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A new sorbent for heavy metal ions, that contains links with fragments of 1,2,3-tria-
zole, 1,2,3- and 1,2,4-triazole, both triazoles and tetrazole was developed and appropriate
procedures for the synthesis of these links were described. The obtained polymer is able to
form stable complexes with the ions of heavy metals, such as Eu(lll}, Cd(ll), Pb(ll), Cu(ll),
Sr(ll). The extraction rate dependence on the age of the sorbent, concentration of the
cations, pH, and concentration of competing anions was studied.
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PaspaboTaH cOpOeHT /sl MOHOB THAKENBIX METANJIOB, KOTOPHIH COLep:KUT 3BeHbA ¢ 1,2,3-
TpuasonsHbiM, 1,2,3- u 1,2,4-1pHas3oNbHBIMHA, W OGOMMU TPUABOJIBHBIMU UM TETPAB3OJBHBIM
(parmMeHTaMM, KOBAJEHTHO TPUBUTHIMU K IOBEPXHOCTH cMoabl Meppudbunbga. Onucans
MeTOAVKHN CUHTEe3a 3B€HbEB ¢ U3yUaeMbIMU HMONHasogaMu. 1101yueHHBIH MOAMMDUIMPOBAHHBI
oJAUMep cnocobeH O0Pa30BLIBATHL CTAOMJIbHBIE KOMIIIEKCH ¢ MOHAMH TSKEJIBIX MeTaJJOB,
rakumu rax Eu(lll), Cd(ll), Pb(l), Cu(ll), Sr(ll). syuena 3aBUCHMOCTb CTeI€HU U3BJICUEHUS
KaTUOHOB 9TUX MeTAJJIOB OT BO3pACTa COpPOEHTa, KOHIIEHTPAIIMU KaTHOHOB, PH, KOHIIEHTpa-
UK KOHKYPUPYIOIINX AHMOHOB.

IIpuButuit 1o cmoam Meppudinabpaa copGeHT Ha OCHOBiI II0Jia30JaiB A eKCTpPaKIil
ionie Ba:kkmx meraniB iz Bomu. €.M.3aszin, C.B.Ximuenxo, T.A.Baauk, I.B-X.Il[epbakos,
K.IO0.Bpunvosa, 3.F0.Bynuna, [I.C.Copponos, K.M.Benixos, BA.9ebanos.

Pospobieno copbeHT A ioHIB Bamkux MeraniB, axuil micturs ganxku 3 1,2,3-Tpuasoinb-
"HuMm, 1,2,3- ta 1,2,4-rpuasonpbHuMu, Ta o60Ma TPHABOJIbHUMU i TETPas3oJbHUM (parMeHTa-
MM, IO KOBAJEHTHO HPUBUTIL mo noBepxHi cmoam Meppudinpga. Onucano MeTOIUKN CHHTE3Y
JIAHOK 3 moJiasoJsamu, 1m0 BuBYarTheA. Orpumanuii MogudiKoBaHuN MMOJiMep 3LATHUM yTBO-
proBaru crabiipHi KoMILIeKcH 3 ioHamu Baskkux meranais, takmmu arx Eu(lll), Cd(ll), Pb(l),
Cu(ll), Sr(ll). BuBueHno saje:KHiCTh CTYHmiHIO BHJIYYeHHs KaTioHiB mux Meranis Bix BiKy
copbeHTy, KOHIleHTparlii Kartionis, pH, Ta KoHIeHTpalil KOHKYPYIOUNX aHioHiB.

© 2018 — STC "Institute for Single Crystals”

1. Introduction

1,2,3-Triazoles, 1,2,4-triazoles, tetra-
zoles and other poly-nitrogen containing
heterocycles are known for their ability to
form stable complexes with metal ions
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[1-4], especially d-block and f-block metals.
Many of those polyazoles are electron-rich
heterocycles and contain sp2-hybridized ni-
trogen atoms with a lone pair not involved
in sustaining aromaticity of the cycle. Such
compounds can play the role of Lewis bases
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and have strong bonding to hard Lewis
acids like multiple charge heavy metal ions.
Two or more polyazole fragments that are
present in one molecule potentially have
even larger complexing ability per a unit of
amount of matter [5, 6]. Such reactive li-
gands can be covalently linked to the sur-
face of a solid material and further used for
extraction of metal ions from natural wa-
ters for the purpose of content monitoring
and water purification [7].

Merrifield resin (poly(p-chloromethyl)sty-
rene) is a perfect example of such a solid
carrier [8, 9], which can be covalently modi-
fied by the introduction of polyazole frag-
ments. The resin is relatively affordable and
widely used, non-toxic, and insoluble in
most solvents including water.

The chlorine atom in chloromethyl frag-
ment of Merrifield resin is easily substi-
tuted by other nucleophiles including azide
group [10]. The azide-modified resin can be
used to introduce consequentially different
polyazole moieties to the polymer. One of
the most popular methods for azide func-
tionalization is copper-catalyzed 1,3-dipolar
[3+2]eycloaddition of azide to terminal al-
kyne [11]. 1,2,4-Triazole, among all other
procedures, is obtained in the reaction of
carboxylic acids and aminoguanidine [12].
It’s crucial to mention the latter method is
used for the preparation of 3-amino-1,2,4-
triazoles, and the amino group in position 3
can be transformed to a tetrazole cycle fol-
lowing the Gaponik procedure [13].

2. Experimental

2.1. General

The residual concentration of the target
metal ions in the solutions after sorption
was determined by atomic emission spec-
troscopy with inductively coupled plasma
(AES-ICP) on the spectrometer TRACE
SCAN Advantage (Thermo Jarrell Ash,
USA). X-ray fluorescence analyses were per-
formed on the Elvax Light spectrometer (El-
vatech, Ukraine). IR spectra were obtained

N / COOH

Cl N3
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Fig. 1. Scheme of the sorbent preparatlon.
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using the Fourier spectrophotometer SPEC-
TRUM ONE (PerkinElmer) with KBr tablets.
The solution pH was measured using the pH
OHAUS STARTER 3100 pH meter (OHAUS,
USA). Solutions were stirred with a mag-
netic stirrer MS300 (ULAB, PRC).

All chemicals and solvents used for syn-
thesis, photometric measurements, and ad-
sorbent properties study were of analytical
reagent grade and used without further pu-
rification unless otherwise specified.

Merrifield Peptide Resin (particle size
100—-200 mesh) came from Sigma-Aldrich.

The metal ions studied were Eu(lll),
Cd(n, Pb(n, Cul), Sr(l). Eu(lll) has been
used as a sample being chemically identical
to 241Am. The stock standard solutions with
the concentration 1 mgL! were prepared
with ultrapure water obtained on a "P.NIX
POWER SYSTEM"™ ("THUMAN CORPORA-
TION", South Korea) from standard
1000 mg-L~! solutions (Sigma-Aldrich) and
the pH level was adjusted using 0.25 %
aqueous ammonia solution.

Filter paper, ashless, Grade 589/2 white
ribbon came from Sigma-Aldrich.

2.2. Preparation of 1,2,3-triazolyl-1,2,4-
triazolyltetrazole bonded to Merrifield resin

The sorbent was prepared in 4 reaction
steps following the scheme in Fig. 1.

Step 1

5 g (max 32.8 mmol of Cl) of Merrifield
resin 1 was suspended in 45 mL of DMF
and 5 g (76.9 mmol) of sodium azide was
added. The reaction mixture was mixed in a
water bath for 24 h and then filtered and
washed with an excess of water. The white
solid product was dried in the air.

Step 2

5.075 g (max 31.9 mmol of N3 group) of
the product obtained in step 1 was sus-
pended in 30 mL of DMF and 2 mL (2.26 g,
32.3 mmol) of propiolic acid, 1.22 g
(6.4 mmol, 20 mol %) Cul and 2.76 g
(12.8 mmol, 40 mol %) of sodium ascorbate
monohydrate were added. The reaction mix-

=N
N=N N- N= N\NH
) / NH l\’l/
N / /j\ ﬁN%NzN
Step4 IQN'N
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ture was heated and mixed at 60°C for
24 h. The reddish solid product was filtered
off, washed with an excess of water, 50 mL
of AcOH-H,O (1:1 vol.) mixture and then
again with water. The precipitate was then
placed into 80 mL of 30 % HNOj; to dis-
solve the excess of elemental copper, then
filtered off again, washed with an excess of
water and placed to 80 mL of 1 M
Na,H,EDTA solution. After vigorous stir-
ring for 1 h, the yellowish-white precipitate
was filtered off and dried in the air.

Step 3

2.8 g (max 12.2 mmol of COOH group)
of step 2 product was mixed with 15 mL of
thionyl chloride (24.6 g, 20.6 mmol) and re-
fluxed for 30 min. The excess of SOCI, was
evaporated in vacuo and 4 g (36 mmol) of
aminoguanidine hydrochloride was added.
The solid mixture was heated in an oil bath
at 180°C for 2 h. Then a solution of 10 g of
sodium hydroxide in 40 mL of water was
added and the reaction mixture was re-
fluxed for another 2 h. The precipitate was
filtered off and washed with water, ethanol,
acetic acid, and water again.

Step 4

3.288 g (max 12.3 mmol of NH, group)
of step 3 product was suspended in 25 mL
of acetic acid and 6.15 mL (5.52 g,
37 mmol) of triethyl orthoformate and
2.4 g (37 mmol) of sodium azide were
added. The mixture was stirred and heated
in a water bath for 10 h. The precipitate
was filtered off, washed with water, etha-
nol, and water again.

2.3. Sorption studies

0.1 g of the properly prepared sorbent
was flooded with 25 mL of the solution con-
taining metal ions in the concentration of
145 % mg-L~! (unless other specified in the
studies of extraction rate of metal ions de-
pending on the initial concentrations) of
each. Sorption of the metal ions was carried
out at room temperature for 30 min under
magnetic stirring. The solution was filtered
through a filter paper. A stock solution of
the metal ions was used as a reference solu-
tion at atomic emission spectroscopy meas-
urements.

3. Results and discussion

3.1. Synthesis

The first and the most crucial thing that
is needed to mention is that the methods of
determination of completion of each synthe-
sis step in the modification of Merrifield
resin are not exhaustive. As the resin can-
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not be dissolved in any of widely used sol-
vents, no methods involving analysis of a
solution can be applied in this case. The
determination of heavy atoms content was
performed via XRF analysis, which does not
indicate the presence or quantity of ele-
ments of the first two periods. Another
method that is widely used to prove the
conversion of reactants to products in the
field of polymers is IR-spectrometry, which
is not a quantitative method of analysis in
our case. The stages of the synthesis involve
the formation of 1,2,3-, 1,2,4-triazole and
tetrazole cycles, which have close values of
energy for the vibrations [14], and that also
made the characterization of each step prod-
uct hard. Nevertheless, our goal is not to
seek for quantitative conversion of in every
modification step but to achieve reproduc-
ible results for the sorption of metal ions
for the final product.

As the conversion is not 100 % for any
of the reaction steps, it should be clear that
the polymer product of each step contains
links formed in each of the previous steps
that did not react after. For example, the
step 3 product has links of the resin contain-
ing chloromethyl group 1, azidomethyl group
2, 1,2,3-triazolecarboxylic acid fragment 3
and 5-amino-1,2,4-triazole fragment 4.

The first step of Merrifield resin modifi-
cation included nucleophilic substitution of
chlorine atom by azide. The conversion was
monitored by IR spectroscopy and X-ray
fluorescence (XRF) analysis, which was
used for determination of chlorine mass
percent. For instance, the presence of the
azide group was confirmed by IR-spectros-
copy, where it had a narrow absorption
band at ~ 2090 em ™!, while the XRF results
showed decreasing of the mass percent of ClI
from 19.2-22.0 % to 1.9-2.83 %, that cor-
responded to the maximum conversion of
91 %; the mass percent of other heavy ele-
ments detectable by XRF did not change
much and could be neglected (<0.5 %).

The second step involved 1,3-dipolar
[3+2]-cycloaddition of formed azide-contain-
ing links of the resin 2 to propiolic acid C=C
bond. The formation of the 1,2,3-triazole
links 3 was confirmed by IR-spectroscopy,
where characteristic bands of triazole frag-
ment at ~ 1283 and ~ 1072 cm™! were ob-
served. The crude product right after the
click reaction had a distinctive reddish color
that corresponds to metallic copper and to
get rid of it 830 % solution of nitric acid
was added which dissolved all the metal.
The solution now contained Cu(ll) ions,
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Fig. 2. Eu(lll), Pb(ll) and Cd(ll) extraction rate
dependence on pH.

Exstraction rate R, %

which can be absorbed by the material we
had, and that was confirmed by the XRF
analysis. It should be noted, that the presence
of plenty of copper ions in the modified resin
in this step is the evidence of the strong com-
plexing power of the functional groups we in-
troduced to the substance. To extract the cop-
per ions from the resin an EDTA solution was
used, however, the extraction was not com-
plete and XRF analysis showed traces of cop-
per in the product of this step. Additionally,
the IR spectroscopy indicated the comparable
decrease in the intensity of the azide group
peak and the indirect titration showed that the
concentration of free carboxyl groups in the
resin is around 0.06 mmol/g. The reason for
such low result can be the imperfection of the
titration procedure which does not consider
sterical hindrance of a carboxyl group, the
strength of the 1,2,8-triazolecarboxylic acid
and probably other factors.

The next step included the formation of
1,2,4-triazole-containing links 4 in the
structure of the resin. The formation was
confirmed with IR-spectrum, where an in-
tense characteristic 1,2,4-triazole peak at
~ 1088 cm™! appeared. The IR-spectrum of
the step 4 product was almost identical to
the step 3 product, which meant the conver-
sion of 5-amino-1,2,4-triazole links 4 to tetra-
zole links 5 was not extensive. However, step
4 product showed much better quantitative
characteristics of metal ions complexation
during sorption studies on our next step of
research, that gives us a right to assume that
another ligand fragment was formed.

3.2. Testing of complexation dependence
on pH for step 4 product (aged)

pH value can affect the metal extraction
rate, as the metals are known to form dif-
ferent complexes depending on pH, and this
formation is the competing process for the
sorption. In addition, pH can influence the
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Fig. 3. Extraction rates of Eu3*, Pb?* and Cd?*
for products of steps 2—4 of the synthesis.

capacity of the sorbent. The experiments
employed Eu(lll), Pb(ll) and Cd(ll) as model
ions and the sorbent 5 of 8 months age were
carried out (Fig. 2).

The results show that the extraction rate
for each metal has a tendency to increase
with the increasing of pH level. Due to the
possible formation of hydroxyl complexes
and metal hydroxide precipitates optimum
sorption pH values were chosen to be in the
range of 6.5-7.0.

3.3. Sorption characteristics of synthesis
steps 2-4 products

To examine the change in sorption char-
acteristics of the products which contain
1,2,3-triazole, 1,2,3-triazole and 1,2,4-tria-
zole, and both triazoles and tetrazole links
(products of steps 2, 3 and 4, respectively),
the extraction rates of Eu(lll), Pb(ll) and
Cd(ll) were measured (Fig. 3). The experi-
ments were carried out at optimal pH wval-
ues close to those determined in section 3.2.
The age of each sorbent is around 1 week.

The products of all steps show the low-
est affinity for cadmium ions, barely extract-
ing them at all. Lead ions are poorly com-
plexed only with step 3 product, and moder-
ate with step 2 produet and highly by step 4
product, which can be explained by different
affinities of lead ions for carboxyl and amino
groups. Finally, step 4 product has a great
advantage over other products for the extrac-
tion of europium ions.

3.4. Extraction rate trends

The extraction rates of metal ions were
also measured in terms of their depend-
ence on the initial concentration of the
metal. Step 4 product was used as the only
sorbent towards Eu(lll), Pb(ll) and Cd(ll).
Their concentration varied from 1 to
20 mg/L (Table 1).

Pb(ll) and Cd(ll) ions have their rates of
extraction decreasing as the concentration
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Table 1. Extraction rate dependence on the concentration of metal ions

Eu(lll) Pb(ll) Cd(h
wor | e | N | o | e | % | G | g | 5
1 0.008 > 99 1 0.045 95.5 1 0.046 95.40
2 0.005 > 99 2 0.093 95.4 2 0.25 87.50
5 0.005 > 99 5 1.1 77.4 5 2.5 49.40
10 0.005 > 99 10 2.6 73.9 10 6.2 37.70
15 0.005 > 99 15 4.7 68.8 15 10.4 30.67
20 0.005 > 99 20 8.1 59.6 20 13.9 30.30
Table 2. Parameters of Langmuir adsorp- 100
tion equation < 90
¥ 80 \\
Metal Qmae Mmol/g | K;, L/mmol £ 70
Pb(ll) 0.021 62 5 60 .
cd( 0.017 21 8 s0 T~
% 40 —
rises. The obtained dependences were de- 30 , : , ,
scribed with non-linear Langmuir sorption 0 05 1.0 15 20

model using OriginLab Origin 9.0 software.
The derived parameters (maximum adsorp-
tion q .., Langmuir constant K;) of the
Langmuir equation are summarized in Table 2.

To determine if anions can interfere with
extracting process by the sorbent, forming
ionic pairs or complexes with the cations,
sorption studies were carried out with step
4 product with the age of 2 months. As a
model cation Eu(lll} was chosen, as model
anions — CI-, HCO;~ and SO,2~. pH level was
not regulated but only monitored. The anions
were present in the solution at the same time
and of the same concentration (Fig. 4).

The general trend follows the hypothesis:
the competing process of anionic complexes
formation interferes with the extraction of
the metal ions with the sorbent. The greater
the concentration of the ions, the lower the
extraction rate for the sorbent.

To test if the developed sorbent is applica-
ble for extraction of metal ions from not dis-
tilled but natural water, the sorption studies
were carried out. Extraction rates for model
cations Eu(lll), Pb(ll) and Cd(Il) were measured
(Table 3), and the water came from the spring
on the SSI "ISC" NASU territory (Table 4).
The age of the sorbent is 8 months.

Europium and lead ions are extracted to
a great extent and the sorbent is applicable
in the media where the main pollutants are
the ions of these metals. However, the
modified resin does not show affinity for
cadmium ions and can’t be used for water
purification that is polluted with Cd(ll) salts.
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Concentration of anions, g/L

Fig. 4. Anion concentration extraction rate
dependence.

4. Conclusions

The modification of Merrifield resin lead
to consecutive formation of 1,2,3-triazole,
1,2,4-triazole and tetrazole cycles which
were covalently bound to the polymer. How-
ever, the product of each step of modifica-
tion contained polymer links that were
products of precious steps of synthesis, in-
cluding azidomethylpolystyrene and even
the starting resin links of chlo-
romethylpolystyrene, the presence of which
was confirmed by IR spectroscopy. The gen-
eral trend shows that the greatest extrac-
tion rate is possessed by the product of the
last step, which lead to the formation of
tetrazole fragment, and this fact is another
evidence of successful formation of the
tetrazole. Besides, the tendency in extraction
rate increase indicates that it is directly in-
fluenced by the number of polyazole frag-
ments per unit of mass of the sorbent.

The obtained modified polymer was
tested for its ability to extract metal ions
depending on different changing factors,
such as pH of the medium, the concentra-
tion of metal cations and the concentration
of different anions that can interfere with
the sorption process. The pH value was
measured to assure the largest extraction
rate and it was found that optimal pH wval-
ues were different for different metals, and
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Table 3. Extraction rates of metal ions
from natural water

Table 4. Natural spring water contents

Ion |Concentration, Ion

Concentration,

mg/L mg/L

Element Extraction rate pH
R, %

Eu(li) 60+12 7.0

Pb(l1) 80+13 6.8

Cd(ln 1412 6.8

Pb(ll) ions had greater affinity for the sor-
bent in more acidic medium, which can be
explained by the fact that Pb(ll) forms insol-
uble hydroxide precipitate at lower pH lev-
els. For double charged cations the sorbent
quickly reaches saturation point as the con-
centration of the cations increase, and the
saturation level for europium ions is
higher. The sorbent is still able to extract
metal ions from the water when such ions
as hydrogen carbonate, chloride and sulfate
are present, though its capacity signifi-
cantly lowers. As the sorbent does not dis-
solve in water, it is suitable for application
for natural waters.
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