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ABSTRACT

Mercury (Hg) is one of the most toxic metals found in water and sediments. In an effort to develop an effec-
tive adsorbent for aqueous Hg removal, activated carbon (AC) was modified with an amino-terminated
organosilicon (3-aminopropyltriethoxysilane, APTES). Surface properties of the APTES-modified AC (MAC)
were characterized by the scanning electron microscopy in conjunction with the energy-dispersive spec-
troscopy (SEM-EDS), the Fourier transform infrared spectroscopy (FT-IR), and potentiometry. The impacts
of solvent, APTES concentration, reactive time and temperature on the surface modification were evalu-
ated. The aqueous Hg adsorptive kinetics and capacity were also determined. Results demonstrated that
the strong Hg-binding amine ligands were effectively introduced onto the AC surfaces through the silanol
reaction between carbon surface functional groups (-COOH, -COH) and APTES molecules. The modifica-
tion lowered the pH at the point of zero charge (pHp,.) to 4.54 from 9.6, favoring cation adsorption. MAC
presented a faster rate of the Hg (II) adsorption and more than double adsorptive capacity as compared

with AC.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Mercury (Hg) is one of the extremely toxic metals in the environ-
ment that can cause irreversible neurological damage in human [1].
The World Health Organization (WHO) recommends a maximum
human Hg uptake of 0.3 g per week and a maximum acceptable
concentration of 1 wgL~! in drinking water [2]. The USEPA permit-
ted discharge limit of wastewater for total Hg is 10 gL~ while
the limit for drinking water is 2 wgL~! [3]. Japan Ministry of the
Environment establishes even more strict limits at 5 and 0.5 wg L~!
[4], respectively. Therefore, the removal of mercury to the accept-
able concentration is a challenge in drinking water and wastewater
treatment [5]. Traditional methods that have been used to remove
and/or separate aqueous Hg ions include sulfide precipitation, ion
exchange, alum and iron coagulation [6], these methods, however,
often have a low removal efficiency and/or have a need for addi-
tional treatment that potentially creates more sludge during the
removal process [7]. Especially, the removal is ineffective when the
Hg concentration is low. Thus, there is a strong incentive to develop
novel adsorbents that have high efficiency and selectivity for Hg ion
removal from aqueous media.

Activated carbon (AC) is a common adsorbent that is often used
for aqueous metal removal because of its excellent porous struc-
tures, specific surface properties, reusability, minimal costs, and

* Corresponding author. Tel.: +1 573 681 5383; fax: +1 573 681 5548.
E-mail address: yangj@lincolnu.edu (J. Yang).

0304-3894/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2008.11.095

environmentally benign nature [8]. The surface chemical modi-
fication of AC has been recognized as an effective approach for
enhancing metal removal from aqueous media [9]. For example,
quaternized poly(4-vinylpyridine) [10] and iron oxides [11] have
been used to modify carbon surfaces for arsenic treatment. Accord-
ing to the Hard-Soft Acid-Base (HSAB) theory [12], mercuric ions
interact strongly with nitrogen-containing ligands such as pen-
dant urea on resin [13], dipyridylamide [14] and polythiourea on
charcoal [15], which have been recently used for the Hg removal
from aqueous solutions [13]. Thus it could be reasonably assumed
that additions of N-containing ligands on the AC surface would
substantially enhance the efficacy of Hg removal from aqueous
media [14,15]. This study attempts to modify the AC surface with an
amine-terminated organosilicon (3-aminopropyltriethoxysilane,
APTES) and create new N-immobilized Lewis basic centers [16] for
enhanced sorption of metals such as Hg ions from aqueous solu-
tions.

While the modification of the AC surface by an organosilane
has not been reported yet, APTES molecule containing active-NH,
terminal groups was reported to strongly interact with hydroxyl
groups and hydrolyzed head groups [17,18]. The mechanisms of
such interactions were well documented [19]. APTES molecule
can react not only with active functional groups (e.g. —-OH) on
the inorganic substrate, but also with another APTES molecule
through three hydrolyzed ethoxy groups, resulting in a polymer-
ized network [20,21]. Therefore, APTES can potentially form a
three-dimensional multilayer network on the AC surface through
covalent bonds between the surface carboxyl/hydroxyl groups and
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the APTES-NH, group [22,23] and/or physical attractions between
APTES molecule and substrates [24,25]. Such modification of the AC
surface easily converts the surface carboxyl/hydroxyl groups to the
high Hg-affinity amine groups under ambient conditions [10].

This study is to modify the AC surface using an amine-
terminated silylating agent (3-aminopropyltriethoxysilane, APTES)
for substantially enhancing the AC adsorptive capacity for aque-
ous Hg ions. The effects of several reaction variables such as
APTES concentration, reaction temperature and time on the surface
modification were evaluated. The modified AC surface was charac-
terized by the scanning electron microscopy in conjunction with
the energy-dispersive spectroscopy (SEM-EDS), the Fourier trans-
form infrared spectroscopy (FT-IR), and potentiometry. The removal
efficacy of aqueous Hg ions was determined by batch experiments
of adsorptive kinetics and equilibrium isotherm.

2. Experimental procedures
2.1. Modification of activated carbon

Scheme of the surface modification of activated carbon by
3-aminopropyltriethoxysilane (APTES, 99%, Aldrich) is shown in
Fig. 1 [10,17,20,24]. Activated carbon (NORIT Dacro 20x40LlI, sur-
face area of 650m2¢g-!, density of 400gL-!, particle diameter
of 0.42-1.0mm) was initially mixed with a solvent [deionized
water, ethanol (99.5%, Aldrich) or toluene (98%, Aldrich)] at a 1:10
solid/liquid (S/L) ratio and stirred. APTES was then added to the
mixture at a rate of 2%, 3%, 4%, or 5%, respectively, and the APTES-
AC mixture was sonicated for 10 min. The suspension was adjusted
to pH 3-4 using concentrated HCI (36%, Aldrich), kept for 1h at
room temperature, and subsequently refluxed for 4, 6, 12, or 24h
under each of 50, 70, 90 or 110°C. Upon completion of the reac-
tion time, the carbon was separated from the aqueous phase by
centrifugation, washed thoroughly with ethanol or toluene and
subsequently deionized water until the absence of free Cl ions (as
tested by 0.01N AgNOs solution) and non-reacted silane (as washed
with dried toluene at room temperature for 20 min). The APTES-
modified carbon (MAC) was vacuum-dried under 40 °C overnight
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and stored in a dark container until analyses. The parameters that
may affect the efficacy of the modification (solvent type, reaction
temperature, ATPES concentration, reaction time) were evaluated
to determine the optimal conditions of modification.

2.2. Surface characterization

The modified carbon samples were characterized by scanning
electron microscopy (SEM) to evaluate the alterations of surface
morphology by the treatments. The samples were mounted using
double-side silver tapes on 1-cm diameter aluminum stubs, coated
with 10-pwm carbon layer, and analyzed with the AMRAY 1600 scan-
ning electron microspectrometer operated at 5-20 keV. The surface
elemental composition was determined by the energy-dispersive
spectroscopy (EDS). The surface organic-inorganic ligands were
qualitatively measured using a Fourier transform infrared spec-
troscopy (FT-IR). Sample discs were prepared by mixing 1 mg of
the samples with 500 mg of KBr (Merck) in an agate mortar and
scanned in a range from 4000 to 400 cm~! using a Nicolet 4700 FT-
IR spectrometer. The surface charges and the H*-binding isotherm
of the samples were examined by the potentiometric titration. The
samples, 0.1000 g, were suspended in 50 mL of 0.01 M NaNO3 solu-
tion that was acidified with 2-5mL of 0.1 M HNOj3 solution. The
suspensions were continuously purged with purified nitrogen gas
to eliminate atmospheric CO, and stirred throughout the measure-
ment. The titration was performed with 0.1 M NaOH solution using
an automatic Metrohm 716 DMS Titrino titrator at the pH range
of 2.0-11.0. The pH was measured after 10 min of equilibration.
Unmodified activated carbon was included as the control in all
analyses.

2.3. Adsorption experiments

Adsorption kinetics and equilibrium isotherms were studied to
evaluate the efficacy of the modification in context of the rate and
capacity of the Hg removal by the activated carbons. A standard
solution of 1000 mg Hg2* L-1 was prepared by dissolving 1.3540 g
HgCl, in double distilled water, acidified with 5 mL of concentrated
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Fig. 1. Schematic illustration of the surface modification of activated carbon (AC) by 3-aminopropyltriethoxysilane (APTES).
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HNOs3 and diluted to 1000 mL volume. A buffer solution (0.01 M
KH,PO4-NaOH, pH ~6) was also used for the adsorptive experi-
ments. In the kinetics study, 0.1000 g of the carbon was added to
500-mL glass flask containing 300 mL of the pH ~6 buffer solution
[26] with initial Hg concentration of 40 mg L~1. The suspension was
shaken at 150 rpm and 25 °C. The solution, 4 mL, was sampled by
a 10-mL plastic syringe at each of 2, 5, 10, 30, 60 min, and then
every 60min until 1440 min, respectively. The sample solutions
were passed through a Whatman 0.45-m filter (Fisher Scientific),
acidified with 2-3 drops of concentrated HNOs to stabilize Hg?*
ions. The aqueous Hg was analyzed by a VARIAN ICP-AOE spectrom-
eter. The solution pH was also measured using an Orion 525A pH
meter. The equilibrium isotherm was established by adding prede-
termined carbons to 60-mL glass bottles containing the pH (~6.0)
buffer solution with the Hg concentration of 80 mg L~1. The suspen-
sion was shaken at 150 rpm and 25 °C for 24 h, and the solution was
then sampled and analyzed for Hg concentration. All experiments
were conducted in duplicate. During the Hg analyses, the ICP-AOE
was automatically calibrated every 10-sample run using a mercury
standards (SPEX Certiprep, N]). The standard recovery was observed
in the range of 90-110% for a 1mgL-! mercury spiking solution,
and the variation among replicated samples was within 10%, which
was acceptable when the variation of instrumental stability and
operation procedures were considered.

3. Results and discussions
3.1. Effects of reaction conditions

3.1.1. Effect of reaction temperature

The APTES modification could be affected by the number of
factors such as temperature, reaction time, and reactant con-
centrations. Measurements of the Hg2* adsorption indicated that
the efficacy of the modification varied with reaction conditions
(Table 1). When the reactions occurred under variable temperatures
(50, 70, 90 or 110°C), the MAC adsorptive capacity for aqueous Hg
ions was found to be the highest at 70 °C. The grafting of the APTES
functional groups onto the AC surface depends on thermal pro-
cess of the molecules. Increasing temperature might have enhanced
the interactions of APTES molecules with the AC surface functional
groups (e.g. —-COOH, —-OH), facilitating APTES binding to the AC sur-
face [27]. APTES molecule contains an active amine terminal group
that is able to form a hydrogen bond with multiple hydroxylated
head groups among APTES molecules and/or hydroxyl groups on
the AC surface, thus resulting in cyclic structures and a complex
loose network [28]. However, under relatively high temperature
(>70°C), the hydrogen bond formed among APTES molecules or
between APTES and the AC surface could be broken, allowing more
silanol groups to condense with each other and form siloxane link-
ages, consequently tightening the three-dimensional network [29].
When AC is in contact with APTES, APTES molecules can diffuse
or penetrate into the AC surfaces, with which the AC surface could
be tightened by the additional crosslinking [30]. A thermal process
would help tighten the network or increase the crosslinking among
APTES molecules. However, measurements did not show that a
higher temperature would lead to a large Hg adsorption capacity

or increase the characteristic peaks of the function groups in FT-IR
patterns.

3.1.2. Effect of reaction time and APTES concentration

Experimental results indicated that optimal reaction time for
the APTES modification was around 6h and increasing reaction
time would not improve the Hg2* removal by MAC (Table 1). The
impact of the APTES concentration showed that 2-3% APTES would
achieve the highest Hg2* removal capacity by MAC (Table 1). The AC
to APTES ratio is directly related to the moles of the active function
groups. At the ethanol:AC:APTES ratio of 50:5:1 or 50:5:1.5, amine
groups could be bound to inside walls of AC pores without forming
the polymerized products, which resulted in a high HgZ* removal
capacity of 122.8 or 118.4mg g~!. When the APTES ratio was >2 (e.g.
5%), the adsorption capacity of the AC was lowered t0 90.76 mgg~!.
The reduction of the adsorption could be due to partial blockage of
the AC micropores by the formation of polymerized APTES prod-
ucts, which may affect the Hg ion diffusion into AC inside walls or
prevent the Hg complex formation on the surface.

3.1.3. Effect of reaction media

Type of solvent used as reaction media during the APTES mod-
ification has been reported to influence the interactions between
APTES molecules and the AC surface. Water could facilitate initial
hydrolysis of APTES or at the AC surface, depending on the amount
of water present in the system. Hydrolysis of the ethoxy groups
was reported to form a polymer composed of polysiloxane [31].
Excessive water in the system would promote the polymerization
of APTES in solvent phase [32], which prevents APTES molecules
from further reacting with or binding to the AC surface. However,
the interactions between APTES molecules and the AC surface could
be enhanced in ethanol or toluene solvent due to the nucleophilic
attack of APTES amine groups [33,34], which promotes binding of
the amine groups to the AC surface. Hydrolysis of silane would
be a critical step driving the APTES attachment to the AC sur-
face through siloxane bonds. The siloxane bond forms through
the interactions of ethoxy groups with neighbors H-bonded to the
surface or with free APTES molecules in solution. The proposed
mechanism is that the hydrolysis of APTES (Fig. 2a) at the hydrox-
ylic AC surface generates a silanetriol, which then physiosorbs
onto the surface via hydrogen bonding, ultimately forming cross-
linked covalent bonds in both Cgypstrate—O—Sisjjane (AC-APTES) and
Sigilane—O—Sisjlane (APTES-APTES) in the presence of HCl [35]. The
formation of siloxane cross-links by APTES through H-bonding and
H-bond acceptor is the driving force of the surface reactions lead-
ing to the physiosorption of APTES to the AC surface (Fig. 2b and c)
[36,37]. Thus, the -NH sites on the MAC surface would potentially
contribute to high affinity and capacity of the Hg (II) adsorption.

3.2. Surface characterization

As shown in Fig. 3, there are obvious morphological differences
of the SEM micrographs of AC, MAC and Hg-adsorbed MAC (Hg-
MAC). AC had many bright micropores with some distortions of
shape on the surface (Fig. 3a), containing sodium, molybdenum,
silicon and aluminum (Fig. 3d). Morphological features of MAC

;?flzlcetsl of reaction temperature, time, and APTES concentration on the Hg?* adsorption.
Factors Effect of temperature (°C)? Effect of reaction time (h)® APTES (%)°
50 70 90 110 4 12 24 2 3 4 5
Qe (mg/g) 74.56 118.98 92.41 89.54 81.90 122.8 108.69 101.12 122.8 118.39 98.48 90.76

2 Ethanol:AC:APTES ratio=50:5:1,t=6h.
b Ethanol:AC:APTES ratio=50:5:1, T=70°C.
¢ t=6h,T=70°C.
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Fig. 3. SEM micrographs of AC (a), MAC (b), Hg-MAC (c), and EDS spectra (d).
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Fig. 4. FT-IR spectra of activated carbons before and after modification.

were monoliths together with thin film, rough and porous sur-
face (Fig. 3b). The porous structures of MAC may result from the
bridging linkage of APTES molecules among the amine groups in
the MAC surface through the intra- and/or inter-molecular cross-
linking connections, which may generate new binding sites in
interior walls of the micropores and contribute to homogeneous
Hg binding, as evidenced by the disappearance of the metal peaks
in the EDS pattern (Fig. 3d). The Hg-MAC exhibited a fractured and
smooth surface in the presence of very high Hg (Fig. 3c and d).

The FT-IR spectrum presented in Fig. 4. showed that, in compar-
ison with the AC spectrum, there were several new bands appeared
on the MAC surface at 3797 cm~! and 2949-2886 cm~!, which are
identified as the O—H stretching vibration mode of water on silica
surface and characteristic of CH stretching vibration mode, respec-
tively [38,39]. Additional band at 999.5 cm~! remained unknown,
which probably relates to the H-bonded Si—O stretching mode of
surface silanol Si—O bonded to -NH, group [40,41]. The band at
1517.7cm~! was assigned as -NH, scissors frequencies [39] and
1132 cm~! or 1035 cm~! as Si—0—Si stretching [42]. The MAC with-
out HCI treatment presented only a band at 3797 cm~!. Results
suggested that HCI plays a catalytical role for the hydrolysis of the
AC surface, causing silanol functionality toward chlorosilanes, and
demonstrated that the amine groups of APTES had been success-
fully introduced onto the AC surfaces, which would generate new
sites for the Hg adsorption [43].

Proton-binding isotherm of AC and MAC established by a poten-
tiometric titration is presented in Fig. 5. The amounts of protons
adsorbed (Q) were calculated using Eq. (1) [44]:

_Vo+Vi
T oom

Q ([H]; - [OH]; — [H], + [OH],) (M)
where Vis the volumes of background electrolyte and titrant added,
and m is the mass of adsorbent. Subscripts i and e refer to initial and
equilibrium concentrations. The equilibrium proton concentration
was calculated from the measured pH using an activity coeffi-
cient estimated from the Davis’s equation. The isotherm showed
more surface acidity of MAC than AC. The pH at the point of zero
charge (pHp;c) was determined to be 4.55 for MAC and 9.6 for AC.
Decreased pHgzpc induced by the modifications implied that APTES
ligands had been incorporated onto the AC surface, which made the
AC surface more negatively charged and would favor the surface

electrostatic interactions with aqueous metal cations or surface Hg
adsorption.

3.3. Mercury adsorption

The percentage of Hg removal from aqueous phase as a function
of time shown in Fig. 6 illustrated that, within 24 h, MAC exhibited
a significantly higher adsorption rate than AC and the adsorption
equilibrium was reached within 30 min. A 40-50% removal capacity
was achieved during the first hour, and the adsorption then grad-
ually reached a steady state. The kinetically rapid adsorption by
MAC implied the generation of strong Hg-binding sites of the MAC
surface.

An adsorption isotherm was established to determine the Hg
sorption capacity of the activated carbons (Fig. 7). In the isotherm,
the Hg concentration retained by the carbons was calculated using
Eq.(2)

(CO - Ce)v

= 2
Qe W (2)
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Fig. 5. Proton-binding isotherm of the AC and MAC.
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Fig. 7. Equilibrium isotherm of the Hg?* adsorption by AC and MAC.
(Co=83.55mgL"!; t=24h; buffer (pH ~6.0); T=25°C.)

where Cy and Ce are the initial and equilibrium concentrations of Hg
ion in solution, V is the volume and W is the weight of the carbon.
The amount of the Hg adsorbed by MAC at equilibrium was found
more than double than that of AC. This indicated that the surface
modifications by the APTES treatments had significantly enhanced
the capacity of activated carbon to bind aqueous Hg ions with the
surface functional ligands. High adsorptive capacity was accom-
plished by strong Hg-binding to -NH, and -NH groups formed on
the AC surface as a result of APTES treatment.

4. Conclusions

This study demonstrated that a new Hg (II) adsorbent was
successfully synthesized by modifying activated carbon using 3-
aminopropyltriethoxysilane (APTES). The chemical modification
was most effective with 2-3% APTES in ethanol or toluene reacted
at 70°C and for about 6 h. The APTES treatment altered the mor-
phology and physiochemical properties of activated carbon, making
the surface more negatively charged and more hydrophilic with a
lower pHpc. The modified activated carbon (MAC) exhibited much
higher adsorption rate and capacity for aqueous mercury. Enhanced

adsorptive rate and capacity were accomplished by generating new
strong Hg-binding sites on the modified activated carbon surface
through the reactions between APTES and the AC surface.
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