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Abstract Surface modification of the silica nanoparti-
cles was performed using trithiocyanuric acid (TCA-
SNPs) so as to enhance the adsorption of Ag* from
aqueous solutions. The surface modification to the ad-
sorbent was characterized by Fourier transform infrared
spectroscopy, transmission electron microscope, and X-
ray photoelectron spectroscopy. The Ag* adsorption
capacity was found to increase with increase in the
solution pH, with the optimal pH being 5.0. The Ag"
adsorption isotherm was generated at 25 °C at the opti-
mal solution pH and the maximum adsorption capacity
was found to be 80 mg/g, significantly higher than the
adsorption capacity reported for other adsorbents in
literature. The increase in adsorption capacity was at-
tributed to the presence of thiol groups on the surface of
the modified adsorbents. Additionally, the adsorption
kinetics was estimated at 25 °C, which indicated very
high rates of adsorption initially, with rapid reduction in
rate of adsorption with time. Both adsorption isotherms
as well as the adsorption kinetics were modeled with
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popular models. The adsorption isotherm was found to
match with the Langmuir model while the adsorption
kinetics was found to match with the pseudo-second-
order kinetic model. The adsorption-desorption cycles
indicate the TCA-SNPs to be stable adsorption perfor-
mance and retain high adsorption efficiency ensuring
commercial adoption. A relatively low adsorption of
other ions such as Mn?*, Cu®*, Ni**, Co>* as compared
to Ag* was ensured.

Keywords Silica nanoparticles - Trithiocyanuric acid -
Adsorption - Silver ions

1 Introduction

Silver plays an essential role in various industries which
include photography, electroplating, medical science,
rechargeable battery, and metal alloys (Pourreza et al.
2014; Zeliyha et al. 2010). However, recent reports
evidence release of thousands tons of silver annually
into waste water streams (Eckelman and Graedel 2007;
Peng et al. 2015). Such a widespread, large-scale dis-
charges of the monovalent ionic silver, Ag*, can lead to
assimilation and accumulation which living organisms
exposed to it. Exposure to Ag* is well known to be of
high level toxicity, possibly causing various disorders
and diseases, such as hypertension, behavioral changes,
and oxidative stress (Chang et al. 2006; Monier et al.
2010; Hassan and E1-Wakil 2003; Shin et al. 2011; Bose
etal. 2002; Cecen et al. 2010). Hence, it is mandatory to

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11270-017-3464-8&domain=pdf

273 Page2of13

Water Air Soil Pollut (2017) 228: 273

remove Ag" from water streams to the permissible dis-
charge limits.

A thorough review of literature reveal various
methods for treatment/removal of Ag® from in-
dustrial waste water, which include liquid-liquid
extraction (EI-Shahawi et al. 2007), cloud point
extraction (Ghaedi et al. 2009; Manzoori et al.
2007), ion-exchange, adsorption method
(Moshhadizadeh and Karami 2011; Tahmasebi
and Yamini 2014), and membrane technique
(Soylak and Cay 2007; Tang et al. 2010). Among
the aforementioned separation technology, adsorp-
tion is reported to be most promising due to easy
operation, higher adsorption capacity, and eco-
nomical. Among the various adsorbents, nano-
adsorbents have received recent research focus
due to their better physiochemical properties for
removal of pollutants from waste water (Nguyen-
Phan et al. 2010; Zhang et al. 2013). Application
of silica nanoparticle is reported for removal of
various heavy metal ions (Pourreza et al. 2014;
Zhang et al. 2016), copper (Ali et al. 2016),
mercury (He et al. 2015), lead (Li et al. 2015),
uranium (Zhao et al. 2014a, b, 2015), cadmium,
and nickel (Xie et al. 2008).

The present work attempts to modify the sur-
face chemistry of the silica nanoparticles through
incorporation of nitrogen groups on the surface.
The silica nanoparticles are naturally hydrophilic
owing to the presence of OH groups on the
surface thus restricting its application to liquid
phase adsorption. Additionally, the presences of
oxygen functional groups render it acidic in na-
ture. Hence, an attempt to modify the surface
with replacement of OH group to render it hy-
drophobic as well as to increase the basicity of
the adsorbent through incorporation of nitrogen
and thiol groups. Towards which trithiocyanuric
acid was utilized to modify the surface of silica
nanoparticles. The surface modified silica nano-
particles were characterized by Fourier transform
infrared spectroscopy (FT-IR), X-ray photoelec-
tron spectroscopy (XPS), and transmission elec-
tron microscope (TEM). The surface-modified
silica nanoparticles were utilized to remove the
Ag” from liquid phase through a systematic study
assessing the effects of pH, developing adsorp-
tion isotherm of Ag®, and kinetics of adsorption.
The adsorption isotherms as well as the kinetics
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of adsorption were modeled utilizing well-known
models.

2 Materials and Methods
2.1 Materials

Silica nanoparticles (SNPs, Hydrophilic-380, 99.8%),
trithiocyanuric acid (TCA, 98%), 3-
glycidyloxypropyltrimethoxysilane (GPTMS, 98%),
cyanuric chloride (CC, 99%), and polyethyleneimine
(PEL, M.W.600, 99%) were purchased from Aladdin
Chemistry Co. Ltd. Potassium iodide (99%), AgNOs
(99.7%), Mn(NO3), (99.5%), Ni(NO3), (99.5%),
Cu(NOs);, (99.5%), Co(NO3)3 (99.5%), triethylamine
(99.5%), tetrahydrofuran (THF, 99.5%), methanol
(99.7%), ethanol (99.8%), thiourea (99%), NaOH
(99%), and HNO; (99.5%) were purchased from Tianjin
Chemical Reagent Co. Ltd.

2.2 Function of Silica Nanoparticles
with Trithiocyanuric Acid

The surface modification procedure of SNPs with
trithiocyanuric acid is presented in Fig. 1. Firstly,
epoxy group was grafted on the surface of SNPs
via silanation process. Five grams (0.083 mol) of
SNPs along with 10 g of GPTMS (0.042 mol)
and 50 mL of ethanol were added into a 100-mL
three-necked flask. The mixture was stirred and
refluxed for 24 h. After the suspension was cen-
trifuged for 5 min by high speed centrifuge
(10,000 rpm), the precipitate was washed with
ethanol repeatedly for five times and dried at
60 °C overnight and sample named as GPTMS-
SNPs. Secondly, PEI-functionalization was car-
ried out by ring-opening reaction between the
epoxy groups and the amine groups. Towards
which 4.40 g (0.014 mol) of GPTMS-SNPs was
stirred in 40 mL of ethanol solution containing
0.17 mol /L of PEI at 70 °C for 24 h. Then the
mixture was centrifuged for 5 min by high speed
centrifuge (10,000 rpm), to separate the precipi-
tate which was washed with deionized water for
five times and dried at 60 °C for 12 h. This
sample is denoted as PEI-SNPs. Subsequent mod-
ification step was conducted by reacting PEI-
SNPs with cyanuric chloride. Towards which
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Fig. 1 The modification process of silica nanoparticles

0.46 g (0.003 mol) of cyanuric chloride and 100 mL of dried tetrahydrofuran (THF), and
5.98 mL of triethylamine were dissolved in 3.50 g (0.587 mmol) of PEI-SNPs. The mixture
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was refluxed for 24 h, and then was centrifuged
for 5 min by high speed centrifuge (10,000 rpm).
The solid was washed with THF for five times,
dried at 60 °C for 12 h and sample identified as
CC-SNPs. Lastly, CC-SNPs were functionalized
with trithiocyanuric acid. Towards which
trithiocyanuric acid of 2.30 g (0.013 mol) and
3.00 g (0.404 mmol) of CC-SNPs were added
into a 250-mL three-necked flask and 1.62 g
(0.010 mol) of potassium iodide was added as a
catalyst, along with 50 mL of methanol and
30 mL of triethylamine. The mixture was
refluxed at 95 °C for 24 h and then was centri-
fuged for 5 min by high speed centrifuge
(10,000 rpm), washed with methanol five times,
dried at 70 °C for 24 h, and denoted as TCA-
SNPs.

2.3 Characterization

FT-IR was carried out using the infrared spectro-
photometer (Thermo Nicolet, USA) in the range
from 4000 to 400 cm ' with solution of 1 cm™' by
KBr pellets. XPS was conducted with a PHIS000
Versaprobe-11 (Physical Electronics, Inc.,
Chanhassen, MN, USA) using 200 W Mg-radia-
tions. The suspension was centrifuged by high
speed centrifuge (GT10-1, China). The size and
morphology of silica nanoparticles were character-
ized by TEM (JEM-3200). The concentrations of
Ag*, Mn**, Cu**, Ni**, and Co’" were determined
with Prodigy 7 (Leeman, USA) inductively
coupled plasma optical emission spectrometer with
an axial plasma viewing. Operating conditions for
this spectrometer were as follows: RF power
1.10 kW, coolant flow 15 L/min, auxiliary flow
1.0 L/min, nebulizer pressure 1.0 L/min, uptake
rate 25 rpm. The detection limit of ICP-OES is
0.2 ppm. The device of pH is PHS-3C pH meter
(Rex, China). The image analysis software is
DigitalMicrograph365 Demo.

2.4 Batch Adsorption Experiments

The adsorption of Ag* by TCA-SNPs was carried out in
batch operation at pH 5.0 and 25 °C. Twenty milligrams
of TCA-SNPs was suspended in 10 mL of the monova-
lent ionic silver solution in a shaker bath at 300 rpm for
the duration of 5 h. The suspension was centrifuged at
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10,000 rpm for 3 min. The residual concentration of Ag*
in the supernatant solution was determined by ICP-
OES. The removal percent (R, %) and equilibrium ad-
sorption capacity (g, mg/g) of Ag* by TCA-SNPs were
calculated according to the following Eq. (1) and Eq.
2):

o (CO_CE)
R = =5 X 100% (1)
g = (Co’;Ce) v 2)

Where Cy (mg/L) and C, (mg/L) are the initial and
final concentration of Ag" solution, respectively. V (L)
is the volume of the monovalent ionic silver solution
and m (mg) is the weight of adsorbent (TCA-SNPs). All
the adsorption experiments were performed at least three
times.

Twenty milligrams of TCA-SNPs was also added
into 10 mL of solutions containing Ag” (100 mg/L)
and coexisting ions (25 mg/L), such as Mn**, Cu**,
Ni**, and Co’*, and then oscillated it for 5 h at pH 5
and room temperature. After centrifuged and filtrated,
we obtained the coexisting ions concentration from the
supernatant.

3 Results and Discussion
3.1 Characterization of Absorbents

FT-IR techniques provide better observation and
interpretation of subtle changes taking place during
modifying of SNPs. Figure 2 shows the FT-IR
spectra of the synthesized silica nanoparticles.
The adsorption peaks at 3425 and 1100 cm™ ' were
attributed to the O-H and Si-O-Si stretching vibra-
tions and the band at 802 cm ' was assigned to
the epoxy group (C-O-C) (Fig. 2(a)). After modi-
fied by PEI, the peaks at 1581, 1462, and
1315 cm ' were ascribed to the —-NH, and C-N
stretching vibrations (Fig. 2(b)). The FT-IR spectra
of CC-SNPs presented the N-H deformation vibra-
tions at 1570 cm ' and cyanuric ring vibrations at
1535 cm’ ! (Fig. 2(c)). As shown in Fig. 2(d), the
intensity of peaks at 1570 and 1535 cm ' mark-
edly increased after grafted trithiocyanuric acid.
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Fig.2 FT-IR spectra of GPTMS-
SNPs (a), PEI-SNPs (b), CC-
SNPs (c), and TCA-SNPs (d)
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XPS is one of the most powerful tools for under-
standing the chemical composition and electronic struc-
ture analysis of a material. Figure 3 shows the charac-
teristic peaks of C/s. The Cls of GPTMS-SNPs can be
divided into two different peaks at 284.6 and 285.4 ¢V,
belonging to the C-C and C-O species (Fig. 3a). After
modified by PEIL the C/s of PEI-SNPs can be further
divided into three different peaks at 284.6, 285.4, and
286.1 eV, attributing to the C-C, C-O, and C-N species,
respectively (Fig. 3b). Figure 3¢ shows that the intensity
of the Cls peaks at 287 eV increased after grafted the
cyanuric chloride, belonging to the C-Cl group. The C1s
of TCA-SNPs consisted of four peaks at 284.6, 285.4,
286.1, and 287.6 eV, corresponding to C-C, C-O, C-N,
and C-S species, respectively (Fig. 3d). The results
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indicate that the TCA-SNPs adsorbent had been suc-
cessfully synthesized.

TEM is often used to observe the morphology or
dispersion of the nanoparticles and to evaluate the size
of the nanoparticles. As shown in Fig. 4, the particles
size of SNPs and TCA-SNPs distribution calculated
with image analysis software (DigitalMicrograph365
Demo) is both 13.5 + 5.0 nm. The TEM images show
that there is no noticeable difference in morphology and
size between SNPs and TCA-SNPs.

3.2 Effect of pH

Owing to facilitate the dissociation of functional groups
of adsorbent and influence the electrostatic adherence or
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Fig. 3 Cls of GPTMS-SNPs (a), PEI-SNPs (b), CC-SNPs (c), and TCA-SNPs (d)

complexation reactions at the adsorptive surface, it is a
conventional practice to identify the optimum solution
pH that would facilitate better adsorption of heavy metal
ions (Pourreza et al. 2014; Manzoori et al. 2009). The
effect of pH on Ag™ adsorption was assessed within the
pH range from 0.5 to 6.0. Since silver ion begins to
precipitate as silver hydroxide when pH higher than 6.0,
the range was restricted below a pH of 6.0. Twenty

Fig. 4 TEM images of SNPs (a)
and TCA-SNPs (b)
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milligrams of TCA-SNPs was added into 10 mL of the
silver solution (100 mg/L) and oscillated for 5 h at room
temperature. After centrifuged, we got the Ag*™ concen-
tration from supernatant. Figure 5 shows that the ad-
sorption capacity increase with an increase in solution
pH, with the optimal pH being 5.0. The maximum
adsorption capacity of Ag* on TCA-SNPs is found to
be 80 mg/g. This could be explained that most of the
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amine groups on the TCA-SNPs surface were protonat-
ed at low pH, which electrostatically repulsed silver ions
(Hou et al. 2015), and the higher concentration of H;O*
ions at low pH will exhibit competitive complexation
with Ag”™ (Lihareva et al. 2010).

3.3 Adsorption Isotherms

The adsorption isotherm at 25 °C was generated by
varying the initial concentration of Ag* at a pH of 5.0,
by adding the 20 mg of TCA-SNPs and reacting for 5 h.
Figure 6 shows an increase in the adsorption capacity
with increase in the initial concentration of Ag*, with the
maximum adsorption capacity of about 80 mg/g. But the
adsorption capacity of SNPs was only 7.5 mg/g. The
adsorption capacity of TCA-SNPs, along with the
literature-reported adsorption capacity for other adsor-
bents is listed in Table 1. The high adsorption capacity
TCA-SNPs as compared to other adsorbents reported in
literature could be attributed to the favorable presence of
thiol groups on the surface of silica nanoparticles.

The experimental equilibrium data of Ag* on TCA-
SNPs at pH 5.0 and 298 K were tested with various
adsorption isotherm models such as Freundlich, Lang-
muir, Temkin, and Dubinin-Radushkevich models, to
identify the suitable isotherm model. The model equations
are reported in all the standard text books dealing with
adsorption process and very widely in literature (Soumya
et al. 2017, Saif et al. 2017, Reddy et al. 2016). It is a
general practice to identify the suitable model through the
goodness of fit and regression coefficient (R%). Figure 7
shows the fit of the model along with the estimated model
parameters for all the four models stated above. Table 2
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Fig. 5 Effect of pH on the adsorption of Ag*

Table 1 Comparison of adsorption capacity of Ag* with adsor-
bents reported in literature

Adsorbent G Reference
(mg/g)
SE-SNPs 2190  Zhangetal. (2017)
Natural clinoptilolites 31.44  Coruh et al. (2010)
CNCgp 56 Liu et al. (2015)
Thiourea-formaldehyde 58.14  Kirci et al. (2009)
chelating resins
MEFT chelating resin 60.05  Yirikoglu and GUlfen
(2008)
SNPs 7.5 This work
TCA-SNPs 80 This work

compiles the model parameters along with the R* value.
Based on comparison of the R? value, it can be surmised
that the Langmuir isotherm is the best followed by the
Dubinin-Radushkevich model. The appropriate model
isotherms along with suitable kinetics play an important
role in the design of commercial adsorption columns.

3.4 Adsorption Kinetics

As stated earlier, adsorption isotherm along with adsorp-
tion kinetics play a major role in the design of adsorp-
tion columns. Hence, it is imperative to establish the
adsorption kinetics and to model it with suitable kinetic
model. The adsorption kinetic experiments were per-
formed by adding 20 mg of TCA-SNPs to 100 mL
Ag" solutions at pH = 5.0. Figure 8 shows the decrease
in concentration of the Ag* ion in the solution with
increase in contact time indicating the transfer to the

920
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Fig. 6 Effect of initial Ag* concentration on Ag(I) adsorption
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Fig. 7 Adsorption isotherm of Ag* adsorption on TCA-SNPs Freundlich (a), Langmuir (b), Temkin (¢), and Dubinin-Radushkevich (d)

adsorbents phase. The rate of adsorption is fast until a
contact time of 30 min beyond which significant change
in the concentrations was not observed.

Table2 Isotherm parameters for Ag" adsorption on TCA-SNPs at
298 K

Isotherm model Parameter Value
Freundlich Kr [(mg g YW(mg L H"] 32901
n 1.9177
R 0.988
Langmuir qm (M) 81.30
Ky (L/g) 7.4711
R 0.999
Temkin Kt (L/g) 0.4037
b (J/mol) 92.974
R 0.971
Dubinin-Radushkevich ¢, (mg/g) 60.34
3 (mol> kI %) 141 %1077
R 0.993

@ Springer

The rate of adsorption is modeled using the popular
literature-reported kinetics models such as pseudo-first-
order, pseudo-second-order, and intraparticle diffusion
model. The kinetic model equations are very widely
reported in literature and can also be sourced from
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Fig. 8 Effect of contact time on Ag* adsorption onto the TCA-
SNPs
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Fig. 9 Pscudo-first-order (a), pseudo-second-order (b), and intraparticle diffusion model (¢) for Ag* adsorption onto the TCA-SNPs

textbook dealing with adsorption process (Abinashi
et al. 2016; Ramakrishna et al. 2016). Figure 9 shows
the goodness of the above models with the experimental
data. The model parameters along with regression coef-
ficients are listed in Table 3. Based on the goodness of
the fit, the pseudo-second-order kinetic model is found
to be appropriate to represent the rate of adsorption of
Ag" ion using TCA-SNPs adsorbent.

Table 3 Kinetics parameters for Ag" adsorption on TCA-SNPs at
298 K

Kinetic models Parameter Value
Pseudo-first-order K (g/mg'min) -0.0025
R? 0.021
Pseudo-second-order K, (g/mg'min) 0.0203
R? 0.998
Intraparticle diffusion K; (mg/g'min'?) —-0.033
C 42.38
R? 0.015

3.5 Adsorption-Desorption Cycle of TCA-SNPs

The adsorption isotherms clearly indicate superior per-
formance of the TCA-SNPs as compared to other
literature-reported adsorbent for the removal of Ag*

80
70 [
60 [
50 [
40 [

Removal (%)

30
20
10

0 2 3 4 5

Cycle

Fig. 10 Removal ratio of Ag" for TCA-SNPs after five consecu-
tive cycles of desorption/adsorption
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Fig. 11 FT-IR (a), XPS of Ag3d (b), and S2p (c¢) of TCA-SNPs-Ag

ion from liquid phase. However, the success of com- on its ability to desorb and to be reused for many
mercial adoption of an adsorbent additionally depends desorption/adsorption cycles. Hence to assess the ability

Table 4 Selective adsorption of TCA-SNPs for coexisting metal ions

Coexisting ions Ag* Ag +Mn** Agt+Cu*t Ag NIt Agt+Co™

Ag+ Mn2+ Ag+ Cu2+ Ag+ Ni2+ Ag+ C03+
Co (mg/L) 100 100 25 100 25 100 25 100 25
C, (mg/L) 252 19.3 24.8 20 24.9 223 24.6 243 24.8
q. (mg/g) 374 40.5 0.10 40.0 0.05 38.9 0.20 379 0.10
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to regenerate, the regeneration of the adsorbents was
performed in a mixture of 10% thiourea and HNO3 of
concentration 1 mol/L. To test the reusability of adsor-
bent, adsorption tests were performed following the
same procedure as reported earlier. Twenty milligrams
of TCA-SNPs was added into 10 mL of silver ions
solution, and then oscillated it for 5 h at pH 5 and room
temperature. After that, TCA-SNPs adsorbent was
desorbed for 5 h at room temperature using eluent
(50 mL). Figure 10 shows performance of the TCA-
SNPs adsorbent covering five consecutive desorption/
adsorption cycles. A reduction in the removal ratio from
77.10 to 70.17% was observed for the first recycle run.
The uncertainty of the removal ratio is 1.7%. However,
subsequent cycles did not result in any significant re-
duction in the removal ratio, confirming the stability of
the adsorbent to withstand number of desorption/
adsorption cycles. The results clearly indicate good
stability and high efficiency on repeated use.

3.6 Adsorption Mechanism of Silver Tons
onto TCA-SNPs

In order to clarify the adsorption mechanism, Ag* load-
ed TCA-SNPs (defined as TCA-SNPs-Ag) were ana-
lyzed using FT-IR and XPS. After adsorption of Ag™,
there is a strong adsorption peaks at 1384 cm™' which
came from nitrate ions attached to the adsorbent (Fig.
11a). The XPS of Ag3d in TCA-SNPs-Ag is presented
in Fig. 11b, the binding energy of Ag3d around 366.7
and 372.8 eV in TCA-SNPs-Ag are significantly smaller
than that in AgNO; (Tahmasebi and Yamini 2014),
indicating higher the electron density at the Ag atoms
than that of the free ligand. The peaks at 163.4 eV
correspond to the sulfur bounding to Ag" (Fig. 11c)
(Zhang et al. 2015; Bootharaju and Pradeep 2011).
Moreover, the good reusability of adsorbent indicated
that C-S bond is not broken. So, it is hardly possible to
produce the Ag,S compound. Thus, the results showed
that the adsorption of TCA-SNPs for silver ions from an
aqueous solution is based on coordination interactions
between silver ions and thiol groups located on the
surface of TCA-SNPs (Lu et al. 2010; Quang et al.
2013).

3.7 Effect of Coexisting Metal Tons

The presence of other metal ions such as Mn>*, Cu?*,
Ni**, and Co®* along with Ag* in industrial effluent is

common and hence it is necessary to assess the effect of
these ions on the adsorption of Ag* on TCA-SNPs.
Table 4 summarizes the effect of coexisting metal ions.
It is clear from the C, values reported in Table 4 the
reduction in concentration of the other ions in compar-
ison with the Ag" ion is insignificant. The results indi-
cated that Ag* could be selectively separated from mix-
ture solution.

4 Conclusions

We modified the surface of the silica nanoparticles with
trithiocyanuric acid so as to enhance the adsorption of
Ag" from aqueous solutions. The Ag* adsorption capac-
ity increased with increase in the solution pH, with the
optimal pH being 5. The maximal absorptive capacity of
absorbent TCA-SNPs on Ag" reached 80 mg/g at the
optimal pH 5.0, significantly higher than the adsorption
capacity reported for other adsorbents in literature. The
increase in adsorption capacity was attributed to the
coordination between Ag" and mercapto group on the
surface of the modified adsorbents. The adsorption ki-
netics indicated very high rates of adsorption initially,
with rapid reduction in rate of adsorption with time. The
adsorption isotherm was found to match with the Lang-
muir model while the adsorption kinetics was found to
match with the pseudo-second-order kinetic model. Af-
ter used five times, the TCA-SNPs retained the higher
regeneration efficiency ensuring commercial adoption.
The TCA-SNPs had a relatively high adsorption of Ag*
as compared to other ions such as Mn**, Cu®*, Ni**, and
Co**. In summary, the silica nanoparticles modified
with trithiocyanuric acid have the potential application
prospect to remove Ag* from aqueous solutions.
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