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Catalytic wet peroxide oxidation of 4-nitrophenol with new pillared clays
prepared from the natural material extracted in deposits of Kazakhstan

Natural resources are among the main wealth of the Republic of Kazakhstan, including abundant and cheap
natural clays in the southern and northern region of the country. The chemical industry in Kazakhstan has
been developing well in recent years and there is an urgent need to find solutions for the treatment of the
wastewaters they generate. Composite adsorbents based on natural and pillared clays modified with metal
ions have significant prospects for practical use in various fields, such as wastewater treatment, oxidation of
organic pollutants, and adsorption of light organic gases. Development of destructive methods based-on deep
transformations of organic pollutants is considered as a promising direction. Qxidation-reduction reactions
activated by various physicochemical reagents allow ensuring complete destruction of hardly oxidizable or-
ganic substances and transferring them to safe low-molecular compounds.<This work aims to explore natural
clays in the synthesis of low-cost pillared clays to be used as catalysts in oxidation technologies for the treat-
ment of wastewaters. Pillared clays with Zn/Fe cations have been prepared from natural clays of Kazakhstan
deposits and assessed as catalysts for the catalytic wet peroxide oxidation of 4-nitrophenol that was followed
by measuring 4-nitrophenol, H,O, and the total organic carbon at 398 K. The degradation efficiency of
4-nitrophenol was 100 % with Karatau and Kokshetau Zn-Fe pillared clays and total organic carbon removal
was 66 % with Karatau Zn-Fe pillared clay after 2h, considering reaction runs carried out with 5 g/L of pil-
lared clays and at a temperature of 50 °C.

Keywords: natural clays, pillared clays, catalytic oxidation, 4-nitrophenol, wastewater, TOC, CWPO, degra-
dation.

Introduction

The products of the modern industry are beecoming increasingly important for the health of the ever-
growing population of the planet. In Kazakhstan, a lot of industry has been developing well in recent years,
but there is the need to solve the problem of cleaning their drains. One solution passes through the study of
wastewater treatment by catalytic wet peroxide oxidation (CWPO) [1]. CWPO is a technology that relies on
the oxidation of organic pollutants contained in wastewaters by the action of hydroxyl radicals generated
from the catalytic decomposition of hydrogen peroxide. The years of independence in Kazakhstan have be-
come the year’s of formation of a’completely new state system for ensuring environmental safety, environ-
mental management and nature management, a well-organized and territorially ramified system of executive
bodies in the field of environmental protection in the Republic of Kazakhstan. The most contaminated rivers
are Nura, Syrdarya, Ili; Lake Balkhash [2, 3]. Ground water is also contaminated, which is the main source
of drinking water supply for the population [3]. 4-Nitrophenol (4-NP) is widely used in the production of
medicines, fungicides, dyes and dark leather products [4]. Also, it is dangerously toxic, non-biodegradable
industrial pollutant, discharged by various enterprises. The oxidation of 4-NP by techniques, such as photo
catalysis, Fenton and intensified Fenton, involves the occurrence of oxidized intermediates, namely catechin,
hydroquinone and benzoquinone [5, 6]. In this work [7], experiments were done on the photo oxidation of
4-NP.in water by UV/H,0, and the results showed that 4-NP in photo degradation almost completely de-
graded. Pillared clays (PILCs) have received increased interest due to their texture and catalytic activity for
various reactions [8] and they can be an interesting type of porous material used as a sorbent and catalyst.

In this work, we report results of 4-NP oxidation as a model pollutant by CWPO with pillared clays
modified by Fe-Zn cations from natural clays of Karatau and Kokshetau deposits.
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Experimental

Material and Solid Synthesis

Two natural clays with different characteristics from locations in South and North of Kazakhstan of re-
gions Karatau and Kokshetau deposits were used as raw material to prepare the pillared clays. Clays were
washed with water several times at 50 °C. The wash with HCI (37 wt.%) was also assessed at 50 °C in order
to eliminate residual content inside of the clays. Pillared clays were prepared from natural clay with acid
washed. Pillared clays were synthesized with zirconium tetrachloride as a source of zirconium polycations.
The pillaring solution was prepared by slow addition of NaOH (0.2M) to the solution containing Zr at room
temperature until pH = 2.8 was obtained. The resultant solution was aged for 24 h at room temperature. The
clay pillaring process keeps a ratio of 10 mmol of total metal per gram of washed clay. The final material
was dried at 350 K for 24 h and calcinated during 2 h at 823 K considering a heating rate of 275 K min™. The
X-ray spectral analysis method was used to determine the physico-chemical characteristics of the natural
clays. An electron probe microprobe of the brand Superprobe 733 (Super Probe 733) from JEOL (Jael), Ja-
pan, was used to determine the angular position and intensity of reflexes. Analyzes of therelemental compo-
sition of samples and photography in various types of radiation were performed using an Inca Energy with
adispersive spectrometer from Oxford Instruments, England. UV-Vis absorption spectra were obtained using
a T70 Spectrophotometer (PG Instruments, Ltd.) in the wavelength range of 200-660 nm, with a scan inter-
val of 1 nm. SEM was performed on a FEIQuanta 400FEG ESEM/EDAX Genesis X4M instrument equipped
with an Energy Dispersive Spectrometer (EDS). Transmission electron microscopy (TEM) was performed by
LEO 906E instrument operating at 120 kV equipped with a 4 Mpixel 28%x28 mm CCD camera from TRS.

Results and discussion

The results of elemental composition of pillared clays were obtained using EMP analysis. Table pre-
sents the content of elements in the catalysts.

Table
The results of elemental analysis

Mass of the element (%)
0 Na Mg Al Si K Ca Ti Fe Zn Zr
Fe-Zn (Karatau) 47.02 | 1.79 1.80 7.11 | 2499 2.92 1.90 0.62 | 14.06 | 1.85 0.31
Fe-Zn (Kokshetau) | 51.29 | n.d. 024 | 1351 2429 | 0.36 0.15 1.35 | 22.85 | 0.18 n.d.

Pillared clays

After pillaring treatment of clays with FeSO, and ZnCl, solutions the amount of iron in a sample ob-
tained on the Karatau Fe-Zn pillared clay was 14.06 %, and based on the Kokshetau clay was 22.85 %. The
chemical composition analysis shows that Si content is higher than other metal elements (see Table). The
amount of aluminum absorbed by Kokshetau clay is larger than by Karatau one. The Ca content for Karatau
and Kokshetau pillared clays is:1:90 % and 0.15 %, respectively. These results prove a modification of the
Fe-Zn pillared clays by hydrolysis and polymerization [9].

The spectra-obtained by X-Ray Diffraction (XRD) for natural clays from Karatau and Kokshetau are
depicted in Figure 1.
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Figure 1. X-ray diffraction spectra of natural clays by EMP
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Our attention was attracted by widespread and cheap mineral clays, which are traditionally used as
sorbents for various purposes. The direct use of natural clays for wastewater treatment from organic pollu-
tants is limited due to their chemical and structural features. But they are promising materials for the prepara-
tion of carriers for active metals on their basis. The mineralogical composition of Karatau clay is a repre-
sentative of polymineral clay. Clay samples were subjected to X-ray diffractometric analysis and
polymineral composition was confirmed by the appearance of the corresponding signals on the X-ray pat-
terns: montmorillonite (d = 14.73-14.56, 4. 2.54-2.60 A), muscovite (d = 2.38 A), kaolinite (d = 7.09-7.04,
2.56 A) with the formula Al,05-4Si0,-xH,0. Kokshetau clay showed the presence of kaolinite (d = 7.18 A)
and muscovite (d = 4.45 A).

a — Karatau Fe-Zn PILC b —Kokshetau Fe-Zn PILC
Figure 2. SEM images

The surface morphologies of PILCs are shown in Figure 2. After pillaring the clay the surface of PILCs
became rough and porous. The rough surface‘of PILCs indicated the increase in active sites which made the
catalyst more active [10].

The catalytic oxidation of 4-NP in‘a diluted aqueous medium was carried out in a 250 mL well-stirred
glass reactor and thermostated at 323 K. The reactor was loaded with 100 mL of a 4-NP aqueous solution
(5.0 gxL™"), the initial pH of solution was adjusted to 3 by adding H,SO, and NaOH solutions (not buffer).
The stoichiometric quantity of hydrogen peroxide for mineralization was added. The catalyst was loaded
(2.5 g/L) after homogenization of the resulting solution, that moment being considered as to= 0 min. All ex-
periments were carried out for 24 h. Several samples were withdrawn from the medium of reaction at previ-
ously selected times to'take the'course of the 4-NP conversion and the appearance of the intermediate com-
pounds that were measured by high-performance liquid chromatography (HPLC). For that purpose, a Jasco
HPLC system equipped with a UV-Vis detector (UV-2075 Plus), a quaternary gradient pump (PU-2089 Plus)
for solvent delivery (1 mL min-1) and a Kromasil 100-5-C18 column (15 cm x 4.6 mm; 5 pum particle size;
reversed-phase) was employed. Total organic carbon (TOC) and H,O, were also measured during experi-
ments by using a:Shimadzu TOC-L. The pillared clays modified with iron and zinc cations showed excellent
catalytic activity in the 4-NP oxidation reaction, with the best results obtained for the modified pillared clay
of the/Karatau deposit after washing with an acid solution (Fig. 3).

The resulting pillared clays showed very high catalytic activity for the removal of 4-NP. 100 % oxida-
tion of 4-NP with Karatau Zn-Fe catalyst was achieved after 4 h of reaction. Kokshetau pillared clay gives
the removal of the contaminant only after 4 hours of reaction. The catalyzer of Karatau Zn-Fe showed a
higher activity. In this case, the oxidation process takes no more than 2 hours, which is also the best result in
comparison with the known analogues.

58 BecTHuk KaparaHamHcKoro yHueepcuteTa



Catalytic wet peroxide oxidation of 4-nitrophenol ...

1.0

—=— 7n/Fe Karatau
—eo— Zn/Fe Kokshetau

o© 4
-
N
-
o
N
o
N
S

Time (h)
4-NP — 5 g/L; H,0,— 17.8 g/L; 2.5 g clays; pH = 3.0, 50 °C

Figure 3. Catalytic peroxide oxidation of 4-NP with Zn-Fe Karatau and Kokshetau PILCs
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Figure 4. Conversion'of TOC in the removal of 4-nitrophenol by CWPO with natural and pillared clays
from Karatau and Kokshetau catalyst at 24 hours of reaction time

In the catalytic oxidation experiments, the total removal of the pollutant is reached after 8§ h when
Karatau and Kokshetau Zn-Fe pillared clays are used as a catalyst. The conversions of TOC after 24 h, with
each material, are shown in Figure 4. The high activity for mineralization of the Karatau and Kokshetau Zn-
Fe pillared clays obtained with more than 66 % TOC removal after 8 h of reaction.

Conclusions

Natural clays from the Kokshetau and Karatau regions of the Republic of Kazakhstan can be used as
catalysts in the catalytic oxidation of organic pollutants with H,O, Their catalytic activity can be increased
significantly by pillaring processes. The pillaring process of these natural clays is possible when using Fe**
and Zn” cations, increasing the catalytic activity of the materials. The conversion of TOC (66 %) and con-
versation of 4-NP (100 %) was obtained with the Karatau Zn-Fe pillared clay. Pillared clays showed higher
catalytic activity in the oxidation of 4-NP.
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M.C. Kanimaxanosa, b.K. Macanumosa, JI.JI. lua3 ne Tyecra,
A.C. Kynaxanona, [I.A. Kyn6aeBa, C.M. KantapOaesa

Ka3zakcranaagbLedii MexkeHaepinaeri TaOMFu MaTepUaJIIaH AJIbIHFAH
’KaHa 0araHaJbl ca30aIMbIKTAPABIH KOMeriMeH 4-HUTPO(eHO0IIbl bIIFAJIbI
KATAJINTUKAJIBIK CYTeri aCKbIHTOTHIKIIEH TOTHIKTBIPY

Kazakcran PecryOiankachIHBIH HeTi3ri OailyIbIKTapbIHBIH Oipi TaOuru pecypcTap, coHslH imriHae OHTYCTIK
sxoHe CONTYCTIK OHipiHaeri ap3aH jxoHe Oail TaOuru cazbaimibikTap 0oJbin TadbuTanbl. COHFBI KBULIAPHI
Kazakcranna xumust eHepKkociOi KapKbIH/ABI AaMBbII, aFbIHAbI CyJapiaH eHJIpic KalIbIKTapbIH Ta3apTy.IbIH
Ty >KOJJApbIH KapacThIpy KaKeTTiniri Oap. Meramn MOHAApBIMEH MOIU(MHULMPICHIEH OaraHalbl KOHE
Tabury ca30aIBbIK HeTi31HAeTi KOMIIO3UIUOHIBIK aICOPOEHTTEp SpTYpIli TOXKIpHOenik aiiMakrapaa KoaIaHy
MaHbI3IbUIBIFBI 0ap, COHBIH IIIiH/E aFbIHABI CYJaplbl Ta3apTy, OpPraHUKaJbIK J1acTaybIITapbl TOTHIKTHIPY,
JKEHIJI OpraHUKalbIK Ta3napibl aacopOuusiay. OpraHuKanblK JacTayblIITAPIbIH TEPEH KalTa KypyblHa
HeTIi3AeNTeH JEeCTPYKTHBTIK SAICTEPIiH AaMybl NEpCIeKTHBAIBIK OAFbIT PeTiHJe KapacTHIPBUIABL OpTYpIi
(bHU3MKa-XUMHSIIBIK PEAreHTTEPMEH aKTHBTEIICH TOTHIFY-TOTBIKCHI3[aHy PEaKUHUsIapbl KUBIH TOTHIFATHIH
OpraHMKaJbIK 3aTTapAbl TOJBIK JKOIOBbIHA JKOHE KayilCi3 TOMEHMOJIEKYJaNbIK KOCBUIBICTApFa aWHalyFa
MYMKIHAIK Oepeni. By >kymbIc aFbIHIBI Cylapibl TOTHIKTBIPY TEXHOJIOTHSUIApBIHAA KaTalu3aTop peTiHIe
KOJIaHBUIATBIH ~ KpIMOAT emec OaraHaibl  ca30aNIIBIKTApAbl CHUHTE3/CY YVIIiH ajblHFaH TaOHFH
caz0ammbIKTapAsl 3eprreyre OarbiTTanraH. Zn/Fe kaTHOHAapbIMeH MOIU(MHUIMPICHIeH Cca30alIbIKTap
KazakcraHHBIH el MeKeHIepAeri TabuFy ca30aIIbIKTapiaH CHHTE3/IEIII )KOHe KaTalli3aTop PeTiHAe CyTeri
ACKBIH TOTBHIFBI KaTBICBIHAA 4-HUTPO(EHONIBIH KaTalMTHKAIBIK OenceHnairiri Tekcepinin, 398 K kepcerki-
winne 4-autpodenonnpiH, H,O, oHE Kaiumbl OpPraHUKAJIbIK KOMIpTEK KOHBEPCHACHI eumeHai. Zn—Fe
Kaparay xone Kexmeray Oaranamsl caz0anmmbIKTapbiMeH 4-HuTpodeHon perpamamms tuimairri 100 %
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Gonbin, 5 I/71 KOHLIEHTpauschl OolibiHIIa 2 car apanbiFbiHaa Zn—Fe Kaparay Garanainb! caz6amubirbl 66 %
JKaJIMbl OPraHUKAIbIK KOMIPTEK HOTHIKECIH KYP/IbL.

Kinm co30ep: Taburu caz0anblk, 6araHanbl ca30alIbIK, KaTATUTUKAIBIK TOTBIFY, 4-HUTPO(EHOI, aFbIHIbI
cy, TOC, CWPO, nerpaganus.

M.C. Kannmaxanosa, b.K. Macanumosa, JI.JI. lua3 ne Tyecra,
A.C. Kynaxanosa, J[.A. Kyn6aesa, C.M. KanrapOaeBa

KaTaanTudeckoe MOKpoe nepoKcHHoOe OKUCIeHue 4-HuTpodeHo a
€ HOBBIMH CTOJIOYATHIMH IVIMHAMHU, NOJYYEHHBIMH U3 IPUPOJHOI0 MaTepHaJa,
A00BITOr0 HA MecTOpo:xneHnsix Kazaxcrana

IIpuponHbIe pecypcsl SBISIOTCS OJXHHM N3 OCHOBHBIX OoratcTB PecryOmmkn Kasaxcran, B ToMm uncie Gora-
ThIE U JieleBble NpupoaHble ruHbl B FOxHOM 1 CeBepHOM pErMoHax CTpaHbl. XHMMUYECKas IPOMBIIIICH-
HocTh Ka3zaxcTaHa B mociennue rojsl OBICTPO pa3BUBAETCS, U CYIIECTBYET HACTOATENbHAS HEOOXOIUMOCTh
HaWTH peIIeHus JUIsl OYUCTKU CTOYHBIX BOJ. KOMMO3MIIMOHHBIE aicOpPOEHTHI HA OCHOBE MPHPOAHBIX U CTONIO-
YaThIX TJIMH, MOJU(UIMPOBAHHBIX MOHAMH METAJIOB, UMEIOT 3HAYUTEIbHBIE NMEPCIEKTUBBL IS MPaKTHYe-
CKOT'O HCIIOJb30BAaHHS B PA3IUYHBIX 00NACTSIX, TAKUX KAK OYHMCTKA CTOYHBIX BOJ; OKUCICHHE OpraHUYECKHX
3arpsisHATEINEH, aicopOLUs TeTKUX OPraHNYeCKUX Ta30B. Pa3paboTka ecTpyKTHBHBIX METO/J0B, OCHOBaHHBIX
Ha ITyOOKHX MPEBPAIIeHUSIX OpPraHMIeCKHX 3arpsi3HUTeNel, pacCMOTpeHa Kak NepCIIeKTHBHOE HalpaBiIeHHe.
OKHCIUTENFHO-BOCCTAHOBHUTEINBHEIE PEAKINH, aKTHBUPYEMbIe Pa3IHMIHBIMH (DU3UKO-XMMUYECKUMU pearcH-
TaMH, TTO3BOJIIIOT 00ECTICUUTh MOIHOE Pa3pylIeHHe TPYIHO OKUCISIEMBIX OPTaHUYECKUX BEIIECTB U MpeBpa-
eHre UX B O€30MacHbIe HU3KOMOJIEKYIISIPHbIE COeAMHEHHs. JTa paboTa HampapleHa Ha M3y4eHHE HMPHPOA-
HBIX TJIMH B CHHTE3€ HEJOPOTUX CTOJIO0YATHIX INIMH, KOTOPbIe OyAYT UCIOIb30BaThCS B KAUECTBE KaTallH3aToO-
POB B TEXHOJIOTHSX OKUCJICHHUS JJI1 OYUCTKH CTOYHBIX BOJ. MOIMGHIMPOBAHHbIC TIIMHBI ¢ KaTHOHAaMH Zn-Fe
ObIIM CHHTE3UPOBAHBI U3 MPUPOJHBIX INIMH MecToposkAeHuil Ka3axcraHa n nccienoBaHsl Kak KaTalau3aTophbl
TIPU KAaTaJUTHIECKOM OKHCIEHHU 4-HUTpo(deHoNa ¢ MEepOKCHIAOM BOAOPOJa, IOCIE 4ero OBUIM M3MEpEHBI
xonBepcust 4-untpodenona, H,O, u obmuii opranuueckuii yriiepog, npu 398 K. DddexruBHocTs nerpana-
1 4-HuTpodenona cocraBmwia 100 % co cronbuarsivu rivHaMu Zn-Fe Kaparay u Kokmeray, a o6t op-
TaHM4YeCKuH yriaepox — 66 % co cromduaToit rmHOM Zn-Fe Kaparay npu koHIeHTpamuu 5 I/11 1 TeMmepa-
Type 50 °C npu JUIMTEIBHOCTH Ipoliecca 2 4.

Kniouesvie cnoea: TpUpOIHBIC TIMHBI, CTONOYATBIC TIMHBI, KaTATHTHYECKOE OKHUCIeHHE, 4-HUTpOdeHO,
crounsle Bogpl, TOC, CWPO, nerpamamus.
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