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Abstract—Coal gasification slag (CGS) is a carbon-containing solid waste used as an adsorbent to remove low concen-
trations of mercury from wastewater in a series of batch tests to assess its adsorption properties and safe storage. The
results showed that the adsorption of mercury on CGS was a very rapid and efficient process, and adsorption equilib-
rium was reached in only 10-40 min. A pseudo-second-order kinetics model provided a better fit to the equilibrium
data. The adsorption capacity on CGS was just slightly below the value of active carbon. CGS showed the highest mer-
cury removal efficiency at a solution pH of 4. Although the presence of other metal cations and anions affected the
adsorption, CGS showed good selectivity for mercury ions. The adsorption of mercury was not affected by low concen-
trations of Cr’** or Cu’". The negative interference of anions on the removal efficiency followed the order: CI'>H,PO;>
CO3". The adsorption mechanism related to the functional groups included ion exchange, precipitation, coordination
complexation, and surface complexation. Mercury adsorbed on CGS leached very slowly in weakly acidic or basic solu-
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tion. All results of the study indicate that CGS is an economical and safe adsorbent for potential industrial applications.
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INTRODUCTION

Heavy metal pollution has been a focus for many years, as heavy
metal ions are highly toxic, non-metabolizable, and non-biodegrad-
able [1]. Once they enter the food chain, heavy metals accumulate
in living organisms and cause many well-known adverse health
effects, such as potent neurotoxicity;, blood vessel congestion, and
kidney damage [1,2]. Of the various heavy metals, mercury includ-
ing methylmercury and inorganic mercury, is one of the most haz-
ardous environmental pollutants [3]. Methylmercury is easily ad-
sorbed and bioaccumulates in organisms [4] while inorganic mer-
cury easily transforms into methylmercury in aquatic ecosystems.
Both natural processes and anthropogenic activities contribute to
mercury pollution in ecosystems. The major contributors from an-
thropogenic activities include fuel combustion, mining, the chlor-
alkali industrial process, the plastics industry, and the electronics
industry [5].

To reduce the concentration of mercury in wastewater, several
alternative methods have been reported in the literature. Conven-
tional methods include chemical precipitation [6], ion exchange [7],
coagulation [8], and adsorption [9-12], but most of these processes
are time consuming, require high energy inputs and large amounts
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of chemicals. Moreover, their removal efficiency is not high enough,
especially for the wastewater containing low mercury concentra-
tions. Among these techniques, adsorption processes are the most
promising for the removal of heavy metal ions from wastewater
due to the ability to recycle the adsorbent [13,14], simple design of
process [15], effective control of secondary pollution, good selec-
tivity of various mental jons [16,17] and high removal efficiency of
low concentrations of mercury [13].

Coal gasification slag (CGS) is solid waste produced from coal
gasification in modern coal industries. In China, around 700 coal
gasification furnaces are used, and more than 250 million tons of
coal was consumed in 2015 [18]. Therefore, reducing the amount
of CGS produced is a major challenge to ensure the sustainable
development. CGS from entrained-flow coal gasification can be
classified as either coarse slag (discharged from the lock hopper),
and fine slag (discharged by air flow). Coarse slag, which is a dense
and abrasive solid with a low carbon content of about 20%, is used
for polishing media, cement kiln feed, landscaping and road sur-
face coating. Fine slag is a porous material with a higher unburned
carbon content of around 40%, which is used as an adsorbent or a
precursor for activated carbon [19]. CGS from coal water slurry
gasification contains 20-40% residual carbon. The characterization
and properties of unburned carbon in CGS have been explored by
some researches [19,20], and the amount of carbon depends on
operational parameters and the coal feed quality. Due to the coex-
istence of silica and metal oxide in CGS, several studies reported
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the preparation of mesoporous materials by as raw materials [21,
22]. However, the processes were costly and complicated, making
it difficult to achieve large-scale industrial production [22].

Obviously, as low cost materials, the applications of CGS were
not of concern to researchers. Because of the low BET specific sur-
face areas, there were no advantages in the adsorption of organic
compounds. However, CGS can be directly used to remove metal
ions due to the abundant structural porosity [20] and the high resid-
ual carbon. The aim of this study was to explore the direct applica-
tion of CGS as a low cost adsorbent for the rapid removal of mercury
ions from aqueous solution. When the concentration of mercury
ions is low in aqueous, the special porosity in adsorbent favors the
rapid process. This work provides a new way of CGS, which will
greatly benefit the environment.

EXPERIMENTAL SECTION

1. Adsorbents

Raw CGS induded dry pulverized gasification coarse slag (DPGCYS)
and dry pulverized gasification fine slag (DPGFS) from entrained-
flow coal gasification technology, as well as coal-water slurry gas-
ification slag (CWSGS) from coal water slurry gasification. CGS
with 40-65 wt% water content was dried and separated by manu-
ally shaking stainless steel mesh screens with openings of standard
numbers of 200. Particles smaller than 96 um were collected as
adsorbents. Particles were oven-dried at 105 °C for 2 hours to elimi-
nate trace moisture before experiments.
2. Characterization

Fourier-transform infrared spectroscopy (FT-IR) spectra were
recorded on a Thermo Nexus 470 Fourier-transform infrared spec-
trometer (Nicolet) using KBr pellets. The surface morphology and
elemental composition of adsorbent samples were characterized by
a MIRA3 field emission scanning electron microscope equipped
with an energy dispersive X-ray spectrometer (TESCAN). The tex-
tural properties of pores were analyzed by nitrogen adsorption-
desorption isotherms at liquid nitrogen temperature (=196 °C) using
an Autosorb-iQ-MP surface area and porosity analyzer (Quanta-
chrome). Powder X-ray diffraction (XRD) data was collected on a
D8 ADVANCE XRD with Cu-Ke radiation (Bruker). X-ray fluo-
rescence (XRF) data was obtained using an XRF1800 fluorescence
spectrometer (Shimadzu). Elemental analysis was conducted using
a Vario EL cube elemental analyzer (Elementar).
3. Batch Adsorption

Mercury adsorption experiments were carried out using the batch
equilibration method. Mercury solutions were prepared by using
5% nitric acid to dilute standard mercury solutions, which were
purchased from Beijing TanMo Quality Testing center. The mer-
cury ion concentration was controlled in a range of 5-65 mg-L™".
For batch adsorption experiments, 0.22 g adsorbent was added into
20 mL of mercury solution at pH 4.0+0.1. The mixtures were equili-
brated for 100-200 min on a rotary shaker at a constant room tem-
perature (25°C) and then separated by centrifugation for 10 min
at 4,000 rpm. The residual mercury concentrations were determined
using an F732-V] cold atomic adsorption mercury analyzer. All
data was reported as the average of three runs conducted on the
same day. The adsorption capacity (Q) of mercury on adsorbents

was calculated by Eq. (1):
Q=(C,-Oxx 0

where C, and C are the concentrations of Hg"* (mg-L™) before and
after adsorption, respectively, V is the volume of Hg"* solution (L),
and m is the mass of adsorbent (g).
4. Leaching Process

To assess the stability of mercury ion on adsorbents, desorption
experiments were carried out at room temperature (25°C). 0.22 g
recycled adsorbent (Q=1.9-2.27 mg-g ') was added into 20 mL solu-
tion containing Na', Ca*, HCO; and CI". The mixtures were equili-
brated for 24 h on a rotary shaker at room temperature and then
separated by centrifugation for 10 min at 4,000 rpm. The concen-
tration of Hg™" in the leaching solution was determined and used
to calculate the leaching ratio.

RESULTS AND DISCUSSION

1. CGS Characteristics

The main mineral present in CGS was SiO, with small amounts
of calcium-, aluminum- and iron-containing compounds, as shown
in Table S1. According to the elemental analysis, carbon was abun-
dant in CGS, likely due to residual carbon which resulted in a higher
loss on ignition. Due to the abundant functional groups on the sur-
face of CGS, residual carbon helped during the adsorption of Hg**
from wastewater. Significant amounts of sulfur were also found.
Reduced sulfur, which originated from -SH, C-S, or sulfides (Fig.
S1) has been reported to favor the adsorption and precipitation of
mercury [7,23-25]. The isotherm in Fig. S2 shows that CGS fol-
lowed a Type IV N, adsorption/desorption isotherm with an obvi-
ous H3 hysteresis loop, suggesting the CGS contained platelike
particles with slit-shaped pores [23]. The BET specific surface areas
of CGS particles ranged from 46-57 m*-g "' (Table S2), which was
higher than fly ash [26,27]. The average pore size was less than 2 nm,
indicating that CGS is a microporous material. The SEM images in
Fig. S3 show that some spherical particles and irregular carbon
were dispersed among the sheet-like particles in DPGCS and DPGEFS.
There were also thin sheets without irregular particles in the CWSGS
sample in Fig. S3(c). The functional groups, especially oxygen-con-
taining functional groups, on the surface of residual carbon were
involved in Hg™* adsorption. As shown in Fig. $4, the peaks near
2,900 cm™ " are the characteristic stretching vibration of -CH,-, and
the C=0 stretching vibration is located at 1,620 cm™'. Two bands at
1,380cm™ and 1,059 cm™ correspond to -OH. These oxygen-con-
taining functional groups have been reported to be due to carboxyl,
phenolic hydroxyl, and lactone bases [28]. To determine the amount
of oxygen-containing functional groups, the Bochm method was
used to analyze CGS and the values of carboxyl groups on residual
carbon were found to be 1.12, 0.82, and 1.33mmol-g "' for DPGES,
DPGCS, and CWSGS, respectively. These data corresponded to the
approximate carboxyl content on the surface of activated carbon (AC)
[29,30], indicating CGS could potentially be used for adsorption.
2. Rapid Adsorption of Mercury on CGS

Due to the low concentration of Hg™* in wastewater (0.01-10 mg:
L), adsorption was time consuming, thereby equilibrium adsorp-
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Fig. 1. Effect of time of Hg"" adsorption onto CGS.

tion time is a vital parameter. The effect of time on adsorption was
investigated, as shown in Fig. 1. The mercury adsorption on AC, a
common commercial adsorbent, was used as a comparison. The
adsorption process included a first rapid stage and a second slow
stage. The first process was fast because there were many available
functional groups on the adsorbent surface, but as these vacant
functional groups were occupied, the adsorption kinetics slowed
and reached equilibrium. From Fig. 1, the rate of mercury adsorp-
tion on AC was rapid in the first 100 min, and then slowly reached
equilibrium within 120 min, which was consistent with the results
of previous studies [31,32]. In contrast, the adsorption of mercury
on CGS was very fast and efficient, with a shorter adsorption time
of 20 and 40 min for DPGFS and DPGCS, respectively. Notably,
this process finished in only 10 min for CWSGS, possibly due to
its special laminated structure and functional groups. Low concen-
trations of Hg"* were rapidly removed through adsorption, and CGS
saved at less 67% treatment time. The adsorption capacity of the
three CGS samples ranged from 1.96-2.27 mg-g "', which was slightly
lower than the reported value of AC (233 mg-g ). Although AC
has a higher specific surface area (Table S2), it is a mesopore mate-
rial, and is not suitable for the removal of Hg™* (ion diameter about
0.24 nm). Therefore, the three CGS samples appeared to be eco-
nomical adsorbents for potential industrial applications.

Table 1. The parameters of adsorption kinetics

The physical and chemical characteristics of adsorbent and ad-
sorbate determine the adsorption kinetics, and the pseudo-first-order
kinetics and pseudo-second-order kinetics models are often used
to explain surface-controlled adsorption processes [33]. Adsorption
involves Fickian diffusion in both the fluid and adsorbent phases,
and the effect of diffusion in adsorption processes is described by
the Weber-Morris intraparticle diffusion model [34]. All kinetics
equations are shown in supporting materials, the linear fits of the
kinetics data are presented in Fig. S5, and the calculated parame-
ters are described in Table 1. According to the correlation coefficient
(R®) in Table 1, the pseudo-second-order model better describes
the experimental data than the pseudo-first-order kinetics model,
indicating that chemical adsorption dominates the adsorption pro-
cess [27]. According to the pseudo-second-order model, the calcu-
lated K, values of CGS samples are larger than those of AC, sug-
gesting fast adsorption occurred on CGS. Moreover, the calculated
pseudo-second-order equilibrium adsorption capacity is closer to
the experimental values, and similar results have been reported by
previous studies [24,35]. The rate-controlling mechanism was ana-
lyzed by the Weber-Morris intraparticle diffusion model, and the
results are presented in Fig. S5 and Table 1. From Fig. S5, the ad-
sorption process is divided into two stages: a rapid external surface
adsorption stage and a slow intraparticle diffusion stage [27]. Since
the fitting curves of the rapid external surface adsorption stage did
not pass through the origin, the rate-controlling step was due to the
combined effects surface adsorption and intraparticle diffusion.

Table 2 shows the comparison of adsorption properties between
CGS and other low cost adsorbents. All the adsorption processes
followed by the pseudo-second-order kinetic model. According to
the data, CGS did exhibit rapid removal of mercury from aqueous.
3. Effect of Solution pH on Adsorption

Solution pH greatly affects adsorption because it changes the
mercury speciation and also the ionization state of functional groups
on the adsorbent surface. The major mercury species was Hg"" at
pH<3, and the mixture of Hg* and Hg(OH)" within a pH range
of 3-5 [39]. Hg(OH), was the predominant species at pH>5, espe-
cially at high mercury concentration [25]. Fig. S6 shows that the
points of zero charge (PZC) [26] for DPGFS, DPGCS, and CWSGS
were at pH 7.9, 8.1, and 7.1. In acidic solution, all adsorbents are
likely positively charged during the experiments, resulting in repul-

DPGFS DPGCS CWSGS AC
Q. (mg-g ™) 242 2.84 2.45 3.12
First-order kinetic modal Q. (mg-g™") 2.20 1.92 2.04 2.44
K, (min™") 0.0679 0.0927 0.0640 0.0399
R’ 0.9657 0.9678 0.9805 0.9849
Second-order kinetic modal Q.. (mg-g") 233 2.14 2.06 2.75
K, (g-mg "-min") 0.0883 0.0445 0.4454 0.0264
R? 0.9977 0.9934 0.9998 0.9965
Intraparticle diffusion model K, (g-mg "-min""?) 0.4929 0.3422 0.1714 0.0550
R? 0.9690 0.9843 0.9018 0.9779
Ks, (g-mg ™" min™"?) 0.0167 0.0024 0.0302 0.0027
R? 0.9637 0.9730 0.9189 1.0000
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Table 2. Comparison of adsorption property by low cost adsorbents according to the second-order kinetic model

Adsorbent C, (mg-L™) Dosage (g-L7") Q. (mg-g™) K, (gmg ' -min™") Reference
Biochar from corn straw 0.5 0.33 091 6.80e-5 (g~mg’1'h’1) [37]
Biochar from corn straw-Na$S 0.5 0.33 1.24 5.49¢-5 (g~mg’1'h’1) [37]
Biochar from corn straw-KOH 0.5 0.33 0.98 2.82e-4 (g-mg’l-h’l) [37]
Activated coke 1 0.1 9.64 0.002 [31]
Activated coke-SH 1 0.1 10.00 2217 [31]
FeS 1 0.12 8.02 7.72e-3 [23]
Pyrite 1 1.0 2.32 1.87e-2 (23]
Calcined Cardita bicolor oyster shell 10 5.0 1.968 0.1265 (36]
Activated carbon from waste catalyst 16.55 1.0 14.47 0.017 [35]
DPGEFS 25 11.0 2.33 0.0883 This study
DPGCS 25 11.0 2.14 0.0445 This study
CWSGS 25 11.0 2.06 0.4454 This study
Wood biochar 50 2.0 34.2 0.05 (grmg "-h™") [24]
Sulfurized wood biochar 50 2.0 48.1 0.05 (g'mg "-h™") [24]
Sugarcane bagasse 76 5.0 14.71 4.46 [38]
Sugarcane bagasse-NaOH 76 5.0 13.89 0.24 [38]
Sugarcane bagasse-HCl 76 5.0 13.88 0.35 [38]

3
__ [dosage : 11gL" B | DPGFS
o |[initial concentration : 25 mg-L”" | il | DPGCS
g time : 100 min CWSGS
o 2f ]
.0
2 i
(]
o
(V]
o
S 1
a
[o]
(2]
©
<C
0

4
pH
Fig. 2. Effect of solution pH on Hg"" adsorption.

sive electrostatic interactions between adsorbents and mercury
ions. Fig. 2 illustrates the effect of solution pH on adsorption and
shows that higher removal efficiencies were obtained under acidic
solutions, especially at a pH near 4, which is consistent with the
previous report [40]. This result indicates that functional groups
are vital for the adsorption process and that chemisorption, not
physical adsorption, dominates this process. At low pH values, the
high concentration of hydronium ion (H;O") possibly competed
with Hg* for active sites on the adsorbent surface, while also pre-
venting the ionization of functional groups. Combined, these hin-
dered the interactions of functional groups with Hg"* and decreased
the overall adsorption. At pH 5, the low removal efficient was at-
tributed to the low affinity between surface functional groups and
Hg(OH)". Although about a 25% lower adsorption capacity was
observed at different solution pH values, the reduced sulfide in ad-

sorbents was not affected by solution pH [23] and helped main-
tain higher adsorption capacity of low concentrations of mercury
from aqueous solutions.

4. Effect of Coexisting Ions on Adsorption

Generally, wastewater is a multicomponent system that contains
multiple metal cations and anions. The metal cations may compete
with Hg™* for active sites on the surface of adsorbents, while the
anions may form complexes with Hg™, lowering its affinity for func-
tional groups on the surface of adsorbents. The presence of coexist-
ing ions reduces the removal efficiency, as shown in Fig. 3. From
Fig. 3(a), different concentrations of Cr’* or Cu** were added into
simulated wastewater. At low concentrations, Cr’* or Cu™* had lit-
tle impact on the adsorption of Hg™", but as their concentrations
increased, the removal of Hg* was reduced. Moreover, Cr’* showed
a more competitive adsorption, and led to a 28% reduction in Hg’*
removal when it was present in a 40-times molar excess. Although
metal cations affected the removal of Hg*, CGS showed a good
selectivity for mercury ions.

The interference of anions was assessed, and the results are shown
in Fig. 3(b). Compared with metal cations, anions showed a much
greater influence. CI” significantly suppressed the uptake of Hg™,
consistent with previous reports [23,31]. The removal efficiency of
Hg™* decreased quickly to 54.7% when CI” was added, and contin-
uously decreased as the CI” concentration further increased. This
could be due to the formation of stable HgCl;~ [23], which had a
lower affinity for the adsorbents. H,PO; also hampered the adsorp-
tion process, and resulted in at least a 26.7% reduction in the ad-
sorption capacity of Hg™". CO;", especially at low concentrations,
had little effect on the adsorption process.

5. Leaching of Adsorbed Mercury

To predict whether adsorbed mercury on CGS will be stable in
the environment, the leaching of adsorbed mercury was investi-
gated at different solution pH values. Previous reports [41,42] used
HCl as a regeneration reagent because increasing the H' concentra-
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tion in the aqueous phase competes with Hg** ions for binding
sites, and the presence of CI” may result in the formation of insol-
uble Hg,Cl,. In this leaching experiment, HCl and NaOH were
used to adjust the pH of the leaching solution. The results in Fig. 4
illustrate that less than 2% of mercury was leached under weakly
acidic and basic conditions, but the leached amount increased as
the pH decreased. At pH=5 or 8, the mercury concentration in the
leaching solution was less than 0.5 mg-L™, the discharged standard
[43], indicating CGS was stable in natural environment.
6. Adsorption Mechanism

The surface elemental maps of DPGCS, DPGFS, and CWSGS
after mercury adsorption were obtained using SEM-EDS and are
shown in Fig. S7. More oxygen was observed in spherical parti-
cles, which were determined to be metal oxides. The element dis-
tributions of C, S and Hg were sporadically dispersed in CGS. Im-
portantly, the amount of Hg™* did not appear to correspond to the
presence of a specific element, possibly because the surface ele-
mental content represented the total content which included both
inorganic and organic forms, but only organic C/O and reduced S
favored the adsorption process. To analyze the mercury content on
the surface of CGS, adsorption experiments were carried out in a
mercury solution with a concentration of 500 mg-L™". As shown in
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Fig. S8, the amount of mercury adsorbed ranged from 0.22-1.2%,
which corresponds to 2.2-12 mg-g ™. In fact, the experimental data
ranged from 72.5-96.8 mg-g . The tremendous differences were
due to the enormous amounts of mercury adsorbed into the inte-
rior pores of CGS, not just on the surface [44].

To analyze the effect of the surface chemistry of CGS on the
adsorption process, samples were also characterized using FT-IR.
From Fig. 89, the peaks related to O at 1,650 cm™" and 1,050 cm™,
corresponding to the vibrational peaks of carboxylate and hydroxyl
group [45], changed several wavenumbers after adsorption. A new
peak at 660 cm™ appeared, which was attributed to O-Hg. These
results indicate that the adsorption of Hg** on CGS involved inter-
actions between carboxylic and hydroxyl groups and Hg”. The
detailed effects of surface elements of CGS on the adsorption pro-
cess were further characterized using XPS. The XPS survey spec-
tra of CGS before and after mercury adsorption in Fig. S10 contain
peaks with binding energies of 104 eV, 164 eV, 285 €V, and 530 eV
which correspond to Hg 4f, S2p, Cls, and Ols, respectively. The bind-
ing energy of mercury was around 104 eV, which superimposed the
silicon peak and significantly increased in intensity after adsorption.

Fig. 5 shows the high-resolution XPS spectra of Hg 4f after mer-
cury adsorption, which shows the presence of three obvious peaks.
The peak at 103.8/103.4/103.2 eV corresponds to Si 2p [46], and
the two peaks at 100.9 eV and 104.5/104.9/104.0 eV are attributed
to Hg4f and represent the spin-orbit splitting of Hg4f;,, and Hg4f,,,
respectively [47]. These results indicate that there were multiple ad-
sorption sites in the adsorbents [48]. Adsorbed Hg2+ formed inor-
ganic compounds and organic complexes, as indicated by the appear-
ance of two (Hg4f,,, and Hg4f;,)) symmetric peaks [31,49].

The XPS Ol s spectra for DPGFS are shown in Fig. 6(a) and (d).
A new peak appeared at 533.8 eV after adsorption, which was at-
tributed to O-Hg. The peak at 530.8 eV was assigned to the lattice
oxygen (O”) in inorganic oxides, the content of which did not change
after adsorption. This result indicates that O* did not participate in
the adsorption of mercury. Peaks corresponding to C-O and C=0
were observed at 532.8 eV and 531.8 eV before mercury adsorp-
tion and shifted slightly to 532.9 eV and 532.0€V after mercury
adsorption. Importantly, the C-O content decreased sharply from
50.4% to 39.9%, while the value of C=O decreased slightly from
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Fig. 5. High-resolution XPS spectra of Hg4f for (a) DPGEFS, (b) DPGCS and (c) CWSGS after mercury adsorption.
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Fig. 6. High-resolution XPS spectra of O (a), C (b) and S (c) before adsorption and O (d), C (e) and S (f) after adsorption for DPGFS.

41.8% to 39.7%. Similar reductions were observed for DPGCS and
CWSGS in Fig S11 and Fig S12. Therefore, chemisorbed oxygen
C-O was the main functional group which participated in mercury
adsorption, and the presence of C=0O also promoted adsorption.
Most organic oxygen linked with carbon atom. Fig. 6(b) and (e)
show that both the binding energy and relative intensities of carbon
atoms in DPGFS showed no obvious changes after adsorption,
although three carbon-containing functional groups were present
C=C (284.8eV), C-O (285.6/285.8 eV), and C=0 (288.9/289.8 eV)
[50]. Even for CWSGS, which contained high amounts of residual
carbon (Table S1), the main chemical bond in Fig. S12 was C=C,
whose content decreased slightly from 81.2% to 80.8%. These results
differ from those which showed that C=C was reduced to C-OH
during mercury adsorption [29]. However, this may explain why
the total adsorption capacity of CWSGS was lower than that of
DPGEFS because the major residual carbon species had almost no
effect on the adsorption process.

The changes of sulfur in DPGFS before and after mercury ad-

sorption are shown in Fig. 6(c) and 6(f). The binding energy at 162.2
€V corresponding to metal sulfide disappeared after adsorption, and
a new peak belonging to precipitated HgS appeared at 161.9 €V,
indicating that precipitation was the preferential mechanism for
sulfur element. The shift in the two peaks at 163.2eV/164.2 eV to
162.8€V/164.2 €V after adsorption was assigned to S2p;, (R-SH)
and S2p,,, (C-S), which were reduced sulfur. The sulfur content in-
creased slightly due to mercury adsorption, indicating that reduced
sulfur assisted the adsorption process by complexing with Hg-S, in
agreement with previous studies [44]. The peaks at 165.2 €V/165.0
eV belonging to oxidized sulfur showed no significant changes before
and after adsorption. Similar results were found for DPGCS and
CWSGS.

Based on the major Hg™" species, HGOH" and Hg(OH),, the Hg
removal mechanisms under our experimental conditions (pH 4),
included ion exchange [35,44] (Eq. (2)-(5)), precipitation (Eq. (6))
[23], coordination complexation [23,44] (Eq 7), and surface com-
plexation [23] (Eq. (8)-(11)).

Korean J. Chem. Eng.(Vol. 37, No. 7)



1172 L. Duan et al.

CONCLUSION

The adsorption of low concentrations of mercury from wastewa-
ter using CGS is a fast and efficient process. The adsorption capac-
ity of various CGS samples ranged from 1.96-2.27 mg-g ', which
was just slightly below the value of AC (2.33 mg-g ). Adsorption
was determined to be a chemical process, and the adsorption data
was better described by a pseudo-second-order kinetics model. CGS
samples showed higher mercury removal efficiencies in acidic solu-
tions, and the maximum removal was observed in a solution at pH
4. Although metal cations and anions affected

RC-OH/RCO-OH+Hg"*—>RC-O-Hg-OCR/RCO-O-Hg-OOCR @
RC-OH/RCO-OH+Hg(OH)'—>RC-0-Hg-OCR/RCO-O-Hg-OOCR  (3)

RC-OH/RCO-OH+Hg(OH),—>RC-O-Hg-OCR/RCO-O-Hg-OOCR  (4)

-SH+Hg"'—-S-Hg- Q)
S*+Hg"—>HgS ©)
C-S+Hg”*—C-S-Hg @)

RC-OH/RCO-OH+Hg(OH)'—>RC-0O-Hg(OH)'/RCO-O-Hg(OH)"  (8)
RC-OH/RCO-OH+Hg(OH),—>RC-O-Hg(OH),/RCO-O-Hg(OH),  (9)
C-S+Hg(OH)'—>C-S-Hg(OH)" (10)
C-S+Hg(OH),—>C-S-Hg(OH), (11)

2+

the adsorption of Hg™", CGS showed a good selectivity for mer-
cury ions. Low molar concentrations of Cr** or Cu’* had little impact
on the adsorption of Hg’*. The interference of anions was intimately
associated with ion species, and the removal efficiency of Hg’* de-
creased quickly to 54.7% upon the addition of CI". The presence
of H,POj resulted in at least a 26.7% reduction in the adsorption
capacities of Hg*, but CO; ™ had little effect on the adsorption pro-
cess. Less than 2% of mercury adsorbed onto CGS was leached at
a solution pH of 5 or 8. In a weakly acidic solution, the adsorption
mechanisms of mercury on CGS included ion exchange, precipita-
tion, coordination complexation, and surface complexation.
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Adsorption Kinetics kinetics and pseudo-second-order kinetics often were used to explain
The physical and chemical characteristics of the adsorbent and the adsorption process [1-3]. The diffusion effect in adsorption pro-
adsorbate determined the adsorption kinetics. The pseudo-first-order cess was revealed by Weber-Morris intraparticle diffusion model

Table S1. Properties of CGS

Sarmpl Chemical composition (wt%) Element analysis (wt%) Loss on ignition (wt%)
amples

P ALO, CaO Fe, 0O, SiO, SO, K,O Others N C H S
DPGEFS 14.66 14.51 11.47 4332 4.62 2.29 9.13 039 2533  0.90 1.95 11.92
DPGCS 13.95 14.13 17.55 4242  3.05 2.17 6.70 0.36 16.63  0.83 1.33 4.33
CWSGS 15.93 19.23 11.44 38.12 501 2.28 7.98 124 6541 372 203 47.67

Table S2. Specific surface area and pore structure parameter of CGS

Samples  Specific surface area (m’- g’l) Average pore size (nm)  Mesoporous volume (cm3~g’1) Microporous volume (cm3-g’1)

DPGES 57.786 0.510 0.099 0.104

DPGCS 50.422 0.810 0.076 0.074

CWSGS 46.775 1.660 0.065 0.056

AC 386.658 4.118 0.318 0.088
1-Mg,Al,(Si0,),  7-CaCO, 250

- 2~Al,(Si,0,,)(OH), 8-Ca(Mg,Al)(Si,Al),d,

s 3-CaSO,2H,0  9-ASi,0,, 200

> 4-Si0, 10-K,Na(S0,), , o

% 4 5--FesS, 11--Fe,0 ~ 150

= 5 6--Ca(AlSi,0,) —— DPGFS @

c —— DPGCS =

2 1 IR — CWSGS 2 10

S | e ‘\UM 78 4 >

a Ml ) o 50

M‘ 0 -J—l/_/li_’/l//
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Angle of diffraction ( °) P/P,

Fig. S1. XRD spectrum of CGS. Fig. S2. N, adsorption/desorption curve.



Fig. S3. SEM photos of (a) DPGFS (b) DPGCS and (c) CWSGS.

Transmittence (%)

DPGFS

1058

1382 1035

4000

3500 3000 2500 2000 1500 1000

Wavelength (cm™)

500

Fig. S4. FTIR of original CGS.
80
(b)
= DPGFS
604 ¢ DPGCS
4 CWSGS
v AC

t (min)

0 20 40 60

80 100

/Q, (min-mg™-g)

0 20 40 60 80 100 120

Q(mg-g")

6
"2 (min'?)

Fig. S5. Linear fitting of pseudo-first-order kinetics (a), pseudo-second-order reaction kinetics (b) and Weber-Morris equation (c).
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Fig. S7. SEM - Element mapping after mercury adsorption of DPGFS (a), DPGCS (b) and CWSGS (c).
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Fig. $8. SEM-EDS spectra of (a) DPGEFS, (b) DPGCS and (c) CWSGS before and after adsorption.
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Fig. S11. High-resolution XPS spectra of O (a), C (b) and S (c) before adsorption and O (d), C (e) and S (f) after adsorption for DPGCS.
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Fig. S12. High-resolution XPS spectra of O (a), C (b) and S (c) before adsorption and O (d), C (e) and S (f) after adsorption for CWSGS.

In(Q,-Q)=InQ,-K;t

[4,5]. The linear forms for the models are presented as follows: Where Q, and Q, are the adsorption capacity at time t and at equi-
M librium (mg-g ™), respectively. K represents pseudo-first-order reac-
tion kinetics rate constant (min '), and K, is the pseudo-second-
? order equilibrium rate constant (g-mg '-min""). K, is the rate con-
stant of intraparticle diffusion at the stage i (mg-g '-min""?), C, is
the intercept at different stages and t is the adsorption time (min).
©)
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