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Abstract: The existence of heavy metal ions in aqueous media is one of the
biggest environmental pollution problems and thus the removal of heavy
metals is a very important procedure. In this work, a new adsorbent was syn-
thesized by modifying 3-aminopropyl-functionalized silica gel with thiamine
(vitamin B1) and characterized. The influence of the uptake conditions, such as
pH, contact time, initial feed concentration and foreign metal ions, on the bind-
ing capacity of thiamine-functionalized silica gel sorbent (M3APS) were inves-
tigated. Maximum obtained adsorption capacities for Pb(Il), Hg(IT) and Cd(II)
were 39.4£0.2, 30.9£0.5 and 9.54+0.4 mg g"! M3APS, respectively, at pH 5.0.
The observed selectivity of M3APS for these metal ions was the following:
Pb(II) > Hg(IT) > Cd(II). Adsorption isotherm models were also applied to the
adsorption process. As a result, the Langmuir isotherm model gave the best fit
for the adsorption of metal ions on M3APS. The Gibbs energy change (AG) for
the adsorption of Pb(II), Hg(Il) and Cd(II) were calculated to predict the nature
of adsorption process. Having such satisfactory adsorption results, M3APS is a
potential candidate adsorbent for Pb(II) and Hg(II) removal from aqueous
media.
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INTRODUCTION

Due to the rapid industrialization, dangerous wastewater has become a
worldwide environmental problem. The disposal of heavy metals has caused
much concern for the environment. Commonly used industrial processes, such as
metal plating, smelting, battery manufactures, mining activities, dyeing, efc., are
environmentally problematic. Many industries discharge toxic aqueous effluents
containing highly toxic metals ions, such as lead, mercury, cadmium, copper,
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zinc and nickel, to natural resources They are highly toxic and non-degradable
even at low concentrations for living organisms.!~* Moreover, they have negative
environmental and economic impact.> Therefore, the removal of heavy metals
from the environment is a very important.

Many methods have been employed for the removal of toxic and polluting
heavy metal ions from industrial effluents, biological materials and wastewater,
such as solvent extraction, ion exchange, liquid-liquid extraction, co-precipit-
ation, reverse osmosis and adsorption.6=® Adsorption is the most effective and
widely used method for the removal of heavy metal ions among the other pro-
cesses.0 Different types of adsorbents are used for the adsorption of heavy metals
from aqueous media, such as minerals,37 biomass,39 plants!0-14 and synthetic
materials containing chelating groups.!5-18

Presently, there is growing interest in the use of modified silica gel that has
great importance as a solid support. Silica gel is chosen for the preparation of
modified products because of its high surface area, high mechanical endurance
and thermal stability.19-2! Silica-modified adsorbents can be prepared easily for
the adsorption of the desired heavy metal(s). Different kinds of modified silica
gels have been used for adsorption studies in aqueous media.22-27

In this study, 3-aminopropyl silica gel was modified with thiamine hydro-
chloride (vitamin B1) to prepare a thiamine functional silica gel sorbent (M3APS).
Then the sorbent was characterized and used to remove Pb(II), Hg(II) and Cd(II)
from aqueous solution. The adsorption isotherms were examined and then com-
pared to the data obtained from the Langmuir and Freundlich equations. Accord-
ingly, the adsorption capacities were determined and the Gibbs energy change of
the adsorption was calculated.

EXPERIMENTAL

Materials and reagents

3-Aminopropyl silica gel (40-63 pm, containing =<1 mmol g'! NH,, 3APS), thiamine
hydrochloride (vitamin B1) and sodium acetate trihydrate were purchased from Sigma—Ald-
rich, glutaraldehyde 25 % aqueous solution, ethanol, lead(Il) nitrate, mercury(Il) nitrate
monohydrate were purchased from Merck, cadmium nitrate tetrahydrate was purchased from
Alfa Aesar and atomic absorption spectrophotometry standard solutions of 1000 mg L-!
Pb(1l), Hg(IT) and Cd(II) were purchased from Merck. A certified reference material (SPS
WW1 Batch 109) was purchased from Spectrapura Standards AS (Oslo, Norway). All the
other chemicals were of analytical grade and used without further purification. All water used
in the metal chelation experiments was purified by a Milli Q-water purification system (Milli-
pore). The resulting purified water had a specific conductivity of 18.2 MQ cm.

Characterization

FTIR spectra of modified thiamine-functionalized silica gel were taken on a Perkin—
~Elmer ATR-FTIR spectrophotometer in the wavenumber range 4000-400 cm™!. SEM imag-
ing of the adsorbent was performed on a Philips XL30 ESEM-FEG/EDAX. The adsorbent
was prepared for SEM by freeze fracturing in liquid nitrogen and applying a gold coating of
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approximate thickness 300 A. An Analytikjena Zeenit 700 flame atomic absorption spectro-
photometer equipped with deuterium lamp for continuous background correction was employed.

Modification of silica microparticles

First, 3-aminopropyl-functional silica gel (3APS, 1 g) was gradually added into 30 mL of
glutaraldehyde and the mixture was stirred 2 h at room temperature. After centrifugation, a
brown solid was obtained, which was washed three times with ethanol and then carefully
filtered. Thiamine hydrochloride (0.35 g) was dissolved in 50 mL 30 % ethanol and the brown
solid was added to the thiamine hydrochloride solution and stirred overnight. The obtained
thiamine functional silica gel (M3APS) was washed three times with 30 % ethanol and
filtered. Finally, the M3APS was dried in a vacuum oven at 30 °C for 4 h.

Single-component heavy metal adsorption studies

The absorption capacity of M3APS was investigated in the batch mode at room tempe-
rature. To find optimum conditions for maximum absorption of Pb(Il), the effects of the initial
heavy-metal ion concentration and the pH of the medium on the equilibrium adsorption time
were studied. To determine the optimum pH for the absorption, 0.1 g of M3APS was added
into a number of beakers containing 20 mL of a metal ion solution. These solutions contained
the same initial concentration (100 mg L!) in NaAc-AcOH buffers of different pH values (in
the range of 2—6). The contents of the flasks were stirred at 200 rpm for up to 2 h. After the
adsorption equilibrium time and optimum pH were determined, the samples were contacted
with different concentration of metal ion solutions (0.5-500 mg L!) at the optimum pH and
contact time. All the adsorption experiments were repeated three times and average values are
reported. After the adsorption study, the adsorbent was separated by centrifugation in 5,000
rpm for 5 min and supernatant liquor was analyzed. The concentrations of heavy metal ions
were determined, before and after the adsorption experiments, by flame atomic absorption
spectrophotometry (FAAS) with a deuterium background correction. The instrument was
checked with the quality control (QC) solutions in all batches. The adsorbed amount of metal
ions per unit mass of M3APS (mg metal ion g'! M3APS) were calculated using the following
expression:

_(a—)¥
1000m

where ¢, is the amount of adsorbed metal ion (mg g™!), ¢ is the initial concentration of metal
ion (mg L); ¢ is metal ion concentration remaining in solution after the adsorption period
(mg L-1); Vis the volume of metal ion solution (mL) and m is the amount of M3APS (g).

€

Multi-component heavy metal adsorption studies

One metal ion could be selectively adsorbed in the presence of other metal ions. Select-
ivity of an adsorbent towards different metal ions is an important factor in competitive ads-
orption. The competitive adsorption of Pb(Il), Cd(II), and Hg(II) ions was examined using the
M3APS adsorbent in aqueous solutions. The concentration of each metal ion in the mixture
was 1 mmol L-!. The pH of the solution was adjusted to 5.0 and in order to adjust salinity, 700
mg L1 NaCl was added to the synthetic wastewater.3? Competitive adsorption of metal ions
by M3APS was also performed in SPS-WW 1 Batch 109 wastewater and tap water by spiking
a certain amount of metal ions. In the selectivity studies, a fixed amount of M3APS was equi-
librated with solutions of mixed metal ions for 2 h at room temperature. The concentrations of
the metal ions were determined by FAAS as described above.

Available on line at www.shd.org.rs/JSCS/

(CC) 2017 SCS.



2 1 8 DENIZ et al.

Adsorption isotherms of heavy metals

The studies of the adsorption isotherms of heavy metals on M3APS were performed at
room temperature with 0.1 g of M3APS and initial concentrations heavy metal ion in the
range 10-500 mg L! at a pH value of 5.0.

RESULTS AND DISCUSSION

In this study, a new adsorbent for heavy metals was prepared through modi-
fication of 3-aminopropyl-functionalized silica gel using glutaraldehyde and thi-
amine hydrochloride (vitamin B1). The adsorption capacity and selectivity were
investigated for the new thiamine-functionalized silica gel (M3APS) adsorbent.

Characterization

The presence of functional groups in the modified thiamine functionalized
silica gel (M3APS) was confirmed by FTIR spectroscopy. The FTIR spectra of
the starting material (3APS) and the new adsorbent (M3APS) are shown in Fig. 1.
The sharp peak at 1046 cm! indicated Si—-O-Si stretching vibrations. A new
characteristic bond appeared around 1654 cm™! from C=N vibrations.2” Bands at
3044 cm!, stretching of the —CH, bond, 1613 cm™, stretching of pyrimidine
ring, and 691 cm!, —CS stretching in thiazole ring,28 could be seen, through
which thiamine (vitamin B1) was covalently attached to surface of the 3-amino-
propyl silica. The structure of M3APS is given Fig. 2.
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Fig. 1. FTIR spectra of 3APS and M3APS.
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Fig. 2. Possible structure of M3APS.

The elemental composition of the surface of M3APS was determined by
ESEM-FEG/EDAX. The analysis revealed that the surface of M3APS was com-
posed of 15.45 % C, 23.20 % O, 55.01 % Si, 3.06 % N and 0.35 % S. These
results demonstrated that the surface modification was successful. The morpho-
logy of M3APS was analyzed by scanning electron microscopy (SEM). The SEM
images are presented in Fig. 3. SEM images show that the particles of M3APS
had an irregular and inflexed surface morphology with <50 um particle size.
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Fig. 3. SEM images of M3APS.

Effect of pH

It is well known that metal ion adsorption on adsorbents depends on the pH
of the medium. Cations can be readily adsorbed on negatively charged surface
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sites of functional groups. At low pH values, the high concentration of H" can
react with hydroxyl group, and nitrogen and sulfur atoms on adsorbent and hence
compete with metal ions for the adsorption sites, which decreases the adsorption
capacity for cations. The electron pair on the N, S and O atoms of vitamin Bl
lead to an enhanced electrostatic interaction between metal ions and correspond-
ing interaction sites. On the other hand, most metal ions are prone to precipitation
at higher pH values.29 In this study, to investigate the effect of pH on adsorption
capacity, the adsorption experiments were performed in the pH range 2—6 and the

results were given in Fig. 4. The maximum metal ion adsorption was achieved at
pH 5.0.
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Fig. 4. Effect of pH on the adsorption of Pb(II), Hg(IT) and Cd(II) by M3APS;
c=100mg L'!, = 60 min.

Effect of initial metal ion concentration

To investigate the effect of initial metal ion concentration on the adsorption
capacity, M3APS was equilibrated with metal ion solutions of increasing concen-
tration. Adsorption capability of M3APS for different initial concentrations of
Pb(II), Hg(II) and Cd(II) ions between 0.5 and 500 mg L1 at pH 5.0 is shown in
Fig. 5. It could be seen that the metal ion adsorption increased rapidly with inc-
reasing initial metal ion concentration, and then reached a maximum adsorption
at 250, 100 and 100 mg L-! for Pb(Il), Hg(Il) and Cd(II), respectively. From
these plateau values, the maximum load capacities (ge) were estimated as
39.4+0.2 mg g! for Pb(Il), 30.9£0.5 mg g~! for Hg(Il) and 9.54+0.4 mg g1 for
Cd(II) ions.

Effect of contact time

In adsorption studies, the equilibrium time is another important parameter
for feasible processes. Removal of the metal ions from different sources is a
time-consuming process and it should be a fast method for industrial applications.
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Fig. 5. Effect of initial metal ion concentration on the adsorption capacity of M3APS; pH 5.0,
¢t =60 min.

The adsorption kinetics of the metal ions were investigated at 250 mg L1 for
Pb(1I), and 100 mg L1 for Hg(I) and Cd(II) ions at pH 5.0. The results of the
investigation are presented in Fig. 6. The data showed that the maximum adsorp-
tion of Pb(II), Hg(IT) and Cd(II) ions onto M3APS occurred in 60 min and rem-
ained constant up to 120 min. Thus, the adsorption process could be described as
very fast and adsorption capacities of 72.8, 66.7 and 61.1 % of the maximum ads-
orption capacities of Pb(Il), Hg(Il) and Cd(II) ions, respectively, were reached in
15 min.
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Fig. 6. Effect of contact time on the adsorption of Pb(II), ¢ = 250 mg L-!, and Hg(II) and
Cd(1I), ¢ = 100 mg L', at pH 5.0.

Multi-component heavy metal chelation

Adsorption studies were performed in the batch system to investigate the
adsorption selectivity of M3APS for Pb(Il), Hg(Il) and Cd(II) ions from spiked
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tap water, synthetic wastewater and SPS-WW1 Batch 109 wastewater,. The syn-
thetic wastewater contained Ni(Il), Zn(II), Fe(Il), Co(Il), Sn(II) and Ag(I).
Concentration of each metal ion in synthetic wastewater was 0.1 mmol L1, In
order to adjust the salinity, 700 ppm NaCl was added to the synthetic waste-

water.30 The contents of the elements in SPS-WW1 Batch 109 wastewater are
given in Table I.

TABLE I. Content of the elements in SPS-WW1 Batch 109 wastewater

Element Concentration Element Concentration Element Concentration
ng mL! (20 °C) ng mL! (20 °C) ng mL! (20 °C)

Al 2000=£10 Cu 400+2 Pb 100.0+0.5

As 100.0+0.5 Fe 1000+5 A% 100.0+0.5

Cd 20.0£0.1 Mn 40042 Zn 600+6

Co 60+0.3 Ni 1000+5

Cr 200+1 P 1000+5

The results of the adsorption study are given in Table II. The results showed
that the adsorption capacities (go) of Pb(Il), Hg(Il) and Cd(II) were decreased
under competitive conditions and adsorption capacities can be ordered as Pb(II) >
> Hg(II) > Cd(1D).

TABLE II. Adsorption amounts of metal ions under competitive conditions

Competitive with Competitive with SPS-
Metal Non-competitive P WW1 batch 109

. synthetic wastewater

0n wastewater

Competitive with
tap water

mgg! mmolg! mgg! mmolg! mg g1 mmol g!'  mg g! mmol g'!
Pb(Il) 39.40 0.19 28.04 0.14 36.17 0.17 37.08 0.18
Hg(I) 30.90 0.15 15.21 0.08 25.53 0.13 26.72 0.13
CdI) 9.54 0.08 2.23 0.02 1.86 0.02 2.31 0.02

Adsorption isotherms

General information about adsorption isotherms are given in Supplementary
material to this paper. In order to investigate the effect of the initial metal ion
concentration on the adsorption capacity of M3APS, experiments were per-
formed with initial metal concentrations between 10 and 500 mg L-! at room
temperature for 24 h. The adsorption isotherm plots of the metal ions are pre-
sented in Figs. 7 and 8 for the Freundlich and Langmuir models, respectively,
and the constants of the adsorptions isotherms are summarized in Table III. It
could be seen that the Langmuir equation fitted well for metal ion adsorption on
M3APS.

The recovery and reuse data for M3APS, the Gibbs energy change of the
adsorption process and comparison of M3APS with some other adsorbents are
presented in the Supplementary material.
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Fig. 7. Freundlich isotherm plots for the adsorption of Pb(II), Hg(II) and Cd(II) ions on

M3APS.
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Fig. 8. Langmuir isotherm plots for the adsorption of Pb(II), Hg(II) and Cd(II) ions on
M3APS.
TABLE III. Equations of adsorption isotherms of M3APS
Adsorbed Freundlich Model Langmuir Model
metal ion Equation R? Equation R 0, Kk
Pb(II) Ing.=0.209In¢c, +2.63 0.771 cJ/q.=0.018c,+0.19 0.982 55.56 0.094

Hg(ID) Ing.=0.252Inc, +2.07 0.798 cJg.=0.026c, +0.28 0.982 38.46 0.095
cd(In) In g, =0.342In c, + 0.927 0.927  co/g.=0.095c, +9.8  0.981 10.53 0.009

CONCLUSIONS

In this study, a silica-based, environmental friendly and tough adsorbent was
prepared via modifying 3-aminopropyl silica gel with thiamine hydrochloride
(vitamin B1). Its toxic metal adsorption capacity was investigated. The adsorp-
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tion studies showed that pH, contact time and initial metal ion concentration were
important parameters affecting the maximum adsorption capacity of the new thi-
amine-functionalized silica gel (M3APS) adsorbent. The effects of these para-
meters were investigated and the optimum conditions determined were pH value
5.0, contact time 60 min and initial concentration 250 mg L1 for Pb(II), and 100
mg L-! for Hg(Il) and Cd(II). The results indicated that the Langmuir equation
fitted well the sorption of metal ions onto M3APS. The experimental and cal-
culated adsorption capacity (QO,) data did not agree, especially for Pb(Il) and
Hg(II). The O, was attained at different contact times for the different metal
ions. Obtaining higher adsorption capacities is a time consuming process. In this
study, 60 min. was determined as the optimum contact time. The adsorption of
the heavy metal ions on the M3APS was in the order of Pb(II) > Hg(Il) > Cd(I),
indicating selective adsorption.

The Gibbs energy change of the adsorption showed that adsorption process
was thermodynamically spontaneous under the optimum conditions.

Comparative data showed that the proposed method using M3APS has relat-
ively high adsorption capacities and high pH values in comparison with other
methods in which modified silica gels were used as the adsorbent.

Reuse studies showed that M3APS could be used five times without loss of
the adsorption capacity. Desorption ratios of over 90 % were achieved for all the
tested toxic metals ions.

These results suggest that M3APS has great potential for the removal of
Pb(II) and Hg(Il) ions from wastewater.

SUPPLEMENTARY MATERIAL

General information about adsorption isotherms, recovery and reuse data of M3APS,
Gibbs energy change of adsorption process and comparison M3APS with some other ads-
orbents are available electronically at the pages of journal website: http://www.shd.org.rs/
/JSCS/, or from the corresponding author on request.
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U3BOL
HOBHU THAMHUHCKH ®YHKIOHMOHAJTU30BAHU MUKPOYECTHYHHU CUJIMLINIY M-
-TUOKCHUI KAO COPBEHT 3A YK/IIAILAILE JOHA OJIOBA, )KUBE U KAIMHWJYMA U3
BOJEHHUX CPEIUHA

SABAHATTIN DENiZ!, NESE TASCI? ECE KOK YETIMOGLU? 1 MEMET VEZIR KAHRAMAN?

'Marmara University, Faculty of Technology, Textile Engineering Department, Goztepe Campus, 34722,
Istanbul, Turkey u “Marmara University, Faculty of Science and Letters, Chemistry Department, Goztepe
Campus, 34722, Istanbul, Turkey

JOHM TEeWKHX MeTana y BOAEHO] CPEAWHH Cy jemaH oj Hajsehux npobdnema 3arahema
KMBOTHE CpefHHe. 300T Tora je yKlamame TEeUIKHUX MeTasla BpJIO 3HayajaH MoCcTynak. Y OBOM
pany je CHHTETHCAH U KapaKTepHUCaH HOBHU aficOPOEHC MOIU(DUKOBABEM 3-aMUHONPONHUI CHU-
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7uKa rena (pyHKUIMOHAIW30BAHOT THAaMHUHOM (BuTamMuH b1). Mcnutanu cy ytuiaju yciosa
copnuyje kao wTo cy pH, BpeMe KOHTakTa, NOoYeTHa KOHIEHTpallija Ha yjaasy U NMPUCYCTBO
CTpaHMX METaJIHMX jOHA Ha KalalUTeT Be3HMBama CHWIMKa reja (QyHKIHMOHAIN30BaHOT THAMH-
HOM (MZAPS). Onmpehenu cy MakcMMaiaHM KanauureTd copruuje 3a Pb(II), Hg(1I) u Cd(1I),
xoju usHoce 39,4%0,2; 30,9+0,5, oaHocHo 9,54+0.4 mg g'! MZAPS npu pH 5,0. Cenek-
THBHOCT MZAPS 3a oBe joHe meTana duna je pegom: Pb(11)>Hg(II)>Cd(II). Ilpumemenu cy u
MOZenyd amcopnuuoHux usorepmd. Hajborme crmarame mobujeHo je mopenom JIanrmupose
H30TepMe a afiCOPILHjY OBUX joHa Ha MZAPS. Jla du ce npenBunena mpuposa afCopHIHOHOT
nmpolleca u3pauyHaTta je mpomeHa I'ubcose enepruje (AG) ancopruuje Pb(11), Hg(II) u Cd(II).
Y3 Taxko 3apgoBosmaBajyhe pesynTare apcopnudje, MZAPS je mocrao kaHAWZAT 3a COpPHUUjY
Pb(I1) u Hg(II) u3 BogeHuX cpefuHa.

(ITpumsbeHo 16. aBrycra, pesunupano 20. oktodpa, mpuxsaheno 21. okrodpa 2016)
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