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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 (CWPOQO) of 4-nitrophenol (4-NP) at mild conditions (50 °C, initial pH of 3.0, C4+N\°P = 5 ¢g/L and
Cday = 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
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[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 HCI (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%), CuS0O4.5H20 (99.9%) and Zr(SO4)2were used as precursors of
iron, copper and zirconium polycation PILCs. To prepare this material 3.333 mmol of Fe2+, Cu2+and Zr4+
polycations from FeSO4 (0.5 g), CuSO4.5H20 (0.8 g) and Zr(S04)2 (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-1 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 o) Na Mg Al Si K Ca Ti Mn Fe
Akzhar 5453 080 222 602 2199 219 834 031l  ni* 3.60
Karatau 52.86 081 226 655 2114 226 766 160 022 4.65
Kokshetau 5471 ni* 015 134 1917 028 021 143  ni* 10.66

*n.i. = 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 %
(0] Na Mg Al Si S K Ca Ti zr Fe Cu
Fe/Cu/Zr-Axzhar 46 1 14 6.4 25 0.7 3 0.6 0.3 n.i. 13 33
Fe/CwZr-Karatau 46.1 11 18 72 256 05 21 0.7 0.4 n.i. 6.2 5.2
Fe/Cu/Zr-Kokshetau 49.8 n.i. 0.3 131 229 02 0.3 n.i. 13 03 11.7 01

*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

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.

Time of reaction (h)

Figure 2 - Catalytic wet peroxide oxidation of 4-NP using the trimetallic PILCs.
Operating conditions: c4-np,0 = 5 g/L, ch2020 = 17.8 g/L, catalyst load = 2.5 g/L, initial pH 3.0 and T=50 °C

Time of reaction (h)

Figure 3 - Removal of TOC during the catalytic wet peroxide oxidation
of 4-NP using the trimetallic PILCs
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Operating conditions: Cs4-npo = 5 g/L, Ch2C,o = 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 CO2 + H20. 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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LASALCTAHHbL E/101 MEKEHAEPIHIH TABUT W CA3BANILLUBLLTAPBIHAH ANNbIHTAH
XXALUA Fe/Cu/Zr BATAHADBbI CASBANLUBbLTAPAbL, HEM31HAE
bINTANAblI KATAJIMTUKANBL, CYTEN ACUBIHTOTbIIbIMEH TOTbLL ThIPY

AHHOTauuMs. Makana Taburu >xxaHe 6araHasnbl ca3basIlbIKTapablH HEN3LWAe anbiHraH MaTepuangapibl eHaeyre
apHanraH. ArblHAbl CynapAbiH KypaMblHAA Ke3[eceTiH KayLumn SKOMOrus/IblK KOCbUIbICTapAbl eHAeY KesiHae
KONfaHblNaTbiH KaTanm3aTopsiap MeH afcopbeHTrepAiH canacbiH apTTbIpy MakcaTblHAa, Taburn casbanilubiKTapibl
UMPKOHWIA, MbIpbIl, Temip WOHAApbIMeH MogupMKaumanay apkblibl 0napfiblH  KypbUIbIMAbIK — KacueTrepiH
XakcapTyra MYMKIHAIK 6epefi. Taburn casbanlbIKTap HerisiHge anblHraH matepvangap 3p TYpri npouecTepae,
COHbIH iLWiHAe CyNbl OpTaja MofebAiK facTarbIWThl KodaHa OTbIpbIn, arbIHAbl cynapabl TasapTyra KonjaHbuiagpl.
Taburu casbanilubIKTap 4-HUTPoteHoNabl Konaibl Xarjaiia KaTanuTuKanbIK CyTeri acKbIH TOTbIMbIMEH TOTbIKTbIPY
apKblibl TekceplureH. Keiibip casgapAblH MaHbI3fbl KacuMeTTepLuly 6ipi onapfblH Xorapbl aAcopoumMsiibIK
KabweTT” 607bIN Tabbliagbl, 0nap Mainabl TasapTyda, MaTanapgbl arapTyja, COHbIMEH KaTap KopLuaraH opTaHbiH
TEXHOTreHAIK flacTaHyblHa Kapcbl TabUrv aKOMOrMs/bIK KOpraHblIlw peTiHAe KonjaHbliadbl. BanlibikTapibIH Xorapbl
aacopbuUMAnbIK KacueTrepi onapablH  KpUCTa/idbl KypblUibIMbIHBIH - epeKLuesiriHe 6ainaHbICTbl 60NbIN  Kenear
MOHTMOPUNOHNUT CUAKTBI Ca3 Ga/llbIKTap KeHeWTLLEeTLL KpucTagbl KypbuibiMra ve. OcbiHAali MUHepanfapabiH
ryapatauuscbl KesiHge cy MoMekyfnanapbl MeH afiMacy KaTuoHgapbl ca3 6a/illbIKTapiblH apacbiHAarbl KeHiCTiKke
eHin, agcopbums noTeHUMasbIHbIH e43yip apTyblHa ceben 6onagpbl.

Fe/Cu/Zr YwmeTangbl 6araHanb casbaniubikTap KgzakcTaHHbIH engi MeKeHAEPHLL, Taburn casbasbIKTapbiHaH
eHAenNAi XaHe KaTanmsaTop penHie KaTaMTUKabIK binranibl CyTeri aCKblH TOTbIrbIMEH TOTbIKTbIPYra KongaHbin,
398 K Temnepatypaga 4-HuTpoeHonabiH, H202 3He >Xanmnbl opraHMKasibiK KeMIPTEKTIH Mesllepi aHbIKTasipl.
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1 carat yakbIT wBAae 50 °C Temnepatypaga sHe 5 r / n koHueHTpaumsaga Fe/Cu/Zr-Kapatay 6araHasibl
casba/bIrblH KONAaHy apKbbibl 4-HUTPodeHoNAbIH KoHBepcusicbl 1009 >K3He aninbl OpraHMKasbiK KeMipTeKTi
YO0 78% KepCeTri.

TywH ce3gep: Taburn casbasbiK, 6araHanbl ca3ba/ilbIK, KaTaMTUKabIK TOTbIrY, 4-HUTPO(EHOS, arbiHibI
Cy, Karanmsarop.
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KATANNTUNYECKOE MOKPOE NEPOKCNAHOE OKUCNEHWE C HOBbIMW Fe/Cu/Zr
CTONBYATBIMU TNMNHAMW, PASPABOTAHHBIMW N3 NMPUPOAHBLIX MNH
MECTOPOXAEHNN KASAXCTAHA

AHHoOTauua. CraTba nocBsileHa pas3paboTKe MaTepuasioB Ha OCHOBE MPUPOAHbIX U CTOM6YATbIX [/IVH.
Moangukauma NpuUpoaHbIX FUH MOHaMM MeTasIoB LMPKOHWSA, LMHKA, >Kenesa MO03BOSISeT pas3BuBaTb 6Gosee
NoAXOAsALLMe TEeKCTYPHbIe CBOMCTBA, MOBbILWAs MX 3P(eKTUBHOCTL B Ka4yecTBe aficOpbeHTa WM Katanmsatopa npu
06paboTKe 3KOIOMMUYECKMN OMacHbIX COEAVHEHWNIA, COAEPXKALUUXCA B CTOYHbIX Bojax. Martepuasibl Ha OCHOBE /UHbI
paspabaTbIBatOTCA M3 MPUPOAHbLIX FIMH W NPOBEPSIOTCA B Pas/IMYHbIX Mpoueccax, HarpaBfeHHbIX Ha O4UCTKY
CTOYHbIX BOA C WUCMONb30BaHMEM MOAESIbHbIX 3arps3HUTeNeii B BOAHbIX pacTBopax. [MpupofHble rvHbI 6bin
UCMbITaHbl B KaTa/IMTUYECKOM OKMCEHUW 4-HUTPOeHo1a C MEPOKCMAOM BOLOPOAA B MATKUX YC0BUSAX. OfHUM 13
YHUKa/bHbIX CBOWCTB HEKOTOPbIX [/IMH SBASETCA WX BbICOKasA aACopPOLMOHHAsA Crnoco6HOCTb, YTO YCMELIHO
NCMoNb3yeTecs AN OYMCTKU Maces, 0TOeMBaHMA TKaHel, a Takke Kak eCTeCTBEHHbIN 3KOMOrmyeckuii 6apbep 4ns
60pbbbl C TEXHOTEHHbIM 3arpsi3HEHVWEM OKpY>Kalollein cpefbl. Bbicokas aacopOunoHHass CrocobHOCTb  FIWH
06yc/i0BneHa 0CO6EHHOCTbIO NX KPUCTAUIIMYECKOTO CTPOEHNSA. Takue rIMHUCTbIE MUHepPasibl, KaK MOHTMOPW/IIOHUT
WUMEIOT PasfiBVIKHYIO KPUCTUIIMYECKYID CTPYKTYpY. [pu rugpataumn TakuxX MWHEPasioB MOMEKy/bl BOAbl U
06MEeHHble KaTMOHbI MOTYT MPOHWKAaTb B MEXC/0eBOE NPOCTPAHCTBO M CYLLECTBEHHO YBE/IMUMBATL MEXC/I0eBOe
paccTosiHMe, 06yCnoB/MBas 3TUM CYLLECTBEHHOE YBe/MyeHue afcopOLUMOHHOro noTeHumana. TpuMeTa/IMveckue
rnHbl Fe/Cu/Zr 6blin nonyyeHbl U3 NPUPOAHBIX FIMH Ka3axCTaHCKUX MeCTOPOXAEHWA U MCMOMb30Ba/IUCH Kak
KaTa/n3aTopbl KaTa/IMTUYECKOr0 MOKPOro MEPOKCUAHOIO OKUC/IEHUS € Nociefyowmum nsmepeHnem 4-Hd, H202 n
obLero opraHuyeckoro yrnepoga npu 398 K. Koneepcua 4-H® coctaBuna 100% w© ypaneHue 06LLEro
opraHMyeckoro yrnepoga 78% npu KoHueHTpaumum 5 1/ n n Temnepatype 50 °© C ¢ Fe / Cu / Zr-KapaTtay npu
ANnTeNbHOCTY NpoLecca 1 yac.

KnoueBble cnoBa: MNPUPOAHbIE [NHBI, CTON6YATble [/IMHbI, KaTa/IMTUYECKOE OKMCMEHWE, 4-HUTPOdeHos,
CTOYHbIe BOAbl, KaTa/m3aTop.
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