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ABSTRACT: In the present work, thiourea-formaldehyde
(TUF) chelating resin was synthesized and used in the
adsorptions of selenite (SeO3~) and selenate (SeO3") ions.
The effects of initial acidity and initial selenium concentra-
tions on the adsorptions were examined by batch tech-
nique. The synthesized resin was applied to the elemental
analysis to determine its composition. FT-IR spectra and
SEM/EDS were also recorded before and after selenite
adsorption. It was found that selenite and selenate ions
were adsorbed onto TUF resin at strong acidic conditions
(3-5M HCI). The adsorption capacities of the resin were

calculated as 833.3 mg g ' TUF resin for selenite ions and
526.3 mg g ' TUF resin for selenate. All the adsorption
data obtained for both selenite and selenate ions fitted
well to the Langmuir isotherm. It was seen that the
adsorption mechanisms in the both adsorptions were gov-
erned by the reduction of selenite or selenate to elemental
selenium, Se’. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci
122: 1134-1141, 2011
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INTRODUCTION

Selenium is a trace element, which occurs naturally
in the environment. It can be either an essential ele-
ment or a potential toxicant for organisms depend-
ing on its concentration and chemical form. Sele-
nium is used in the manufacture of photocells,
rectifiers, xerography equipments dandruff sham-
poos, and electronic devices. It was also used in
glasses and the coating of stainless steel and
copper.'

When the health effects of selenium were exam-
ined, its toxicity occurs at selenium ingestion levels
of 0.7-7.0 mg day ' while 200 pg day ' (0.2 mg
day ') is nutritionally adequate. The US Environ-
mental Protection Agency (EPA or USEPA) has set
the Maximum Contaminant Level (MCL) in drinking
water for selenium at 0.05 mg L~'. EPA has found
that selenium causes potentially the following health
effects when people are exposed to it at levels above
the MCL for relatively short periods of time: hair
and fingernail changes; damage to the peripheral
nervous system; fatigue and irritability. Long-term,
selenium has the potential to cause the following
effects from a lifetime exposure at levels above the
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MCL: hair and fingernail loss; damage to kidney
and liver tissue, and problems with the nervous and
circulatory systems.'

In the nature, selenium can exist in different oxi-
dation states, elemental selenium (Se%), selenite
(Se03"), selenate (SeO7"), inorganic and organic sele-
nides (Se?”), (methylated compounds, selenoamino
acids, selenoproteins, and their derivatives).pL The
majority of selenium is concentrated in the anode
slimes during the refining of copper in the metallur-
gical processes. These anode slimes are the most
important raw material of selenium in industry.’

Selenium separation from industrial intermediate
solutions, waste water, and drinking water is impor-
tant for later usages. Several techniques may be used
to reduce the level of selenium from aqueous media:
anion exchange, activated alumina (AA), reverse
osmosis (RO), and distillation." There are a lot of
adsorbents studied by many researchers for selenite
or selenate ions. These include amberlite IRA-67
with secondary and tertiary amines, duolite A7 with
primary and secondary amines,” eporasu K-6 with
polyamine,” activated carbon,*® Al- or Fe- or binary
oxides,”® dowex 1 x 2 resin, a strongly basic anion
exchanger,2 chitosan resin with 3,4-diamino benzoic
acid (CCTS-DBA resin),” poly(N,N-dimethylacryla-
mide-co-allylthiourea),'” some chelating resins with
ammonium pyrollidine dithiocarbamate (APDC),"!
bismuthiol-1T and diaminonaphthalene,'* and grafted
with  2,3-diaminonapthalene on amberlite-XAD-4
resin,'® polymer with aromatic diamine (o-phylene-
diamine),14 bentonite, agricultural wastes,'® and
silica gel modified with 3-mercaptopropyl."”
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However, thiourea-formaldehyde (TUF) resin has
not been examined by focusing on the adsorption of
selenite or selenate ions. It has amine (>NH,) and
thiourea (>C=S) functionality as chelating ligands.
The resin has the capability of anion adsorption via
>NH; after amine group is protonated. Selenite and
selenate ions can be bound to protonated amine.'®**
Moreover selenite reacts with thiol compounds such
as glutathione and 2-mercaptoethanol. In other
words, selenium can form selenodiglutathione
(GSSeSG) or selenopersulfide (GSSeH) in animal tis-
sues.?* In addition, selenite and selenate ions are
reduced to elemental selenium in thiourea solution.
It was thought that TUF resin may be a potential ad-
sorbent for selenite or selenate ions. Also, TUF resin
can be synthesized easily in aqueous solutions by
controlling the acidity during the synthesis.'"®* In
the present work, thiourea-formaldehyde resin was
synthesized and it was used in the adsorption of
selenite and selenate ions by batch technique.

EXPERIMENTAL
Chemical reagents

All the reagents were of analytical grade and used
as received. Formaldehyde (37% aqueous solution,
1.09 g mL™") and thiourea used in the synthesis of
TUF resin were purchased from Merck (Darmstad,
Germany). NaySeO; and NaySeO, were obtained
from Fluka (UK). The other chemicals used in the
studies were from Merck (Darmstad, Germany).
Selenite or selenate solutions were prepared by dis-
solving NaySeO; or NaySeO,, and diluted to the
desired concentration using distilled water.

Apparatus

A Shimadzu AA-6701 model (Japan) flame atomic
absorption spectrometer (FAAS) was used for the
measurements of selenite and selenate ions. Sele-
nium hollow-cathode lamp (Koto, Japan) was
employed as radiation source at wavelength of 196.0
nm and lamp current of 23 mA. The FAAS spec-
trometer was operated by using acetylene-air gas
mixture without hydride system and in the concen-
tration range of 5-50 mg L' for the determination
of the selenium ions. FI-IR spectra of the resin
before and after the adsorption of selenite ions
were recorded on a Shimadzu-IR Prestige-21 model
spectrophotometer. The elemental analysis was
performed by using a LECO CHNS 932 elemental
analyzer (Leco, USA). SEM/EDS analyses were
carried out using a JEOL JSM 6060-LV type scan-
ning electron microscope (SEM) equipped with an
energy-dispersive spectrometer (EDS).

Synthesis of thiourea-formaldehyde resin

TUF, a well-known resin, can be synthesized by
reacting formaldehyde (HCHO) with thiourea

1135

(H,NCSNH,) at 80°C.*"%* The synthesis includes
hydroxymethylation and condensation steps (Scheme
1). TUF resin has very complex structure depending
on the mole ratio of thiourea to formaldehyde,
synthesis temperature, and dehydration or drying
conditions of the resin.

A linear or less crosslinked resin for the adsorption
studies was aimed in this study. Therefore, the TUF
resin was prepared in the molar ratio of thiourea :
formaldehyde of 1 : 1. In the synthesis, 152 g (0.2
mol) of thiourea was dissolved in 50 mlL distilled
water and then 15 mL (0.2 mol) of formaldehyde so-
lution was added. pH was adjusted to 10 using 0.1M
NaOH solution and temperature was to 80°C. After
2 h stirring for the hydroxymethylation reactions, pH
was adjusted to 2 using 10% HCI solution while the
mixture was stirred at the temperature of 80°C. After
white TUF resin condensates began to precipitate, the
reaction was carried out for 6 h. The obtained con-
densates were filtered, washed using 0.1M HCI solu-
tion and distilled water, and dried at 80°C. Washing
with the acid and water was performed in a filtering
system. The resin was ground into less particle size
than 150 pm. It was washed using 0.1M HCl solution
and distilled water, and dried at 80°C, again. It was
used in all the experimental studies.”* >

Adsorption studies
Effect of initial acidity

To examine the effect of the initial acidity on the
adsorption of selenite ions, the sorption experiments
were carried out by stirring 0.5 g of TUF resin in
250 mL 50 mg L~ selenium (NaySeOs) solutions in the
pH range of 0-6 and strong acidity range of 1-5M HCL
Selenium concentrations in the sample solutions taken
at predetermined time intervals of 0.5, 1, 24, 48, and
120 h were determined by FAAS. On the other hand,
selenate adsorption studies were carried out similarly.
The adsorption density, g, (mg g '), of selenite or sele-
nate ions onto the resin was calculated from Eq. (1).

(Ci—-0C)

e = v (1)

where C; and C are the concentrations (mg LY at
initial and different adsorption periods, respectively,
m is the mass of the resin (g), and V is solution
volume (L).

Selenite and selenate adsorption isotherms

In the experimental studies designed for the Lang-
muir and the Freundlich isotherms, 0.1 g TUF resin
was stirred in 250 mL selenite solutions at the con-
centrations of 50-1000 mg mL ™" and including 3M
HCI as the optimum acidity, for 72 h. The selenite
samples collected at intervals of 1, 24, 48, and 72 h
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Scheme 1 Synthesis of thiourea-formaldehyde (TUF) resin.

were analyzed by FAAS. Then, similar experimental
studies were carried out by using the selenate solu-
tions at the concentrations of 100-500 mg L',
including 5M HCl. The adsorption data obtained
from the studies with selenite and selenate ions
were applied to the Langmuir [Eq. (2)] and the
Freundlich [Eq. (3)] adsorption models.***

G_ 1, G
qe meax Qmax

@

where C, is the concentration of selenium at equilib-
rium in solution (mg Lfl); g is the amount of sele-
nium adsorbed by per gram of the resin (mg g™ );
the constant Q.. is the theoretical saturation
adsorption capacity of the monolayer (mg g '); and
b is related to the energy of adsorption (L mg ™).
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log g, = log Kr + %log Ce (©)]
where Ky (mg g ') and 7 are constants incorporating
all factors affecting the adsorption process such as
adsorption capacity and intensity. The adsorption
isotherms were compared with each other and
the adsorption capacities of TUF resin for selenite and
selenate ions were calculated using the best isotherm.

RESULTS AND DISCUSSION
Characterization of TUF resin
Elemental analysis

The elemental composition of the synthesized TUF
resin was determined experimentally. It was noted
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Figure 1 FT-IR spectra of TUF and Se adsorbed TUF.

that the resin contains C, H, N, and S as 25.32, 4.41,
27.92, and 32.21% (w/w), respectively. In addition,
the oxygen content of the resin was calculated as
10.15% (w/w) from difference of all the other com-
position. It may also be noted that the synthesized
resin includes 19.94 mmol g' N and 10.06 mmol
g ' S ligand atoms. It was found that the synthe-
sized resin had nearly the expected composition of
TUF resin.

FT-IR analysis

FT-IR spectra of TUF resin before and after the
adsorption of selenite ions were recorded and the
results are given in Figure 1. The peaks could be an-
alyzed as follows: strong adsorption peak at 3306
cm ' showed >N—H in secondary amino, 1603 and
1132 cm ™! were the peaks of —N—(C=S)— group,
1520 cm ' was >C=NH and 959 and 540 cm ' were
(>C—S—).2*?%* Tt was not seen an important
change in the FI-IR spectrum of Se adsorbed resin
except for the peaks at 538-563 cm'. These peaks
belong to S—S bond. It is known that thiourea dis-
solved in an aqueous solution (not polymerized thio-
urea) can be oxidized by selenite ions.’**' It may be
expressed that thiourea functional group on the
resin surface could be oxidized to formamidine di-
sulfide during the adsorption [Eq. (4)].

MNH

b
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According to the elemental analysis and the FT-IR
spectra, the structure in Figure 2 may be suggested
for TUF resin. The structure or chemical composition
of TUF resin may show differences related to the
conditions in the synthesis. When formaldehyde/thi-
ourea mole ratio is selected as 4/1 or 2/1 before the
synthesis, physical properties of the resin may be
better than the mole ratio of 1/1. Different mole
ratios for the resin had been tested and it had been
found that TUF resin at mole ratio of 1/1 had had
better adsorption properties. So, in this study, it was
aimed to synthesize a linear or less crosslinked TUF
resin using mole ratio of 1/1."®*® However, TUF
resin synthesized at mole ratio of 1/1, also, showed
crosslinked and thio-bound structures as 4/1 or 2/1.
These crosslinked and thio-bound structures may be
caused by polymerization after condensation.

SEM/EDS analysis

The SEM/EDS analyses of TUF resin before and af-
ter selenite adsorption were examined and the
results are given in Figure 3. It was found that TUF
resin included N, S, and O atoms before the adsorp-
tion and Se atoms additionally after the adsorption.
EDS surface analysis was not a true chemical analy-
sis because of carbon paper during the measure-
ments. It should be considered as qualitative. In
addition, it can be seen from the SEM micrographs
that the particles of the resin were coated by a new
material after the adsorption.

Adsorption studies
Effect of initial acidity

Acidity of a solution has a significant impact on the
adsorption of many ions since it determines the sur-
face charge of an adsorbent, and the degree of ioni-
zation and speciation of an adsorbate. The acidity
may also play an important role in the adsorption of
selenite/selenate species. To establish the effect of
initial acidity on the adsorption of selenite and sele-
nate ions, the batch equilibrium studies were carried
out at different pH values and HCI concentrations.
The results are given in Figure 4 for selenite and in
Figure 5 for selenate ions. It was found that the
adsorptions of both selenite and selenate ions were
more effective in strong acidic solutions. As can be

Figure 2 TUF resin.
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seen from Figures 4 and 5, selenate ions require
more acidity than selenite for the adsorption. The
optimum acidities for selenite and selenate ions
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Figure 4 Effect of initial acidity on selenite adsorption.
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Figure 3 SEM/EDS analyses before (TUF) and after (TUF-Se) adsorption.

were selected as 3M HCl and 5M HCI, respectively.
Selenate ions may require more acidity over 5M
HCL However, a stronger acidity over 5M HCI was
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Figure 5 Effect of initial acidity on selenate adsorption.
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Figure 6 Fractional species of selenous and selenic acids
at different pH values.

not studied because of economic respect and resin
stability.

Selenite or selenate species in a solution may be
H,SeO;, HSeO;, and SeO3~, or H,SeO,, HSeO;, and
SeO3~, depending on the pH values of the selenium
solutions. The fractional species of selenite and sele-
nate ions were calculated using pKa, : 2.63, pKa; : 8.40
for HySeO; and pKa; : 3,0, pKa, : 1.70 for HySeO3.
Their graphs are given in Figure 6. Thiourea-formalde-
hyde resin has protonable amine group (>NH;) and
this group may bind Se(IV) or Se(VI) species in solu-
tion. In other words, selenium species may interact
with protonated amines via ionic interaction (For
example; >NH, HSeO;). However, the observed low
selenium adsorption values in the pH range of 1-10
showed that the ionic interaction was not effective in
the adsorption process due to the absence of HSeO5
and SeO; or HSeO; and SeO3~ species.

Selenite or selenate ions can be reduced to elemen-
tal selenium (Se°) by the thiourea dissolved in solu-
tion.’’”? The standard reduction potentials of thiou-
rea, selenite, and selenate are given in egs. (5)-(8). In
this study, the color of TUF resin changed from
white into orange red, which is a characteristic color
of reduced elemental selenium. It may be expressed
that the adsorption mechanism is governed by
chemical reduction from selenite or selenate to ele-
mental selenium. When examined the effect of initial

1000
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600 4
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400
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300 4
200 4

80
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Figure 7 Adsorption of selenite ions at different initial
concentrations.
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acidity on selenite or selenate adsorption, it can be
seen that the both adsorptions require strong acidity.
This may be expressed that the required strong acid-
ity for the adsorptions is due to the acidity required
in the reduction reactions [egs. (7) and (8)]. Some
researchers examined selenite or selenate adsorption
by thio-functionalized adsorbents. Tanaka et al.*’
suggested selenotrisulfide formation (—5—Se—S—)
with bismuthiol-II functionality (yellow color) and
Inam et al.'"” did elemental selenium formation with
allylthiourea (red color).

S=C(NH,), = SH—C(NH)—NH, (5)
NH,—C(NH)—S—S—C(NH)—NH, + 2e~

+2H" =2NH,—CNH—SH E°=0.420V  (6)

HSeO?2™ + 3H" 4 2e~ = H,Se0;3 + H,O E° =1.090 V

@)

H,SeO; +4H" +4e” =Se +3H,0 E’=0.741V (8)

After the adsorption of selenium, the functional
groups on the surface would be changed. It may be
expressed that thiourea/thiol functional group on
the resin surface could be oxidized to formamidine
disulfide during the adsorption. Because selenite/
selenate ions reduced to elemental selenium, a redox
solution to oxidize elemental selenium and reduce
the resin can be selected considering acidity and
concentration. The selenium adsorption conditions
found in this study can be used in the analytical pre-
concentration studies including complete digestion
process and in the separation of selenium from
industrial intermediate solutions such as anode
slimes and electronic wastes etc.

Adsorption isotherms

To examine the adsorption isotherms, the adsorption
studies were carried out at different initial concen-
trations of selenite (50-1000 mg L™ and selenate
ions (50-1000 mg L™'). Selenite and selenate
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500 4 —a— 20 mgll

oy —o—30mgll

S 400 “a—abmely
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=

300

200

100

0 10 20 30 40 50 60 70 80
Timne, (hour)

Figure 8 Adsorption of selenate ions at different initial
concentrations.
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Figure 9 The Langmuir isotherms.

adsorption profiles obtained for 72 h contact time
are given in Figures 7 and 8.

The adsorption data from the studies at different
initial concentrations were analyzed using the Lang-
muir [Eq. (2)] and Freundlich isotherm equations
[Eq. (3)]. 133 Figures 9 and 10 show the Langmuir
and Freundlich adsorption isotherms plotted C./g.
versus C, and In g, versus In C, for the adsorption of
selenite and selenate ions, respectively. The Lang-
muir and Freundlich coefficients were also calcu-
lated from the graphs and they are given in Table I
When examined the isotherms, it can be seen that
the Langmuir isotherm has bigger regression coeffi-
cients (R*) with both selenite and selenate ions.
Hence, it was found that both the adsorption data
were better fitted to the Langmuir isotherm than the
Freundlich. Selenite and selenate adsorption capaci-
ties of TUF resin were found as 833.3 and 526.3 mg
g' TUF resin, respectively. Moreover selenium
adsorption capacities found by some researchers
were listed in Table II. It was seen that TUF resin
showed highest selenium adsorption capacity and a
different adsorption mechanism from the other
adsorbents in Table II. While many adsorbents in
literature adsorbs selenite/selenate ions via ion
exchange mechanism at pH 1-8, TUF resin is via
reduction mechanism in 3-5M HCl media. Initial
acidity of selenium solutions is very effective in the
adsorption. Selenium in strong acidic solutions, in
which other constituents do not precipitate, can be
separated and concentrated. However, selenium
adsorption capacity of TUF resin will change with
different acidities.
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Figure 10 The Freundlich isotherms.

In addition the essential characteristics of the
Langmuir isotherm can be expressed by a dimen-
sionless constant called equilibrium parameter or a
separation factor, R; [Eq. (9)].

1

Ry =——
L 1+ bCy

)

where b is the Langmuir constant (L mgfl) and Cj is
the initial concentration (mg L™'). R, value indicates
the type of isotherm, and the value between 0 and 1
indicates favorable adsorption. The R; values in this
study were found to be between 0 and 1 for all the
concentrations of selenite and selenate.*?

CONCLUSIONS

TUF resin was synthesized and used in the adsorp-
tion of selenite and selenate ions. Some important
results are summarized in following: Initial acidity
of selenium solutions is very effective in the adsorp-
tion. The optimum acidities of 3M and 5M HCl were
found in the adsorption of selenite and selenate
ions, respectively. It was seen that strong acidity
required for the adsorption of the both ions. The
data obtained from the adsorption of both selenite
and selenate ions were better fitted to the Langmuir
isotherm than Freundlich. The adsorption capacities
of 823.3 mg g~ ' TUF resin for selenite and 526.3 mg
g ' TUF resin for selenate were achieved. The
adsorption mechanisms for these ions were gov-
erned by the reduction to elemental selenium (Se).

TABLE I
Coefficients of the Langmuir and Freundlich Isotherms

The Langmuir

The Freundlich

isotherm isotherm
Qmax (mgg™") b (Lmg™) R? kr (mg g™") n R?
Selenite 833.3 0.0195 0.9954 65.88 2.41371 0.8949
Selenate 526.3 0.0254 0.9465 238.45 10.36 0.6805

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Selenium Adsorption Capacities of Some Adsorbents
Adsorbent Sorption capacity (mg g ") pH Reference

Chelating resin (diethylenetriamine-polyacetic acid) 30.02 4.0 [34]
Green algae (Cladophora hutchinsiae) 74.9 5.0 [35]
Double hydroxides (Zn/Al, Mg/Al, Zn/Fe) 106.38-131.58 5.0 [36,37]
Iron and aluminium oxides 24-32.7 5.0 [7]
Double hydroxides (Zn/Mg-Al) 125.0-152.0 5-10 [38]
Rice husk (wet—dry sorbent) 40.9-32.1 1.5 [39]
Aluminum oxide coated sand 1.08 4.8 [40]
Tron oxide coated sand 1.34 45-6 [41]
Ion-exchange resin (polyamine-type weakly basic) 134.2 3-12 [5]
Thiourea—formaldehyde resin Selenite: 833.3 3M HCI In this study

Selenate: 526.3 5M HCI In this study
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