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ABSTRACT

This paper focused on the adsorption mechanism of activated carbon for the removal of
low-concentration heavy metals in drinking water treatment. Two commercial activated car-
bon AC-1 and AC-2 were selected, which mainly were used for the terminal purification of
drinking water. To investigate the differences of adsorption capacity of ACs for Pb, Hg, and
As, scanning electron microscopy test (SEM), N, adsorption/desorption isotherm, the sur-
face functional groups (FT-IR), the point zero charge (PZC), and X-ray photoelectron spec-
troscopy analysis were conducted. Freundlich isotherms were used to describe the
adsorption behavior of ACs on heavy metal ions. The results showed that both AC-1 and
AC-2 have aptitude for low-concentration heavy metals retention; taking the removal capac-
ity and cost into account, AC-1 is more efficient and economic than AC-2 for the low-con-
centration heavy metal ions (Pb and Hg) removal from water. The mechanism analysis
showed that the adsorption of ACs on low-concentration heavy metals heavily depends on
the properties of ACs (pore size distribution, pHpzc, surface functional groups etc.) and the
experiment condition, which cannot only be explained by ion exchange, chemical adsorp-
tion, specific adsorption, and electrostatic effects.

Keywords: Activated carbons; Heavy metals; Adsorption characteristics; Surface functional
group; XPS analysis; Point of zero charge

1. Introduction as lead, mercury, arsenic, cadmium,

Heavy metals are nowadays among the most
important pollutants in surface and groundwater, such
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chromium,

copper, and nickel, which have received considerable
attention worldwide because of their toxicity on
metabolism and intelligence [1]. Excessive ingestion of
them can cause accumulative poisoning, cancer,
nervous system damage, etc. [2,3]. Therefore, the
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elimination of heavy metals from water is important
to protect public health. A number of treatment
methods for removing metal ions from aqueous solu-
tions have been well documented [4], which included
oxidation, reduction, precipitation, membrane filtra-
tion, ion exchange, and adsorption. Among all the
methods, adsorption is highly effective and economi-
cal because of its simplicity, convenience, and
renewability. Several adsorbents have been studied for
adsorption of metal ions such as activated carbon
[5,6], multiwalled carbon nanotubes [7], fly ash [8,9],
peat [10], sewage sludge ash [11], zeolite [12-14],
kaolinite [15], and resins [16]. However, there is a
requirement to remove the final traces of metal species
during drinking water treatment. The European Com-
munity Directive 98/83 and the WHO guidelines set
lead’s value for tap waters at 10 ug/L from December
2013 [17]. China standards for drinking water quality,
the maximum acceptable concentration for Pb, Hg,
and As are, respectively, 10, 1, and 10 pg/L [18]. In
this case, the common methods for removing heavy
metals are either economically unfavorable (e.g.
precipitation, conventional ion exchange, electrolyte or
liquid extraction) or technically complicated
(electrodialysis, reverse osmosis) [19-21]. At very low
concentrations, such pollutants can be removed by
adsorption on activated carbon [22], which has a high
surface area, porous structure, and functional group
and has been the most popular and widely used
adsorbent in water treatment technology all over the
world [23-26].

However, many studies for the removal of heavy
metals were conducted under a higher concentration
(5-700 mg/L) [27], there is little information on the
analysis of adsorption mechanism of different ACs
on heavy metals at low concentration (<0.05mg/L).
The objective of this study was to research the
adsorption mechanism of two types of commercial
activated carbons: AC-1 (from American) and AC-2
(from Japan), which mainly were used for the termi-
nal purification of drinking water. The experiments
of adsorption isotherm have been performed to eval-
uate ACs’ adsorption potential for heavy metals Pb,
Hg, and As from aqueous solutions. N, adsorption/
desorption  isotherm, the  Fourier transform
infrared radiation (FTIR), point zero of charge (PZC),
and X-ray photoelectron spectroscopy analysis (XPS)
were tested to investigate the adsorption mechanism
of heavy metals on AC-1 and AC-2, which are signif-
icant in guiding the selection of adsorbents for the
removal of low-concentration heavy metals in water
treatment and facilitating understanding of the
adsorption mechanism.
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2. Materials and methods
2.1. Samples description

Two types of commercial ACs used for the
terminal purification of drinking water in drinking
water: AC-1 and AC-2 were selected for the study.
Considering the price, AC-2 (about 8 $/kg) is two
times that of AC-1 (about 4 $/kg). AC-1 (purchased
from American) was made from conventional acti-
vated carbon by modification, which was achieved by
imparting the activated carbon ion-exchange proper-
ties. AC-2 (purchased from Japan) was a kind of AC
filters used in drinking water treatment for the
removal of heavy metals, which was a combination of
70-85% activated carbon and 15-30% of some filter, of
which the filters are the main components for the
removal of heavy metals and have a higher price
(about 25 $/kg).

2.2. Samples characterization

To investigate the surface micromorphology of
materials, scanning electron microscopy (SEM) was
performed using a FEI Quanta 200 SEM. The BET sur-
face area and porous properties of AC-1 and AC-2
were obtained from N, adsorption/desorption iso-
therms at 77 K using volumetric adsorption analyzer
(Autosorb-iQ2-MP, Quantachrome). The micropore
size distribution was based on density functional the-
ory (DFT) using the software supplied by Quan-
tachrome [26]. The mesopore size distributions were
derived from desorption branch of the isotherm by
using the Barett-Joyner-Halenda (BJH) model based
on the nitrogen adsorption data. The surface func-
tional groups of the ACs were detected using a FTIR
spectrometer (Fourier-870 FT-IR, America), where the
spectra were recorded from 400 to 4,000 cm™ L. XPS
was conducted to examine the elemental composition
and their chemical oxidation state near the carbon
surface. The measurements were performed by a
spectrometer (ESCALAB 250 Xi) with monochromatic
AlKa and Mg/ Al dual anode sources as X-ray source.
All binding energies were referenced to the C 1s peak
at 284.6 eV to compensate for the surface charging
effects.

2.3. PZC measurements

Batch equilibrium method for the determination of
PZC was proposed [28,29]. To quantify the PZC,
75mg of AC was added to 50-mL conical flasks. A
standard solution of a volume of 10 mL of 0.1 M NaCl
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was added into each flask, whose initial pH had been
adjusted with NaOH or HCIl. The containers were
sealed and placed on a shaker for 24 h and the resul-
tant pH was recorded using a Mettler-Toledo 340 pH
meter. Zeta potential measurements were conducted
on a DelsaNano C (Beckman Coulter Co., Ltd) imme-
diately after the pH measurements of the samples.
The measurements were measured three times for a
single sample to provide an average reading. Between
the samples, the cell was flushed with 30 ml of ultra-
pure water. The PZC occurs when there is no change
in the pH after contact with the carbon.

2.4. Adsorption experiments

Adsorptive capacities of activated carbon were
determined according to ASTM standards (second edi-
tion, 2000). AC-1 and AC-2 were reduced in particle
size so that 95% passes through a US 325-mesh sieve.
All reagents used were of analytical reagent grade. All
glassware were pretreated with nitric acid overnight.
Desired concentration of solutions, Pb (50 pg/L), Hg
(15pg/L), and As (50 ug/L), were obtained by
diluting the standard solution of heavy metal
(1,000 pg/mL, Iron and Steel Institute ng Detection
Technology Co. Ltd) in ultrapure water provided by a
Milli-Q from Millipore Corporation, USA. Measure
500 ml  aliquots into 1,000l glass-stoppered
Erlenmeyer flask and then, add appropriate amount of
pulverized AC to the containers. Adsorption experi-
ments were conducted in a water bath shaker at
120 rpm and the desired temperature (25°C). After 2 h,
the samples were immediately filtered through
0.45-um polyethersulfone membrane filters to remove
the activated carbon and the concentrations of Pb, As
in solution were determined with an ICP-MS
(XSeries”!, Thermo Electron Corporation, USA), the
concentrations of Hg are measured using
AFS220 + SA-10/20 (Beijing Titan Instruments, China).
In all the experiments, blanks of the metal were made.
Recoveries were determined in triplicates and the
average values are reported.

2.5. Data analysis

Two widely used isotherm models, Freundlich and
Langmuir were examined to fit the experimental data.
The results indicated that the Freundlich model pro-
duced good fits. Therefore, the Freundlich model was
selected for data analysis in this study:

q. = (Cy — CoV/M = KC/" M
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where g, is the amount of heavy metal adsorbed,
ug/mg; Cy and C, are the initial and equilibrium con-
centrations of the heavy metal in solution, pg/L; V is
the volume of solution, L; and M is the mass of the
adsorbent, mg; K and n are the constants of Fre-
undlich isotherms, and K was used to represent the
activated carbon adsorption capacities at equilibrated
concentrations of 1 pug/L [30].

3. Results and discussion
3.1. Characterization of adsorbents
3.1.1. Scanning electron microscopy

Because the adsorption experiments were con-
ducted under the same bath temperature and stirring
speed, the external mass transfer resistance is assumed
to be absent. Adsorption of heavy metals is basically
governed by intraparticle surface diffusion, where
pore size distribution and surface characteristics are
important. SEM micrograph (5,000x magnification) of
AC-1 and AC-2 is shown in Fig. 1. AC-1 has an irreg-
ular morphology formed by the aggregates of different
size particles, where the fibrous nature of the structure
is not so predominant. Different from AC-1, the sur-
face structure of AC-2 shows porous structure contain-
ing more macropores in it, especially the cavernous
pores of about 20-pm diameter, which may be an
inherent fiber structure in the original raw material of
AC-2. It can be seen that the pores in AC-2 are not
interconnected, which may not favor the diffusion of
the heavy metal ion into the inner surface of AC-2.

3.1.2. Sggr and porosity characteristics of ACs

The adsorption properties of AC depend not only
on its surface properties, but also on its pore structure.
To examine the specific surface area and porosity
characteristics of ACs, nitrogen adsorption/desorption
experiments at 77 K were performed using an auto-
sorb apparatus which is shown in Fig. 2.

Fig. 2 indicates that the adsorption/desorption iso-
therm types for AC-1 and AC-2 have obvious differ-
ences. The isotherm for AC-2 clearly belongs to type I
with a slight hysteresis loop, which indicated the pore
structure in AC-2 was dominated by micropores.
However, for AC-1, the isotherm is clearly a mixture
of types I and II and has a significant hysteresis loop,
which revealed the existence of micropores, meso-
pores, and macropores simultaneously [31].

According to the international union of pure and
applied chemistry (IUPAC) classification of adsorption
isotherms, the pores of AC include three groups:
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Fig. 1. SEM micrograph of AC-1 and AC-2.
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Fig. 2. Adsorption/desorption isotherms of N, at 77 K for
AC-1 and AC-2.

macrospore  width  (>50 nm), mesopore width
(2-50 nm), and microspore width (<2 nm). Porous
structure parameters of AC-1 and AC-2 are listed in
Table 1. As Table 1 indicates Sggt, Dav, and Viie/ Viotal
of AC-1 and AC-2 are very similar. The difference is
that Vieso/Viotar for AC-1 is three times of AC-2,
namely the majority of pores for AC-2 fall into the
range of micropores and macropores, but AC-1 has a
large proportion of mesopores in it.

3.1.3. FT-IR analysis

The adsorption properties of activated carbon
depend not only on its pore structure, but also on its
surface chemical properties. The type and quantity of
activated carbon surface functional groups can signifi-
cantly affect the behavior of activated carbon [32].
FTIR was performed using a Fourier-870 FT-IR
(America). KBr powder was used as the background.

FTIR spectra are shown in Fig. 3, a broad band
between 3,100 and 3,700 cm™ ' for AC-1 and AC-2
indicates the presence of both free and hydrogen-
bonded OH groups on the adsorbent surface [33].
This stretching is due to the adsorbed water (peak at
3,400 cm™ ') on the surface [34]. The FTIR spectra of
AC-2 indicated broad peaks in the region of 1,600-
1,800 cm™" corresponding to CO group stretching
from aldehydes and ketones; among them, a maxi-
mum peak at 1,640 cm™' can be assigned to the C=C
stretching vibration in polynuclear aromatic com-
pounds in the sample [35,36]. For AC-1, the peak at
1,100 cm ' is due to -C-O-H stretching and -OH
deformation values. The presence of polar groups
on the surface is likely to give considerable cation-
exchange capacity [37].

Table 1
Porous structure parameters of AC-1 and AC-2
SBET Smic D av Vtotal Vmic Vmic/ Vtotal Vmeso Vmeso/ Vtotal
Name (m?*/g) (m*/g) (nm) (cm*/g) (cm?/g) (%) (cm*/g) (%)
AC-1 739.7 621.4 2.752 0.5089 0.2997 58.89 0.1292 254
AC-2 7774 579.5 2.635 0.5121 0.3013 58.84 0.0422 8.24

Notes: Sggr: BET specific surface area; Spic: micropore volume; D,,: average pore diameter; Viq: total pore volume and Vipeq0: mesopore

volume.
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Fig. 3. FTIR spectrums of AC-1 and AC-2.

3.2. Adsorption of heavy metals on AC-1 and AC-2

Because AC-1 and AC-2 are used for terminals
purification of drinking water, the adsorption experi-
ments of AC-1 and AC-2 were conducted under a
neutral pH range (6-8) and low-level concentration,
which are closer to the actual application conditions.
Combined with the standards for drinking water
quality of China, the initial concentrations for Pb, Hg,
and As solution are, respectively, set at 50, 15, and
50 ug/L.

3.2.1. Pb adsorption

Fig. 4a shows the adsorption character of AC-1 can
be well fitted by Freundlich adsorption isotherm
(R? = 0.986, K = 0.0018), but the adsorption of AC-2 for
Pb ion has a bad fit and did not exhibit any
regularity.

The effect of adsorbent dosage on Pb ion removal
percentage and adsorption capacity of ACs is given in
Fig. 4b, which indicated AC-1 has a good removal
effect for heavy metal Pb at low concentrations and
low carbon-dosing and AC-2 has a poor adsorption
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Fig. 4a. Freundlich adsorption isotherm of Pb on AC-1 and
AC-2. (pH 7.0, equilibrium time = 2 h, temperature = 25°C).
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Fig. 4b. Dosage effects on the adsorption capacity of Pb for
AC-1 and AC-2. (pH 7.0, equilibrium time =2 h, tempera-
ture = 25°C).

effect. It can be seen from Fig. 4b that the Pb ion
removal percentages of AC-1 and AC-2 increase shar-
ply to, respectively, 36.7 and 23% with the increase in
the ACs dose from 0 to 10 mg. With further increase
in the adsorbent dosage from 10 to 60 mg, the Pb ion
removal percentage of AC-1 gradually increases to
62%, but for AC-2, the Pb ion removal percentage did
not change with the increase in the adsorbent dosage.
This may be due to the greater adsorbent surface area
(Spgr, 777.4 m?/ g) and micropore volume (Vi O.
3013 m®/g) available in AC-2 providing more func-
tional groups and active adsorption sites that result in
a higher Pb ion initial removal percentage [27]. As
mentioned above, the adsorption of heavy metals is
basically governed by intraparticle surface diffusion in
the experiment. Compared with AC-2, besides a rela-
tively higher specific surface area (Sggr, 739.7 m*/g)
and micropore volume (V. 0.2997 m>/ g), AC-1 also
has a greater Vieso/Viotal- The higher mesopore vol-
ume in AC-1 (Vipeso, 0.1292 m®/ g) can serve as the
transport pathway, which is conductive to the intra-
particle surface diffusion, therefore, AC-1 can fully
use all active sites, leading to a higher adsorption
capacity; as for AC-2 (Vyeso, 0.0422 m®/g) with fewer
transport pathway, only a part of active sites are
exposed and occupied by Pb ions, leading to a lower
adsorption capacity [38]. SEM micrograph of AC-1
and AC-2 also confirmed the results. It was concluded
that initially, the metals were absorbed by the active
sites on the ACs surface and then diffused into the
interior pores of the ACs.

3.2.2. Hg adsorption

Freundlich adsorption isotherms of AC-1 and AC-2
for Hg are listed in Fig. 5a. Seen from Fig. 5a, R*
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values of AC-1 and AC-2 are, respectively, 0.977 and
0.734, namely compared with AC-2, AC-1 can be well
fitted by Freundlich adsorption isotherms. In addition,
AC-1 has a larger K value (246 x 107%) than AC-2
(1.38 x 107, which indicated that AC-1 has better
adsorption effect than AC-2 for the heavy metal Hg at
low concentration.

Fig. 5b clearly shows the effect of adsorbent dosage
on Hg ion removal percentage and adsorption capac-
ity of ACs, which has the similar shape with AC-1,
namely with the increase in the adsorbent dose from 0
to 10 mg, both AC-1 and AC-2 have a higher initial
removal percentage. With further increase in adsor-
bent dosage, the removal percentages of AC-1 have an
obvious increase and AC-2 is slowly increasing, and
finally both AC-1 and AC-2 entered a platform phase,
which can be attributed to the same cause with the
adsorption of Pb. In summary, the removal percentage
of AC-1 (>80%) is far above AC-2 (56%) in the same
experiment condition, namely considering the removal
capacity of material, AC-1 is more efficient than AC-2
for Hg adsorption.

3.2.3. As adsorption

For As, AC-1 has a slight adsorption effect, the
maximum removal percentage was only 8.3% and
AC-2 has no removal, which may be due to the anio-
nic form of arsenic in the solution, leading to electro-
static repulsion.

Overall, both AC-1 and AC-2 have aptitude for
low-concentration heavy metals retention; taking the
removal capacity into account, AC-1 is more efficient
than AC-2 for Pb, Hg, and As adsorption at the same
experiment conditions.

0.6
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Fig. 5a. Freundlich adsorption isotherm of Hg on AC-1
and AC-2. (pH 7.0, equilibrium time=2h, tempera-
ture = 25°C).
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Fig. 5b. Dosage effects on the adsorption capacity of Hg
for AC-1 and AC-2. (pH 7.0, equilibrium time =2 h, tem-
perature = 25°C).

3.2.4. Comparison of cost and the adsorption capacity of
AC-1 and AC-2

The removal of heavy metals by activated carbons
has been widely reported, in which the heavy
metal concentration was usually in a higher level
(5-700 mg/L). Li et. al. [27] gave a survey of adsorp-
tion capacities of Pb(II) ions by various adsorbents, of
which EPAC has the largest adsorption capacity of
146.85 mg/g with a 60 mg/L initial Pb ion concentra-
tion and a carbon dosage of 0.5 g/L. Hassan et al. [39]
listed the adsorption capacities for some adsorbents
used for mercury(Il) removal from water and Rao
et al. [40] compared the adsorption capacity of differ-
ent activated carbons for Hg(II), in which the activated
carbon from furfural has the largest adsorption capac-
ity of 174 mg/g, with a 40 mg/L initial Hg ion con-
centration, and a carbon dosage of 200 mg/L [41],
which is larger than that of the antibiotic-activated
carbon (129 mg/g) [42], the granular activated carbon
(0.8 mg/g) [43], PHC-peanut carbon (110 mg/g) [44],
and coir pith-activated carbon(154 mg/g) [45]. Of
which only the literature [43] was about drinking
water treatment, others were for high-concentration
heavy metals removal, also, most of them did not give
the information of cost. Therefore, the comparison of
cost and adsorption capacity was only conducted for
AC-1 and AC-2 (see Table 2).

It can be seen from Table 2 that both AC-1 and
AC-2 have aptitude for low-concentration heavy met-
als retention; taking the removal capacity and cost into
account, AC-1 is more efficient and economic than
AC-2 for the low-concentration heavy metal ions (Pb
and Hg) removal from drinking water.
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Table 2
Comparison of the efficiency and cost of AC-1 and AC-2 for low-concentration heavy metals
Pb Hg
Name Cost ($/kg) Adsorption capacity (mg/g) Removal (%) Adsorption capacity (mg/g) Removal (%)
AC-1 4 3.1 63.8 2.78 81.87
AC-2 8 0.49 25.7 1.0 53.24

3.3. Adsorption mechanisms analysis
3.3.1. PZC analysis

PZC is defined as the pH at which carbon surface
has no charge, namely the zeta ({) potential is zero.
The zeta () potential variations of AC-1 and AC-2
were estimated considering the pH of solution on a
DelsaNano C (Beckman Coulter Co., Ltd) and this
variation is given in Fig. 6.

From Fig. 6, it can be seen that the zeta potentials
of AC-1 and AC-2 increase in the negative direction
with the increase in the pH of solution due to the ion-
ization of acidic oxygen surface groups. The PZCs of
AC-1 and AC-2 are, respectively, 5.7 and 7.2, namely
the carbon surface is negatively charged at pH values
above pHpzc (pH >5.7 for AC-1 and pH>72 for
AC-2) and positively charged at pH values below
pHpzc [46].

During the experiments (conducted at pH 7), the
AC-1 surface is negatively charged, which can pro-
mote the adsorption of the positively charged metal
ions from solution due to the electrostatic attractive
interactions between them. In addition, the negative
surface charge is also conducive to ionization of the
ion-exchange functional groups in AC-1 (Fig. 3). As
for AC-2, the surface is positively charged, which will
repel cations due to the electrostatic force of repulsion.
FT-IR spectrum (Fig. 3) indicated that there was a
higher absorbance peak of hydrogen-bonded OH
groups on the surface of AC-2, which should con-
tribute to the initial adsorption of heavy metal ion.
However, the competition of H" and heavy ions for
the same adsorption active sites leads to lower heavy

40 -
> 30
E. 20 - —m— AC-1
= —o— AC-2
£ 10 '\\
g
E 0 3‘ é ‘ 9 11
s-10F 7
L
N .90+

pH

Fig. 6. Zeta potentials at different pH values.

metal ion adsorption capacity of AC-2. As far as elec-
trostatic effects are considered, AC-2 should have a
good removal for the arsenic, but the result is con-
trary, which indicates not only electrostatic effects and
chemical adsorption but also plays an important role.

The analysis indicated that the pH of the solution
is one of the most important factors to determine the
adsorption property of an adsorbent due to its effect
on the surface charge of adsorbent and ionization of
adsorbent.

3.3.2. Analysis of elemental composition before and
after adsorption

XPS measurements were carried out in order to
fully investigate the adsorption mechanisms of AC-1
and AC-2 on low-concentration heavy metals. The
atomic compositions, summarized in Table 3, which
showed both AC-1 and AC-2, are composed mainly of
carbon and oxygen before adsorption. The O/C ratio
in AC-1 (11.2%) is higher than that in the AC-2 sample
(8.48%), namely AC-1 contains more oxygen functional
groups before adsorption.

From Table 3, it was also found that the oxygen
contents of AC-1 and AC-2 after adsorption were sig-
nificantly increased, whereas the carbon content
decreased. These results explicitly show the forming
(or introducing) of surface oxygen complexes as a
result of the adsorption.

XPS spectrum (Fig. 7) indicated that Pb and Hg
were detected on the surface of AC-1 after adsorption,
in which Pb 4f showed a broad and weak peak from
147.83 to 134.53 eV, Hg 4f spectra exhibited intensive
peaks at 103.47 eV (Fig. 7). In the case of AC-2, Hg 4f
spectra were observed at 103.98 eV and Pb was below
detective limits, namely both AC-1 and AC-2 have
aptitude for heavy metal retention, which confirmed
the results of experiment.

3.3.3. Analysis of surface functional groups before and
after adsorption

To facilitate the understanding of adsorption mech-
anism, the O 1s peaks before and after adsorption are
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Table 3
Elemental composition of AC-1 and AC-2 before and after Pb, Hg adsorption
C1s, O 1s, Hg 4f, Pb 4f, o/C
Name Atomic (%) Atomic (%) Atomic (%) Atomic (%) Ratio (%)
AC-1 89.97 10.03 - - 11.2
AC-2 92.18 7.82 - - 8.48
After Pb adsorption (AC-1) 88.15 11.83 0.01 0.01 13.4
After Hg adsorption (AC-1) 88.53 11.44 0.03 - 0.129
After Pb adsorption (AC-2) 91.26 8.72 0.02 - 9.56
After Hg adsorption (AC-2) 90.99 8.99 0.03 - 9.88
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Fig. 8. Specific ratios of surface functional groups of AC-1 and AC-2 in the O 1s-XPS results.

deconvoluted into surface oxygen complex contribu-
tions [47] and the specific ratios of the contributions
are also provided, which are given in Fig. 8. As can be
observed in the deconvoluted O 1s spectra, the main
component located at 532.4 eV (53.5% peak area for
AC-1 and 42.3% for AC-2) is related to C-O (H). The
high-energy subpeak centered at 533.8 eV (34.6% peak
area for AC-1 and 33.4% for AC-2) corresponds to car-
boxyl groups (H) O-C=0O. Comparison of the two
spectra shows that the higher oxygen concentration
found for AC-1 is related to a higher quantity of C-O
(H) and (H) O-C=0 groups in this sample, observed
as an intensity increase of these components. These
results are consistent with FT-IR, which should
be responsible for the higher retention capacity of
AC-1 [48].

Fig. 8 clearly shows the changes of functional
groups after the adsorption. As for AC-1, it was found
that the ratios of C=O increased whereas that of che-
misorbed O, (or HyO) decreased after Pb and Hg
adsorption; the ratios of C-O (H), (H) O-C=0 did not
change significantly, namely that the combination of
heavy metal and chemisorbed O, (or H;O) leads to a
decrease in the ratio of chemisorbed O, (or H,O) and
an increase in C=0, which indicates chemical adsorp-
tion and electrostatic interactions play a dominant role
in the adsorption of AC-1 on Pb and Hg. In the case
of AC-2, the ratios of C=O significantly decreased
whereas that of C-O (H), (H) O-C=0, and chemi-
sorbed O, (or H,O) almost have no change after Hg
adsorption, which should be due to the positive sur-
face charge forcing heavy metal ions away from the
positively charged C-O (H) and (H) O-C=0, near the
uncharged C=0O, namely the hydroxyl C-O (H) and

carboxyl groups (H) O-C=0 didn’t play a role in the
ion exchange for the adsorption of AC-2 on Hg. The
results indicate that the adsorption mechanism of
AC-2 on Hg should be attributed to specific adsorp-
tion and electrostatic effects, which is completely dif-
ferent from AC-1. In summary, the adsorption
mechanism of ACs on heavy metal ions cannot only
be explained by ion exchange, chemical adsorption,
specific adsorption, and electrostatic effects, which
heavily depend on the experiment conditions and the
properties of ACs.

4. Conclusions

This paper studied the adsorption mechanism of
two kinds of ACs for the removal of low-concentration
heavy metals Pb, Hg, and As in drinking water treat-
ment. The results showed that both AC-1 and AC-2
have aptitude for low-concentration heavy metals
retention from water; taking the removal capacity and
the cost into account, AC-1 is more efficient than
AC-2.

The adsorption mechanism analysis indicated the
adsorption of ACs on low-concentration heavy metals
was basically governed by the properties of ACs and
the experiment condition. The metals were initially
absorbed by the active sites on the ACs surface, and
then diffused into the interior pores of the ACs, where
pore size distribution and surface characteristics
played an important role, which basically governed
the adsorption of heavy metals by intraparticle surface
diffusion, namely the adsorption mechanism of ACs
on low-concentration heavy metals heavily depends
on the properties of ACs (pore size distribution,
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pHpzc, surface functional groups etc.) and the
experiment condition, which cannot only be explained
by ion exchange, chemical adsorption, specific adsorp-
tion, and electrostatic effects. The results are signifi-
cant in guiding the selection of AC for the removal of
low-concentration heavy metals and facilitating under-
standing of the adsorption mechanism.
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