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Synthesis of a Composite Based on Humic Acid Tuned to Sorbed Copper lon

We obtained modified humic acid-based cross-linked composite pre-tuned to the sorbed copper ion. The
composite synthesis had three stages. At first, we obtained prepolymerization complex using humic acids iso-
lated from Shubarkol deposit oxidized coals and multi-walled carbon nanotubes (MWCNTS) with template
(CuS04). We used ultrasonic activation for uniform dispersion of multi-walled carbon nanotubes. Second
stage comprised copolymerization in the presence of amine and cross-linker; here the prepolymerization
composite complex with the template was fixed in certain nodes of polymer network. At the third stage, acid
hydrolysis destroyed the bonds of the template with the composite macromolecules, the template was re-
moved, and imprints complementary to the template in shape, size, and functionality were formed and re-
tained “molecular memory”. Such tuning forms adsorption centers in the polymer network of the composite,
which can repeatedly and highly specifically interact with the template, and highly selectively extract target
molecules from solution, leading to significant increase in sorbent capacity. The reaction was controlled by
direct and back titration, and added amine, which was determined using Elementar Unicube elemental ana-
lyzer. The crosslinked composite can be used as a selective sorbent tuned to a specific metal ion.

Keywords: natural polymer, multi-walled carbon nanotubes, composite, template, tuning, sorption, functional-
ization, ultrasound.

Introduction

Currently, natural polymer sorbents with molecular imprints due to their recognition ability to selective-
ly sorb ions from mixtures have become one of the topical topics for researchers. Natural polymeric sorbents
with high selectivity, which recognize target molecules or ions, attract special attention [1-3]. However, due
to their inherent significant drawback, namely a slow sorption rate, such polymer sorbents have not yet re-
ceived wide practical application, although their scope of application is extremely wide [4-7].

In the literature, a relatively small number of studies have been devoted to the methods of obtaining,
mechanism and kinetics of ion sorption by natural polymer sorbents with molecular imprints [8-16].

It should be noted that humic acids (HA) are increasingly being used as sorbents for purification man-
made environments from heavy metals. The presence of a variety of oxygen-containing functional groups in
combination with aromatic, heterocyclic and other structural fragments enables humic acids for almost any
kind of interactions, namely ionic, redox, donor-acceptor and sorption ones. Numerous studies have proved
that HA can bind almost all types of ecotoxicants, including transition metal ions [17-21].

Previously, we [22] investigated methods for obtaining aminohumic sorbents pre-tuned to an ion using
the Molecular Imprinting method. The proposed method gives opportunity to obtain products for selective
binding of target metals. However, the use of the obtained products in technological processes is hampered
by changes in the molecular structure of sorbents under the influence of chemical factors. In this regard, it is
of interest to increase the chemical stability and mechanical strength of HA by modifying them with other
reagents.

The aim of this work is the synthesis of modified polymer sorbents based on humic acids, with the in-
troduction of multi-walled carbon nanotubes (MWCNTS) pre-tuned to copper ion and investigation of their
properties.

Experimental

Used materials were humic acids isolated from oxidized coals of the Shubarkol deposit with the follow-
ing characteristics, %: humidity (W? — 12.1+0.3, ash content (A%) — 22.0+0.2, carbon (CY) — 36.30+0.2,
hydrogen (H9) — 3.73+0.1, nitrogen (N%) — 0.70+0.1, sulfur (S — 1.02+0.1, oxygen (0% — 58.30+0.5,
(X(COOH+0OH)) — 5.0 mg-eq-g*; multi-walled carbon nanotubes (MWCNTs, “Taunit” series); hexameth-
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ylenetetramine was used as an amine; formaldehyde was used as a crosslinking agent; CuSO4 was used as a
template.

The object of the study was a cross-linked composite based on humic acid with incorporated MWCNTSs
and amine tuned to the copper ions sorption.

Synthesis of composite (HA: MWCNTs: M: Amine) was carried out in three stages in an agqueous-
alkaline medium at a ratio of HA: MWCNTSs: Amine = 2:0.1:1, pH=8 according to the method developed by
us earlier [22]. The content of copper ions introduced during tuning was 4 mg-eq per gram of composite.

Ultrasonic dispersion of MWCNTSs was carried out on an 1L-100-6/2 ultrasonic disperser with a vertical
cylindrical waveguide, with a radiation frequency of 22 kHz.

The stability investigation of the “tuned” sorbents to acid hydrolysis was carried out as follows: the
metal-containing composite was filled with 1 N HCI solution, heated to 50 °C and kept for 30 minutes. Then
the mixture of “tuned” sorbents was filtered, repeatedly washed with distilled water to a neutral medium and
the absence of Cl-ions in the washing waters, and dried to a constant mass.

The structure of the obtained composites was also confirmed by IR spectroscopy data taken on the de-
vice IR Fourier spectrometer FSM-1201 in KBr tablets. The range of wave numbers was 4000-400 cm™?, the
error in determining the wave numbers did not exceed 2 cm™. Mathematical processing was carried out us-
ing the program for curve fitting and data analysis Fityk 1.3.1.

Experiments on static adsorption of copper ions were carried out to study the sorption capacity of cross-
linked composites after “tuning”. The binding capacity of the “tuned” cross-linked composites was estimated
by the value of the static exchange capacity (SEC, mg-eq-g?). For comparative analysis, cross-linked com-
posites were prepared simultaneously under identical conditions, but without “tuning”.

The content of oxygen-containing groups in the composite was determined by direct and reverse con-
ductometric titration using laboratory conductometer Anion 4100 (Russia). The measurements were carried
out sequentially on three samples of the composite; the average value of three experiments was taken as the
final value. The measurement error was +0.2 %.

Elemental analysis for the content of carbon, hydrogen, nitrogen, sulfur and oxygen was carried out on
the Elementar Unicube elemental analyzer.

The stability of the composites was studied by differential thermal analysis (DTA) using a Perkin Elmer
STA 6000 synchronous thermogravimetric differential analyzer in the measurement range: T, up to 800 °C
in nitrogen atmosphere, v=10°/min.

Results and Discussion

At the first stage, a pre-polymerization complex based on humic acid was obtained, with the introduc-
tion of a nanofiller (MWCNTS) and a molecular template (M). At the same time, a stable pre-polymerization
complex (HA:MWCNTSs:M) between humic acid, MWCNTs and template molecules was formed. Due to the
formation of such a pre-polymerization complex, polymer molecules are arranged and fixed in a certain way
around the template molecule.

The difference between MWCNTSs and other nanofillers is their smooth surface, which leads to the
stretching of the macromolecules of the matrix polymer on this surface and the formation of a densely
packed polymer matrix-MWCNTSs interfacial layer. However, it should be noted that carbon nanomolecules
are packed in tight bundles and tend to form conglomerates that prevent their uniform distribution in the ma-
trix and thus do not allow achieving the desired efficiency when modifying the polymer.

An effective way to overcome this problem is ultrasonic treatment (UST). Ultrasound is the most acces-
sible and powerful factor influencing the properties, structure, velocity and direction of reactions. Under the
influence of ultrasound, the processes of oxidation and reduction are enhanced, heterogeneous reactions on
the surface of MWCNTSs are significantly accelerated, which is due to an increase in their porosity and sur-
face activity.

The introduction of the filler into the HA was carried out using ultrasound. In the course of the study,
the influence of the duration of UST and temperature on the process of functionalization of MWCNTSs was
studied. The results of the study are shown in Table 1.
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Table 1
Functionalization of MWCNTSs under the influence of ultrasound
Sample Tlm_e period for . Temperature, °C Yield, % Z(COOH_);

ultrasonic treatment, min mg-eq'g
MWOCNTSs (original) - - - 1.4
25 84 1.8
15 50 68 1.6
70 84 1.8
25 88 1.4
30 50 72 1.6
70 80 1.2
MWCNTs 25 80 16
60 50 72 1.8
70 80 1.2
25 84 1.6
120 50 76 1.8
70 80 1.0

The data in Table 1 show that minimal exposure to UST and room temperature is sufficient to increase
the number of reaction centers of MWCNTS. Prolonged exposure to UST leads to a decrease in the amount
of oxygen-containing groups. For further research, we used MWCNTSs, ultrasound-activated at a temperature
of 25 °C for 15 minutes.

At the second stage, the synthesis of a crosslinked composite preconfigured for sorption by a local ar-
rangement of macromolecule sites was carried out by copolymerization of the pre-polymerization complex
(HA:MWCNTSs:M) with an amine and a crosslinking agent.

The essence of two stages consists in the interaction of the modified polymer and the sorbed ion under
conditions when the links of macromolecules still have sufficient mobility, with subsequent fixation of the
resulting conformations optimal for sorption, which in turn should lead to a significant improvement in the
sorption characteristics of the composite.

At the third stage, a molecular template was removed from the polymer mesh. The stability of the
“tuned” sorbents to acid hydrolysis was studied by treating the composite with a hydrochloric acid solution
with further filtration, repeated washing and drying. The reaction in the composite was controlled by the at-
tached amine, which was determined using the Elementar Unicube elemental analyzer, as well as by direct
and reverse conductometric titration. The composition of the obtained composites was confirmed by the data
of X-ray phase analysis. The results of the study are presented in Table 2.

Table 2
Characteristics of synthesized composites
Composite Ce, % Ho % | Ne% | s%% 09 % |Yield, % H?n%iﬂ?lm
before hydrolysis
HA 36.30+0.2 | 3.73+0.1 | 0.70+0.1 | 1.02+0.1 58.30+0.5 75.01 5.0
HA:MWCNTs:M:A 44.50+0.2 | 3.90+0.1 | 1.08+0.1 | 0.91+0.1 49.61+0.5 79.40 4.5
after hydrolysis
HA:MWCNTs:A | 44.61+0.2 | 3.99+0.1 | 1.13+0.1 | 0.97+0.1 | 49.30+0.5 | 75.40 | 5.8

The increase in the sum of oxygen-containing groups in the samples subjected to acid hydrolysis (Ta-
ble 2) confirmed our assumption about the possible breaking of the coordination bonds of copper ions with
the functional groups of the composite. This assumption was also confirmed by the data of IR spectroscopy

(Fig. 1).
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1 — HA:MWCNTSs:M:A (before hydrolysis); 2 — HA:MWCNTSs:A (after hydrolysis)

Figure 1. IR spectra of synthesized composites

In Figure 1, we can observe the appearance of a peak at 741 cm for the HA:MWCNTSs:M:A composite
(before hydrolysis), which refers to the stretching vibrations of the Cu—O bond. The absence of similar ab-
sorption bands in the composite after hydrolysis indicates a change in the structure of chemical bonds and the
removal of copper from the crosslinked composite during hydrolysis. The appearance of a pronounced band
at 3400 cm? in the HA:MWCNTSs:A composite (after hydrolysis), which can be attributed to vibrations of
OH-groups bound by intermolecular hydrogen bonds, also indicates the destruction of oxygen bonds with
copper and the formation of hydroxy! groups in their place.

The interaction strength of the obtained composites was studied by differential thermal analysis (DTA).
The thermogravimetric curve of the composites before and after hydrolysis showed a low-temperature
weight loss. The main weight loss began in the temperature range of 448-564 °C. Thus, the main mass loss
for the composite before hydrolysis (15 wt.%) began in the temperature range of 456-564 °C, and after hy-
drolysis (19.10 wt.%) at 448-556 °C. The total weight loss of the samples was estimated at about 32 wt.%.

The sorption properties of cross-linked composites obtained with and without “tuning” to the copper ion
were studied. A study of the sorption properties of a composite pre-tuned to copper ions showed that after
acid hydrolysis its capacity sharply increased compared to a similar composite cross-linked without “tuning”.
The effect of improving the sorption properties for Cu?* for the HA: MWCNTSs: A composite was equal to
4.1 mg-eq g?, and for the composite cross-linked without “tuning” it was equal to 2.2 mg-eq g*. This once
again confirmed the assumption about the efficiency of the cross-linked composite selectively tuned to the
adsorbed ion.

Conclusions

Thus, the synthesis of a cross-linked composite based on humic acid with the introduction of MWCNTSs
and a molecular template was carried out using the Molecular Imprinting method under ultrasonic dispersion
conditions, followed by copolycondensation with amine and formaldehyde tuned to the sorbed copper ion.
One of the important properties of MWCNTS, which determines the possibility of their use in new technolo-
gies, is associated with their high sorption characteristics and chemical stability. Since MWCNTSs are a sur-
face structure, their entire mass is enclosed in the layers surface; therefore, they have an anomalously high
specific surface area, which, in turn, determines the features of their sorption characteristics and high
strength. The introduction of nitrogen atoms into the composition of humic acids, which are more prone to
the formation of donor-acceptor bonds with metal ions compared to oxygen atoms, will increase both the
complexing properties of HA and at the same time impart polyampholyte properties to HA. Ultrasound con-
tributes to the increase and regulation of their porous structure, changing the chemical nature of the surface.
The structure of the resulting composites was proven by modern physicochemical methods. The reaction was
monitored by the added amine, using an elemental analyzer, and by the content of oxygen-containing groups
determined by conductometric titration. With the introduction of a tuned cross-linked composite of
MWCNTSs and amine, the content of carbon increased by 8.20 % and nitrogen by 0.38 %, and the sum of
oxygen-containing groups was equal to 4.5 mg-eq g*. The study of the sorption properties of the preliminari-
ly “tuned” crosslinked composite to copper ions suggested the formation of cavities (imprints) in the “tuned”
crosslinked composite, which were capable of interacting with target template molecules and increasing the
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capacity of the sorbent by a factor of two compared to the same composite stitched without tuning. The static
exchange capacity for the “tuned” composite was 4.1 mg-eq g, which made it possible to double the capaci-
ty of the sorbent compared to the same composite cross-linked without “tuning”.
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CopOuusiianFaH MbIC HOHbIHA OanTAJIFaH,
TYMHUH KbIIIKbUIbI HEeTi3iHIeri KOMIO3UTTIiH CHHTe3/1eyi

MoandukanysiaHFal TyMUH KBIIIKBUTBIHBIH HETi31H/Ae ajIbH aa COpOLVUIaHaTEIH MBIC HOHBIHA PETTEIrCH
TITUITEH KOMIIO3UT aibIHABL. KOMIIO3HT CHHTE31 yII Ke3eHAe >Ky3ere achlpbulAbl. bipiHmm KkeseHne,
lly6apken KeH OpHBIHBIH TOTHIKKAH KOMipiHEH OeJIiHreH I'YMHH KBIIKbUIAAapbl MeH madaoHsl (CuSO4) 6ap
KenKaObIpransl  kemipTekti HaHoTyTikmenep (KKHT) apaceiHmarel e3apa  opekeTTecyi  apKbUIBI
nojauMepu3anus anapiHaarsl KemeHi anbiHAsl. KKHT Oipkenki mucneprupiiey YUIH YIBTPagbIOBICTBHIK
Oencenpipy xyprizinai. EkiHmn ke3eHae, aMHH KOHE TiTy areHTiHiH KaThICybIMEH COIMOJIMMEPH3aLUs JKy3ere
acChIPBUIIIBI, OHJIA IA0JIOHBI Oap KOMITO3UTTIH MOJIMMEPH3aLUsIFa ICHIHT1 KEIIeHI MOJMMEp TOPBIHBIH OeNrii
Oip mo3WIMsIapbIHA OCKITUIM. YIIIHII Ke3eHIe, KBIIKBUIIBIK TUAPOIN3 IpPOIECiHAe MaOIOHHBIH
KOMIIO3UTTIK MaKpOMOJIEKyIaJapbIMeH OailaHbICTaphl Oy3bUIa/Ibl, IIA0JIOH YKOWBUIBII, MIIIiHi, 6JIIIeM] JKoHe
(OYHKIMOHAABIFBl OOWBIHINA IMA0JOHFAa KOCHIMIIA OOJBIN TaOBUIATBIH 13JIep TY3UIEAl JKOHE OJapbIH
«MOJIEKYJISIPIIBIK >KaJbICBIH» cakTaiapl. OcelHAal OanTay HOTHKECIHAE KOMIIO3UTTIH MOJUMEPIiK TOPBIHIA
rabJIOHMEH KalTajlaHaTBhIH JKOFaphl CHEHM(HUKAIBIK ©3apa OpEKeTTeCyre »OHE epITIHIIAeH MaKCcaTThl
MOJICKYJTalapasl JKOFaphl CEJIEKTHBTI aJbIHybIHA KaOlNeTTi aficopOIMSUIBIK OPTAJBIKTap Ty3iaemi, Oy
COpOEHTTIH CHIMBIMIBUIBIFBIHBIH aNTapibIKTall apTyblHa oKeleni. Peakumst Tikenmeil >koHe Kepi TUTpIEy
apKBUIBI, COHMAM-aK KOCBUIFaH aMHH OoibiHIIA Oakbutanabel, o Elementar Unicube aHamm3aTOpbIHBIH
KOMETiMeH aHbIKTAIABL. PeHTreHnik (asaiblK TajgayaslH KOMETiMeH albIHFaH KOMITO3MTTEPIiH KypaMbl
nmonengenai. TiriareH kKoMno3urtrti Oenrinmi Oip MBIC HOHBIHA PETTENreH CEIEKTHBTI COPOEHT peTiHae
naijananyra 6onassl.

Kinm ce3oep: Taburum momumep, KKHT, koMmo3uT, mabinoH, peTTeNreH, copOums, (QyHKIMOHATU3AIHS,
YIBTPaAbIOBIC.

3.M. MynmaxmeroB, A.M. I'azanmues, A.X. XKakuna, E.I1. Bacwen, O.B. ApaT

CuHTe3 KOMIIO3UTAa HA OCHOBE IPHPOAHOIO MOJUMeEpA,
HACTPOEHHOI'0 HA COPOMPYEMBbIii HOH MeIH

Ha ocHoBe MOAM(UIMPOBAHHOW TI'yMHHOBOM KHCIOTHI MOJNYYEH CIIMTBIH KOMIIO3MT, IpPEIBapUTEIHHO
HaCTPOSHHBIIT Ha copOupyemblii noH Mean. CHHTe3 KOMIIO3UTa OCYILIECTBIICH B TpH dTana. Ha mepBom sTane
MOJTy4YeH MpPeANoNIMMEPU3alMOHHBI KOMIUIEKC B3aUMOJICHCTBUEM MEXAy T'YMHHOBBIMH KHCIOTaMH, BbIfe-
JICHHBIMH M3 OKHCIEeHHbIX yried IIIy6apKonbCKOro MECTOPOXKACHHS, M MHOTOCTEHHBIMH yIIIEpOJHBIMU
HaHOTpyOKamu ¢ mabmoHoM (CuSO4). [lnsg paBHOMEPHOTO AMCIEPTUPOBAHUS MHOTOCTEHHBIX YTIIEPOIHBIX
HaHOTPYOOK MpOBe/icHa yIbTPa3ByKoBas akTuBalys. Ha BTopoM 3Tarne B MPUCYTCTBHU aMHHA U CIIHBArOIIIe-
IO areHTa OCYLIECTBICHA COMOIMMEPHU3ALHs, IPU KOTOPOH MpeanoTuMepH3allMOHHbIH KOMIIIIEKC KOMIO3HTA
¢ mabaoHoM (UKCHUpPYeTCs B ONpPECTICHHBIX MO3UIMAX MOJMMEpHOi ceTku. Ha TperbeM sTame B mporecce
KHCJIOTHOTO THJPOJIM3a POMCXOAUT pa3pyIIeHUEe CBA3eil M1abIoHa ¢ MAKPOMOJIEKYJIaMH KOMIIO3HTa, yaale-
HHe mabnoHa 1 00pa3oBaHUE OTIIEYATKOB, KOMIZIEMEHTAPHBIX HIA0JIOHHBIM 10 (opme, pasMepy U GpyHKIHO-
HAJIbHOCTU U COXPAHAIONINE «MOJIEKYJISIDHYIO ITAaMATH» O HHUX. B pesyibTare TaKoM HaCTpOP’IKI/I B IOJIMMEP-
HOH ceTke KoMIo3uTa (OPMHUPYIOTCS aacOPOLHOHHBIC LEHTPBI, CIOCOOHBIE K MOBTOPHOMY BBICOKOCIICIIH-
(bUYHOMY B3aHMOJICHCTBHIO C MIA0JOHOM H K BHICOKOCEIEKTHBHOMY HM3BJICYCHHIO MOJICKYJI-MHUIIEHE U3 pac-
TBOpA, 4TO MPUBOJUT K 3HAYUTEILHOMY YBEIHUCHHIO EMKOCTH cOpOeHTa. KOHTPOIIb peakiuu OCyIIeCTBISIN
METO/IOM MPSIMOTO M 0OPAaTHOTO TUTPOBAHMUS, @ TAKXKE 110 MPHCOSTMHEHHOMY aMHHY, KOTOPBIH ONpenessiy ¢
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HCHOJIb30BaHUEM 3JIeMeHTHOro aHanu3aropa Elementar Unicube. C nmomomipio peHTreHO(a30BOro aHaau3a
JIOKa3aH COCTaB IOJYYCHHbIX KOMIO3UTOB. CIIMTHIH KOMIO3UT MOXKET HaWTH NPUMEHEHHE B KauecTBe ce-
JIEKTUBHOTO COpPOEHTA, HACTPOCHHOTO Ha ONPE/ICICHHBII HOH MeTallIa.

Knioueswie crnosa: npuponnsiit nomumep, MYHT, xommosnT, ma6iioH, HacTpoiika, copOrms, GyHKIMOHAIH-
3aIys, YIbTPa3BYK.
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