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Kasakcmar Pecniybrniukacbl Y¥nmmbiK fbifibiM akademusicel "KP ¥FA Xabapnapbi. Xumusi xoHe
mexHorsoeusi cepusicbl” fbinbiMU XypHarnbiHbiH Web of Science-miH xaHanaHraH Hyckacsi Emerging
Sources Citation Index-me uHOekcmenyzae KabbindaHFaHbIH xabaprnaldbl. byn uHdekcmeny 6apbicbiHOa
Clarivate Analytics komnaHusicel XypHandbl odaH api the Science Citation Index Expanded, the Social
Sciences Citation Index xoHe the Arts & Humanities Citation Index-ke kKabblnday wmacesneciH
kapacmeipyOa. Webof Science 3epmmeywinep, asmopsap, bacnawbiiap MeH MeKeMmesiepee KOHMeHm
mepeHdiei MeH canacbiH ycbiHaobl. KP ¥FA Xabapnapbl. XuMusi XXoHe mexHoroausi cepusicel Emerging
Sources Citation Index-ke eHyi 6i30iH KoramOacmbIK YWiH eH 63eKmi xoHe 6edesidi XUMUSIIIbIK FblribiMOap
bolibiIHWa KoHmeHmke adarsnobifbiMbi30bl 6indipedi.

HAH PK coobwaem, ymo Hay4HbIl xypHan «h3eecmus HAH PK. Cepusi xumuu u mexHosnoaul» 6bir
npuHam Ans uHdekcuposaHusi 8 Emerging Sources Citation Index, obHosneHHol eepcuu Web of Science.
ColepxxaHue 8 amom uHOeKcuposaHuUu Haxodumcs 8 cmaduu paccMmompeHusi komnaHueli Clarivate
Analytics 0nsi danbHeliweeo npuHImMusi xypHana e the Science Citation Index Expanded, the Social
Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem kadyecmeo u
enybuHy koHmeHma 0ns uccriedosameried, asmopos, usdamerel u yupexdeHul. BknoyeHue Msgecmus
HAH PK e Emerging Sources Citation Index GemMoHcmpupyem Hawy MnpueepXxeHHocmb K Hauboree
akmyasibHOMY U 8/1USIMmesIbHOMY KOHMEeHMY o XUMUYEeCKUM Haykam Ors Hauleeo coobujecmea.
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CATALYTIC WET PEROXIDE OXIDATION PROCESS
WITH NEW Fe/Cu/Zr-PILLARED CLAYS DEVELOPED
FROM NATURAL CLAY DEPOSITS OF KAZAKHSTAN

Abstaract. This work deals with the development of materials based on natural clays and on pillared clays. The
modification of natural clays with zirconium, zinc and iron ions allows to increase their performance as adsorbents or
catalysts in the treatment of environmentally hazardous compounds found in wastewater. Clay-based materials were
obtained from natural clays and assessed in the treatment of wastewater using model pollutants in aqueous solutions.
The natural clays were collected from 3 different deposits of Kazakhstan and tested in the catalytic wet peroxide
oxidation (CWPO) of 4-nitrophenol (4-NP) at mild conditions (50 °C, initial pH of 3.0, Csnxp = 5 g/L and
Celay = 2.5 g/L). Fe/Cu/Zr-pillared clays were developed from natural clays and also assessed in the CWPO of 4-NP.
Complete removal of 4-NP was achieved after 2 h of reaction time with all pillared clays, and TOC removals up to
78 % after 8 h were reached at those conditions.

Keywords: natural clays; pillared clays; catalytic wet peroxide oxidation; 4-nitrophenol; wastewater.

1. Introduction.

The treatment of wastewater containing hazardous organic compounds is one of the pressing
problems facing society nowadays. Catalytic wet peroxide oxidation (CWPO) is one attractive solution to
treat these waste streams, which are typically not economically viable to be incinerated or too
concentrated for biological treatment (or containing non-biodegradable pollutants) [1-3]. Compared with
other oxidants, hydrogen peroxide is most preferred due to its high oxidation potential and its
decomposition yielding non-toxic final products (oxygen and water). CWPO allows almost complete
removals of organic pollutants from wastewater, including 4-nitrophenol (4-NP), used as model compound
in this work [4]. Kazakhstan is one of the richest countries by volumes of natural resources and by the
diversity of types and stocks of mineral raw materials, taking a leading place in the world. Clay deposits
find wide applications in building ceramics, drilling muds, paper covering and filling, and pharmaceuticals
[5]. However, natural and modified clays also have a large surface area and high ion-exchange capacity,
allowing them to be used for the removal of heavy metals by adsorption and for the oxidation of organic
compounds from water [6-7]. In Kazakhstan, known deposits have not been studied to be used as useful
materials for wastewater treatment.

The model compound used in this work, 4-NP is a toxic and bio-refractory compound that can
damage the central nervous system, liver, kidney and blood of humans. It has been shown that 4-NP can
develop a blood disorder that reduces the ability of blood to carry oxygen to tissues and organs [8]. Since
4-NP is extensively used in the chemical industry for the manufacture of insecticides, herbicides, synthetic
dyes and pharmaceuticals [9], it is often observed in effluents of industrial wastewater treatment plants.
Some reports dealing with the CWPO of 4-NP using reduced graphene [10], magnetic carbon xerogels




News of the Academy of sciences of the Republic of Kazakhstan

[11], carbon nanotubes [12] and carbon blacks [13] reveal that the main reaction intermediates resulting
from the oxidation of 4-NP are 4-nitrocatechol, benzoquinone, hydroquinone, malonic acid, maleic acid
and catechol.

In this work, catalytic materials based on pillared clays (PILCs) have been prepared from natural
clays of Kazakhstan, collected from the deposits of Zhambyl region of Karatau, Akzhar and from the
North part of Kazakhstan, in the deposits of Kokshetau, and tested in the catalytic oxidation of
4-nitrophenol, used as model pollutant present in wastewater.

2. Experimental

2.1 Materials and Synthesis Procedures

Two natural clays with different characteristics, collected from locations in the South of Kazakhstan,
regions of Akzhar and Karatau deposits, were used, as well as other natural clay from the North part of
Kazakhstan, in the deposits of Kokshetau. The clays were washed with water several times at 50 °C. The
washing with HCl (37 wt.%) was also assessed at 50 °C in order to eliminate residual content inside the
clays.

The Fe/Cu/Zr-PILCs were prepared from the acid washed natural clays, according to the procedure
described in the following. FeSO4 (99.5%), CuS04.5H>0 (99.9%) and Zr(SO4), were used as precursors of
iron, copper and zirconium polycation PILCs. To prepare this material 3.333 mmol of Fe**, Cu** and Zr*"
polycations from FeSO; (0.5 g), CuS0O4.5H,0 (0.8 g) and Zr(S0Os), (0.94 g) were measured and dissolved
in 20 mL of water. To prepare the pillaring solution, NaOH (0.2 M) was added, a solution being obtained
containing the polycation precursors at pH = 2.8 at room temperature.

The resultant solution was aged for 24 h at room temperature and after this period, the intercalating
solution was slowly added to a 2% (1 g in 50 mL) solution of clay, followed by stirring for 24 h at room
temperature. The suspended solids were then separated by filtration and washed with distilled water at
50 °C to remove dissolved impurities. The final materials were dried at 80 °C in air atmosphere for 24 h
and heat treated during 2 h at 823 K considering a heating rate of 275 K min™' under an inert atmosphere
(nitrogen).

To determine the physico-chemical characteristics of the natural clays, X-ray spectral analysis was
used. An electron probe microprobe of the brand Superprobe 733 (Super Probe 733) from JEOL (Jael),
Japan, was used to determine the angular position and the intensity of reflexes. The elemental composition
of the samples and images in various types of radiation were performed using an Inca Energy dispersive
spectrometer from Oxford Instruments, England. UV-Vis absorption spectra of the materials were
obtained using a T70 Spectrophotometer (PG Instruments, Ltd.) in the wavelength range of 200 to
660 nm, with a scan interval of 1 nm. SEM was performed on a FEIQuanta 400FEG ESEM/EDAX
Genesis X4M equipment coupled with an Energy Dispersive Spectrometer (EDS). Transmission electron
microscopy (TEM) was performed in a LEO 906E equipment operating at 120 kV, coupled with a
4Mpixel 28 x 28 mm CCD camera from TRS.

3. Results and discussion

The elemental composition of the natural clays is given in table 1. As observed, the natural clays used
in this work are rich in iron (3.60-10.66%), an important feature, since iron can play a catalytic active role
in the decomposition of hydrogen peroxide to produce hydroxyl radicals and, in consequence, can enhance
the catalytic activity of the developed materials in the oxidation of the pollutants by CWPO.

Table 1 - Elemental analysis of the natural clays used in the synthesis of Fe/Cu/Zr-PILCs

mass %

Natural clay 0 Na Mg Al Si K Ca Ti Mn Fe
Akzhar 54.53 0.80 2.22 6.02 21.99 2.19 8.34 0.31 n.i* 3.60
Karatau 52.86 0.81 2.26 6.55 21.14 2.26 7.66 1.60 0.22 4.65
Kokshetau 54.71 n.i* 0.15 13.4 19.17 0.28 0.21 1.43 n.i.* 10.66

*n.1. = non identified
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The results in table 2 show the elemental analysis of the trimetallic Fe/Cu/Zr-PILCs. It can be
observed that, generally, the content of Fe increases in the modified clays in comparison with the content
in the natural clays, suggesting an exchange and fixation of this intercalating metal in the interlayer space.
In the Fe/Cu/Zr-Akzhar PILC 3.60% of Fe, against 1.3% in the corresponding natural clay. It can also be
observed that the solids modified with Fe/Cu/Zr have lower Si/Al ratios than those in the natural clays,
meaning that the oxides got preferentially stabilized at the interlayer space of the clays, following the

targeted cationic exchange mechanism.

Table 2 - Elemental chemical composition of the Fe/Cu/Zr-PILCs

Pillared clay mass %
O Na Mg Al Si S K Ca Ti Zr Fe Cu
Fe/Cu/Zr-Akzhar 46 1 14 6.4 25 0.7 3 0.6 0.3 n.i. 1.3 3.3
Fe/Cu/Zr-Karatau 46.1 1.1 1.8 72 | 256 | 05 2.1 0.7 04 | ni. 6.2 5.2
Fe/Cu/Zr-Kokshetau 49.8 n.i. 03 | 13.1 | 229 | 0.2 0.3 n.i. 1.3 03 | 11.7 | 0.1
*n.i. = non identified

The surface morphologies of the natural clays and of the synthesized PILCs were observed by
transmission electron microscopy (TEM). The micrographs obtained with the natural clays are shown in
figure 1. The TEM images of the pillared clays obtained in dark field mode (not shown) put in evidence
the defects of the structure, as well as fine particles present in the material, as dark-colored spots.

a) Akzhar b) Karatau

250 nm
———

c¢) Kokshetau

Figure 1 - TEM micrographs obtained for the natural clays
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Since the objective of this work was to obtain a method to prodcuce catalysts based on natural clays
modified with Fe/Cu/Zr for application in the treatment of wastewaters containing organic pollutants by
catalytic wet peroxide oxidation, the trimetallic pillared clays were assessed in the CWPO of 4-NP,
following simultaneously the removal of TOC. From the results obtained in figures 2 and 3, it has been

placed in evidence that the trimetallic Fe/Cu/Zr pillared clays have high catalytic activity for the oxidation
of organic pollutants.

—=&— Fe/Cu/Zr-Akzhar
—e— Fe/Cu/Zr-Karatau
—&— Fe/Cu/Zr-Kokshetau

. Pl
T T

4 6 8

Time of reaction (h)

Figure 2 - Catalytic wet peroxide oxidation of 4-NP using the trimetallic PILCs.
Operating conditions: Canpo =5 g/L, Chy0,0 = 17.8 g/L, catalyst load = 2.5 g/L, initial pH 3.0 and T = 50 °C

1,0 5
] —&— Fe/Cu/Zr-Akzhar
0.8 —e— Fe/Cu/Zr-Karatau
—A— Fe/Cu/Zr-Kokshetau
0,6
3
DE i
~
S 0,4
o
0,2 -
0,0 T T T T T T T 1
0 2 4 6 8

Time of reaction (h)

Figure 3 - Removal of TOC during the catalytic wet peroxide oxidation
of 4-NP using the trimetallic PILCs

— 1§ ——
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Operating conditions: Canpo = 5 g/, Cimy0,0 = 17.8 g/L, catalysts load = 2.5 g/L, initial pH 3.0 and
T =50 °C.

Comparing the results obtained in the experiments performed with the 3 different Fe/Cu/Zr-PILCs, it
is observed that the catalysts Fe/Cu/Zr-Karatau performs better than Fe/Cu/Zr-Akzhar and Fe/Cu/Zr-
Kokshetau materials. Regarding the removal of 4-NP, Fe/Cu/Zr-Karatau was able to remove completely
4-NP in just 30 min of reaction, while with Fe/Cu/Zr-Akzhar and with Fe/Cu/Zr-Kokshetau, 1 h an 2 h
were needed, respectively, to achieve the same complete conversion.

The oxidation of 4-NP with Fe/Cu/Zr-Karatau increased rather rapidly with the increase of contact
time. When the TOC removal results (figure 3) are compared with the 4-NP conversions (figure 2), it is
concluded that the conversion of 4-NP results in various intermediate products, since the initial
4-NP molecules is not completely mineralized until the final oxidation products CO, + H»O. The
maximum TOC removal reaches 78% after 24 h in the case of Fe/Cu/Zr-Karatau, 74% with
Fe/Cu/Zr-Akzhar, while with Fe/Cu/Zr-Kokshetau, 72% of TOC removal was obtained.

4. Conclusions

A method to produce catalysts based on pillared clays with Fe/Cu/Zr polyoxocations with high
catalytic activity for the CWPO of 4-NP was developed with success A distinctive feature of the method is
the preliminary acid washing of the original natural clays to remove unbounded impurities. High
conversion of TOC (78%) and complete conversion of 4-NP (100%) was obtained with the pillared clay
Fe/Cu/Zr-Karatau. Trimetallic pillared clays revealed higher catalytic activity in the catalytic wet peroxide
oxidation of 4-NP than that in natural clays.
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KA3AKCTAHHBIH EJIII MEKEHJIEPIHIH TABUT'U CA3BAJIIBIKTAPBIHAH AJIBIHFAH
KAHA Fe/Cu/Zr BAFAHAJIbI CA3BAJIIIBIKTAPABIH HET'I3IHAE
BIIFAJIIBI KATAJIUTHUKAJIBIK CYTEI'T ACKBIHTOTBIFBIMEH TOTBIKTBIPY

AHHoTauus. Makana Taburn jxoHe OaraHayIbl ca30aIIIBIKTapIbIH HETi31H/e albIHFaH MaTepuangapabl OHIeyTe
apHaJFaH. AFBIHABI CYyJapAbIH KypaMmblHAA Ke3[eCeTiH KayilTi 3KOJOTHSIBIK KOCBUIBICTApABI OHICY Ke3iHae
KOJIIaHBUIATHIH KaTalin3aTopiap MEH afcOpOEHTTEpiH calachlH apTThIPy MaKCaThIHIA, TaOWUFU Ca30aIIbIKTap (bl
LIUPKOHUI, MBIPBIII, TEMip HOHIAPHIMEH MOJAM(UKAIMANIAY apKbUIbl OJApAbIH KYPBUIBIMIBIK KAaCHETTEPiH
XKakcapTyra MYMKiHIIK Oepeni. TaOuru ca3banmbIKTap HEri3iHAe aJbIHFAH MaTepHalaap op TYpJi mpouecTepae,
COHBIH 1IIIH/IE CYJIbI OPTa/ia MOAENB/IIK JIACTAFBIIITHI KOJAaHa OTBIPBII, aFbIHIBI CYJIAp/bl Ta3apTyFa KOJIaHbUIA/IbI.
Taburu cazdanmbikTap 4-HUTPOGEHOIABI KOJIAMIIbI JKaFAalila KaTaluTHKAJIBIK CYTerl aCKbIH TOTBIFBIMEH TOTHIKTHIPY
apKplUTbl TekcepinreH. Keitbip ca3gapaslH MaHBI3ABI KacHeTTepiHiH Oipi oJapJplH KOFaphl aacoOpOIMSITBIK
Kabinerrepi OONBIN TaObUIA/BL, ONAp Mal/bl Ta3apTyAa, MaTajgap/bl arapTy/a, COHBIMEH KaTap KOpIIaFaH OPTaHBIH
TEXHOTEH/IIK JIACTaHYbIHA KapChl TAOUFH SKOJOTHSIBIK KOPFaHBIII PETiH/AE KOJJIaHbLIA bl BalllIbIKTapIbIH )KOFaphl
aZICOPONMSITBIK KAaCHUETTepl OJapIblH KPUCTANIbl KYPBUIBIMBIHBIH €peKIIeNirine OailaHbICTBl OOJIBIN  KeNe.
MOHTMOPHJUIOHUT CHSKTHI ca3 OaJIIbIKTap KEHEHTINeTIH KpHUCTaiabl KypbulbiMFa ue. OChlHIAll MUHEpaigapAblH
THpaTAMIChl Ke3IHIe Cy MOJIEKYJIajJapbl MEH ajMacy KaTHOHAApbI ca3 OaJIlbIKTap/blH apachlHAAFbl KEHICTIKKE
€HiN, aacopOIHs MOTEHIINATIBIHBIH €0Yip apTybIHa ceber Oomasl.

Fe/Cu/Zr ymmeranapl Oarananbl ca3danmbikrap Ka3akcTaHHBIH €111 MEKEHACPHIH TaOuFu ca30abIKTapblHAH
OHJICTIJII JKOHE KaTaJM3aTOp PETiH/E KATAIUTHUKAIBIK BUIFAN/bl CYTEri aCKbIH TOTBIFBIMEH TOTHIKTHIPYFa KOJIIAHBIII,
398 K Temneparypana 4-uutpodeHonapi, HoO; xoHe Kalllbl OPraHUKaNIbIK KOMIPTEKTIH MeJIepi aHbIKTaJ/bl.
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1 carar yakeiT iminge 50 °© C Temmneparypana koHe 5 r / 1 xouuentpauusina Fe/Cu/Zr-Kaparay Oaranaib
ca30aNIbIFbIH KOJIJAHy apKbuibl 4-HUTpOQeHO b KoHBepcusichl 100% >KoHE Kaslbl OPraHUKAIIbIK KOMIPTEKTI
X010 78% KepcerTi.

Tyiiin ce3aep: Taburu ca30aiiubik, 6GaraHanbl ca30aIlIbIK, KATATUTUKAIBIK TOTBIFY, 4-HUTPO(EHON, aFbIHIbI
Cy, KaTanu3aTop.

M.C. Kanmaxanosal, 2K.JI. Inac Tyecra?, B.K. Macaiumosal,
A.H. Hypanioaesa', A.C. lapmentaenal, JI. A. Kyia6aesa!

'Tapasckuii rocynapcteennbiil yausepeuter um M.X. Jlynatu, Tapas, Kasaxcran;
2 lentp uccnenosanuii Mourana (CIMO), [Tonurexunueckuii uuctutyT Bparanca, Tlopryranus

KATAJIMTHYECKOE MOKPOE INIEPOKCHUJTHOE OKUCJIEHUE C HOBBIMMU Fe/Cu/Zr
CTOJIBYATBIMU I'NIMHAMMU, PA3PABOTAHHBIMU U3 ITPUPOIHBIX I''IMH
MECTOPOXKJIEHNHU KABAXCTAHA

AnHortanusi. CtaThsi MOCBsILEHAa pa3pabOTKe MaTepUalioB Ha OCHOBE IMPHPOAHBIX W CTOJOYATBHIX TJIHH.
Mopudukanusi NPUPOAHBIX TJIMH HOHAMH METAUIOB IMPKOHHS, IMHKA, jKeje3a I03BOJSIET pa3BUBaTh OoJiee
MOJIXOJSIIIMEe TEKCTYPHbIE CBOMCTBA, MOBHIIAs UX 3(p(EeKTHBHOCTh B KadecTBe aJcopOeHTa MM KaTaau3aropa mpu
00paboTKe IKOJIOTHUECKH OMACHBIX COEJMHEHHIA, COEPKAIIMXCSA B CTOUHBIX BoJax. MaTeprasbl HA OCHOBE TJIMHbBI
pa3palaThIBAIOTCSl W3 MPHUPOAHBIX T[IIMH U IMPOBEPSIOTCS B PA3IMYHBIX IMPOLECCAaX, HAMPABICHHBIX Ha OYHUCTKY
CTOYHBIX BOJl C HCIIOJb30BAaHHEM MOJICNIBHBIX 3arps3HUTENCH B BOJAHBIX pacTBopax. [IpHpojHble TIMHBI ObUIN
MCIIBITAHbI B KATAJUTHYECKOM OKUCIIEHUU 4-HUTPO(EHOIa C MEPOKCHIOM BOAOPOa B MATKHX yCiIoBHUiX. OJIHUM U3
YHHUKaJIbHBIX CBOWMCTB HEKOTOPBIX TJIMH SIBISIETCS MX BBICOKAs aJCOPOIMOHHAS CIIOCOOHOCTh, 4YTO YCIIEIIHO
MCIIONIB3YETCS JUIsi OYMCTKH Macesl, OTOeJIMBaHMs TKaHeH, a TaKKe KaK €CTECTBEHHBIH 3KOJOTHYECKHH Oapbep st
GOpr0OBI C TEXHOTEHHBIM 3arpsA3HEHHEM OKpY’Karomel cpeapl. Bricokas ancopOIMoHHas CHOCOOHOCTh TUNIMH
00ycioBlieHa 0COOEHHOCTBIO X KPUCTALUIMYECKOTO CTPOCHUs. TaKkue rITMHUCTbIe MUHEPAJbl, KAK MOHTMOPUJJIOHHUT
MMEIOT Pa3ABMKHYIO KPHCTAJUIMYECKYIO CTPYKTYypy. lIpu rugpatanuu Takux MHHEPAJOB MOJIEKYJIbl BOJBI U
OOMEHHbBIE KaTHOHBbI MOTYT HNPOHHKATh B MEXKCIOEBOE IPOCTPAHCTBO M CYLIECTBEHHO YBEJIMYHBATH MEKCIOEBOE
paccTosiHie, oOyCJIOBIMBAsE 3THM CYIIECTBEHHOE YBEIMYCHHE aJCOPOLMOHHOTO MOTeHIMaNa. TpUMeTauInuecKue
rnuabl Fe/Cu/Zr ObutM NOJydeHbl M3 MPHUPOJAHBIX TIIMH Ka3aXCTAHCKUX MECTOPOXKICHUIH M HCIOJIb30BAJIHCH Kak
KaTaJIM3aTopbl KATATUTHYECKOTO MOKPOTO TEPOKCHIIHOIO OKHCIIEHHs ¢ mocienyromum usmepennem 4-H®, H,O, u
obmero opranngeckoro yriepoma mpu 398 K. Komeepcus 4-H® cocraBmma 100% wu ynamenume obmiero
opranudeckoro yriepona 78% npu konuentpauuu 5 r / i u temneparype 50 ° C ¢ Fe / Cu / Zr-Kaparay npu
JUTUTENTLHOCTH TIporiecca 1 Jac.

KaroueBble cioBa: NpHPOJHBIC TIHMHBI, CTOJOYATHIE TIIMHBI, KATATUTHYECKOE OKHUCIeHUE, 4-HUTPOoGeHOI,
CTOYHBIE BOJIbI, KaTaIn3aTop.
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