) for the active sites in the particles was dramatically 
decreased. This led to the inhibitory effect of NOM on 
the removal of Cu(II) and Cr(VI).

3.3. Regeneration method of activated carbon

3.3.1. Regeneration reagents

The desorption effects of H2O, NaCl, HCl and NaOH 
regeneration solutions on activated carbon for five heavy 
metals were investigated, and the results are shown in Fig. 8. 
The desorption rates of heavy metals were all less than 5% 
under the regeneration of deionized water H2O, while 
the desorption effects of NaCl and NaOH solutions were 
detected to be slightly better. HCl solution had the strongest 
desorption ability, and the desorption rates of Pb(II), Cu(II), 
Zn(II), Cd(II) and Cr(VI) could reach more than 85%. Based 
on the research, the desorption process of metal ions by H2O 
was controlled by physical action, such as van der Waals 
gravity. However, although physical adsorption had been 
proved to exist during the removal of heavy metals by acti-
vated carbon, chemical adsorption such as ion exchange and 
complexation reactions between functional groups on the 
surface of the material and heavy metals was the dominant 

role [61,62]. This is the reason why the desorption rate of 
H2O was very low. The regeneration principles of activated 
carbon by NaCl and HCl solutions were basically the same. 
High concentration cations, such as Na+ and H+, were used 
to replace the metal ions adsorbed on the surface of the 
material through competitive adsorption and ion exchange 
[63]. The desorption ability of HCl solution was stronger 
than that of NaCl solution, which was mainly attributed to 
the relative affinity between cations and adsorbent. It was 
reported that the relative affinity of H+ to activated carbon 
was greater than that of Na+, and the higher the affinity, the 
stronger the power of ion exchange with heavy metals [64]. 
Besides, the ionic radius of H+ was determined to be the 
smallest, and the mobility of H+ in water was higher than 
that of Na+, which made metal ions easy to be contacted and 
exchanged by H+. The desorption rate of NaOH solution 
was only about 30%, which could be explained that NaOH 
is a strong alkaline solution. The protonation degree of the 
adsorbent could be weakened by NaOH, resulting in an 
increased attraction to metal ions, which was not conducive 
to the regeneration of activated carbon. Therefore, HCl solu-
tion had been proved to be the best regeneration reagent for 
desorption of metal ions from activated carbon.

3.3.2. Regeneration reagent concentration

In order to determine the optimal concentration of rege
neration reagent, the desorption experiments of activated 
carbon with adsorption equilibrium were conducted by 
modifying the concentrations of HCl solution from 0.01 to 
1  mol/L, then heavy metals wastewater was treated with 
regenerated activated carbon. The results are shown in Fig. 9.

Fig. 9a illustrates that when the concentration of HCl 
solution increased from 0.01 to 0.2  mol/L, the desorption 
rates of five heavy metals were gradually increased to more 
than 91%, and the highest desorption rate of 97% for Pb(II) 
was achieved. But the desorption rate remained stable and 
was no longer raised as the concentration of HCl solution 
continued to increase. The reason for this phenomenon was 
that more H+ in water was caused by the increase of HCl 
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Fig. 8. Desorption capacities of different regeneration reagents for heavy metals on activated carbon.
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concentration, and the ability of exchange with metal ions 
on the surface of activated carbon was correspondingly 
enhanced [63]. However, the desorption rate of 100% could 
not be obtained even if the concentration of HCl solution 
increased to a certain level. The strong chemical interaction 
was inferred to exist between metal ions and functional 
groups of activated carbon, such as internal surface chelation. 
The chemical bond was difficult to be broken by H+, so the 
metal ions could not be replaced.

According to Fig. 9b, when the concentration of HCl 
solution was gradually increased to 0.1 mol/L, the adsorption 
capacities of regenerated activated carbon were significantly 
enhanced, and the removal rates of Pb(II), Cu(II) and Cr(VI) 
could be as high as 98%. But the removal efficiencies of five 
heavy metals decreased with the continuous increase the 
concentration of regeneration solution. This may be because 
as the concentration of HCl solution increased, the number 
of active centers occupied by H+ on the surface of activated 
carbon also raised, which was beneficial to the adsorption 
of metal ions after regeneration. However, HCl solution is 
strong acid, the surface morphology and structural char-
acteristics of activated carbon would be destroyed by high 
concentration of HCl solution, and the adsorption perfor-
mance would also be affected [65].

The optimal concentration of HCl solution was deter-
mined to be 0.1 mol/L through comprehensive analysis of the 
desorption rates of heavy metals and adsorption capacities 
of regenerated activated carbon.

3.3.3. Regeneration times

HCl solution of 0.1 mol/L was chosen to regenerate and 
reuse the adsorbed activated carbon for many times. Fig. 10 
shows the role of regeneration times on the regeneration 
effect and adsorption performance of adsorbent.

As observed in Fig. 10a, after activated carbon had been 
used for six adsorption–regeneration cycles, the desorption 
effects of heavy metals by HCl solution were not varied 
from each other significantly, and the desorption rate was 
still as high as 80%, and even the desorption rate of Pb(II) 
could be maintained above 90%. This meant that activated 
carbon could be regenerated many times and the desorption 
effect was promising. Fig. 10b illustrates that the adsorption 
capacities of activated carbon for heavy metals were weak-
ened with the increase of regeneration times, and the order 
of removal rates of Pb(II), Cu(II), Zn(II), Cd(II) and Cr(VI) 
was also changed, which was attributed to the oxidizing and 
corrosive properties of HCl. After many times of soaking 
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and desorption, some functional groups of activated car-
bon were easily oxidized, and the surface structure would 
be destroyed to some extent, and the internal pores of the 
particles would collapse, which resulted in the reduction 
of specific surface area and adsorption sites [65]. However, 
the removal rates of five heavy metals by activated car-
bon were all above 60% after the sixth regeneration, which 
suggested that the activated carbon could still be used 
normally after repeated regeneration [66].

All of these results demonstrated that activated carbon 
had good adsorption and regeneration performance, and 
could be recycled for more than six times, which greatly 
reduces the treatment cost and provides the possibility of 
economical and efficient treatment of heavy metal polluted 
wastewater.

4. Conclusions

The adsorption capacities of activated carbon for dif-
ferent heavy metals were ranked as Cu(II) > Cr(VI) > Pb(II) 
>  Zn(II)  >  Cd(II), and the removal process was efficiently 
explained using the pseudo-second-order model. NOM, 
which is widely present in wastewater, could be loaded on 
activated carbon to increase the microporous volume and 

specific surface area, and new functional groups were pro-
vided to form heavy metal-NOM coordination compounds. 
Therefore, the increases of equilibrium adsorption capaci-
ties of activated carbon for Pb(II), Zn(II), Cd(II) and Cu(II) 
were obtained under the help of 1  mg/L NOM. However, 
NOM contained a lot of polymer compounds, which eas-
ily caused the pores of activated carbon to be blocked and 
some of the adsorption sites to be occupied, and the elec-
tronegativity of Cr(VI) was proved to be small, which made 
it difficult for Cr(VI) to be adsorbed by the anions of NOM 
in large quantities. As a result, the equilibrium adsorption 
capacity of Cr(VI) was reduced with the addition of 1 mg/L 
NOM. Moreover, due to the combined action of the charac-
teristics of five heavy metals, such as ionic radius, hydra-
tion heat, electronegativity and the stability of coordination 
compounds with NOM, different degrees of promoting 
or inhibiting effect for the adsorption of activated carbon 
could be caused by the different concentrations of NOM. 
The regeneration studies suggested that the metal ions on 
activated carbon were desorbed best by HCl solution of 
0.1 mol/L, and activated carbon could be used for multiple 
adsorption–regeneration cycles, which is an economical and 
efficient adsorbent for heavy metals with good application  
prospects.
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Supporting information

Table S1
Parameters comparison of adsorption kinetics for Pb(II) at different NOM concentrations

Sample

qe(exp.) (mmol/g)

Pseudo-first-order Pseudo-second-order

qe(cal.) (mmol/g) k1 (1/min) Adj-R2 qe(cal.) (mmol/g) k2 (g/(mmol min)) Adj-R2

Pb(II)-0 0.099 0.093 (σ 0.002) 2.202 (σ 0.499) 0.970 0.095 (σ 0.002) 77.564 (σ 36.501) 0.974
Pb(II)-1 0.136 0.124 (σ 0.003) 2.967 (σ 1.254) 0.961 0.126 (σ 0.003) 70.164 (σ 41.985) 0.969
Pb(II)-5 0.127 0.118 (σ 0.002) 0.948 (σ 0.000) 0.964 0.122 (σ 0.002) 53.676 (σ 18.500) 0.983
Pb(II)-10 0.124 0.117 (σ 0.002) 1.346 (σ 0.000) 0.967 0.121 (σ 0.001) 48.659 (σ 11.618) 0.990

Sample

Intraparticle diffusion (Weber–Morris)

ki (mmol/(g min0.5)) d (mmol/g) Adj-R2 Di 
(cm2/s)Second phase Third phase Second phase Third phase Second phase Third phase

Pb(II)-0 0.010 (σ 0.006) 1.998e–4 (σ 8.876e–5) 0.073 (σ 0.010) 0.093 (σ 7.939e–4) 0.378 0.448 7.558e–7

Pb(II)-1 7.024e–4 (σ 3.534e–4) 4.332e–4 (σ 4.650e–5) 0.116 (σ 0.001) 0.129 (σ 5.502e–4) 0.330 0.977 2.182e–7

Pb(II)-5 0.002 (σ 2.504e–4) 1.828e–4 (σ 8.371e–5) 0.108 (σ 7.975e–4) 0.125 (σ 9.905e–4) 0.940 0.653 3.086e–7

Pb(II)-10 0.006 (σ 0.002) 3.471e–4 (σ 1.642e–4) 0.101 (σ 0.004) 0.119 (σ 0.002) 0.699 0.464 3.779e–7

Notes: qe(exp.) and qe(cal.) (mmol/g): the qe obtained by the experiment test and calculated by the model, respectively; k1 (1/min) and 
k2 (g/(mmol min)): the rate constants for pseudo-first-order and pseudo-second-order adsorption models, respectively; ki (mmol/(g min0.5)): 
rate constant for intraparticle diffusion model; d (mmol/g): effect of boundary layer thickness; Di (cm2/s): intraparticle diffusion coefficient; 
Adj-R2: adjusted determination coefficient; σ: standard deviation.

Table S2
Parameters comparison of pseudo-second-order for Cu(II), Zn(II), Cd(II) and Cr(VI) at different NOM concentrations

Sample Cu(II) Sample Zn(II)

qe(exp.) 
(mmol/g)

qe(cal.) (mmol/g) k2 (g/(mmol min)) Adj-R2 qe(exp.) 
(mmol/g)

qe(cal.) 
(mmol/g)

k2 (g/
(mmol min))

Adj-R2

Cu(II)-0 0.144 0.132 (σ 0.003) 26.568 (σ 8.381) 0.966 Zn(II)-0 0.056
0.054 
(σ 7.411e–4)

79.282 
(σ 17.298)

0.987

Cu(II)-1 0.153 0.144 (σ 0.003) 22.944 (σ 5.904) 0.976 Zn(II)-1 0.078
0.077 
(σ 5.202e–4)

93.857 
(σ 15.074)

0.997

Cu(II)-5 0.134 0.121 (σ 0.003) 34.060 (σ 12.813) 0.961 Zn(II)-5 0.066
0.062 
(σ 9.649e–4)

134.589 
(σ 55.985)

0.983

Cu(II)-10 0.131 0.118 (σ 0.003) 49.527 (σ 23.849) 0.961 Zn(II)-10 0.061
0.057 
(σ 8.786e–4)

66.026 
(σ 14.784)

0.984

Sample Cd(II) Sample Cr(VI)

qe(exp.) 
(mmol/g)

qe(cal.) (mmol/g) k2 (g/(mmol min)) Adj-R2 qe(exp.) 
(mmol/g)

qe(cal.) 
(mmol/g)

k2 (g/
(mmol min)

Adj-R2

Cd(II)-0 0.041
0.040 
(σ 5.556e–4)

211.916 (σ 79.764) 0.987 Cr(VI)-0 0.140
0.119 
(σ 0.006)

6.867 (σ 2.309) 0.886

Cd(II)-1 0.045 0.041 (σ 0.001) 108.783 (σ 56.748) 0.936 Cr(VI)-1 0.113
0.099 
(σ 0.004)

7.237 (σ 1.752) 0.937

Cd(II)-5 0.047
0.043 
(σ 9.485e–4)

139.028 (σ 62.688) 0.967 Cr(VI)-5 0.101
0.096 
(σ 0.004)

7.357 (σ 1.850) 0.931

Cd(II)-10 0.061
0.059 
(σ 7.276e–4)

151.280 (σ 52.826) 0.989 Cr(VI)-10 0.097
0.094 
(σ 0.003)

8.081 (σ 1.959) 0.937
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