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NOVELTY PILLARED CLAYS FOR THE REMOVAL OF
4-NITROPHENOL BY CATALYTIC WET PEROXIDE OXIDATION

Abstract. One solution passes through the study of wastewater treatment by catalytic wet peroxide oxidation
(CWPO).In this work, catalysts based on pillared clays with Zrcations have been prepared from nature clays of
Kazakhstan, which were obtained from Zhambyl region of Karatau, Akzhardeposit, to be tested in catalytic oxidation
of 4-nitrophenol, used as amodel pollutant. The Zr-pillared clay showed higher activity than nature clays in 4-nitro-
phenol oxidation.
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Introduction. The years of independence in Kazakhstan have become the formationyearsof a
completely new state system for ensuring environmental safety, environmental 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. However, for many decades, Kazakhstan has
been developing a raw material system of nature management with extremely high man-caused environ-
mental stresses. Therefore, the most contaminated rivers Irtysh, Nura, Syrdarya, Ili, Lake Balkhash [1, 2].
Groundwater is also contaminated, which is the main source of drinking water supply for the population
[3]. In European legislation,4-nitrophenol (4-NP), is one of 114 priorities of organic pollutants, 11 toxic
and bio-refractory compound that candamage to the central nervous system, liver, kidney and blood of
humans and animals. Its high stability pushes you out of undesirable consequences[4]. The mechanism of
4-NP oxidation by techniques, such as photocatalysis, Fenton and intensified Fenton, involves the occur-
rence of oxidized intermediates, namely catechin, hydroquinone, 1,2,4-trihydroxybenzene and benzo-
quinone [5-8].

Zhanget al. [9], was done experiments on the photo oxidation of 4-nitrophenol (4-NP) in water by
UV/H,0; and the results showed that 4-NP in photo degradationis well. Also, 4-NP was tested on CWPO
with rtGOH in work [10] and was showed as reaction intermediates are hydroquinone, benzoquinone,
catechol and several low molecular weight carboxylic acids (e.g., malonic, malic, maleic and acetic acids).

Pillared clays (PILCs) prepared with difference metal cationshave been alsotestedasacatalystfor the
degradation of 4-NP with hydrogen peroxide. Pillared clays with Al-Fe, Al-Cu and Al-Cu-Fe¢ used to
degradate4-NP, following the evolution of reaction by measuring the pollutant, total organic carbon
(TOC) and chemical oxygen demand (COD) removals (%) [11].Nowadays, the PILCs have received in-
creased interest due to the low cost to obtain them and their textural and catalytic properties, resulting in
effective materials to be usedas adsorbent or catalyst in wastewater treatment [ 12-15]. The pillared clay is
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a porous material developed by molecular design methods and obtained by exchanging the cations of
alkaline, alkaline earth metals, located in the interlayer space of clays, into inorganic polyoxo (hydroxo)
cations [16]. Itis concluded that PILCs are an interesting class of 2-dimensional microporous materials,
due to their high surface area and permanent porosity. Thus,followingcharacteristics are importantfor
pillared clays:

— thermal and hydrothermal stability;

— interlayer distance;

— pillar density;

— chemical nature of the pillars;

— chemical stability of the pillars

Here, the catalytic activity of natural clays was increased by active metals such as zirconium [17].

In this paper, we report the results obtained in the oxidation of 4-NP used as target pollutant with Zr-
PILCs prepared from nature clays with zirconium tetrachloride. Nature clays of Kazakhstan were obtained
from Zhambyl region of Karatau, Akzhardeposit.

Material and methods

Reagents and chemicals. Hydrogen peroxide solution (30% w/v), used asanoxidant in the treatment
of the synthetic wastewater, was purchased from Fluka. Titanium (IV) oxysulphate (TiOSO,, 15 wt.% in
dilute sulphuric acid, 99.99%), hydrochloric acid (HCI, 37 wt.%) and sodium sulphite (Na,SO;, 98 wt.%)
were purchased from Sigma-Aldrich. Sodium hydroxide (NaOH, 98 wt.%) was obtained from Panreac.
4-nitrophenol (98 wt %),and 4-nitrocatechol (98 wt.%), acquired from Panreac, Acros Organics andFluka,
respectively were used to prepare working standard solutions for High-Performance Liquid Chromato-
graphy (HPLC). Methanol (HPLC grade), glacial acetic acid (analytical reagent grade) and acetonitrile
(HPLC grade) were obtained from Fisher Chemical. All chemicals were used as received without further
purification. Distilled water was used throughout the work.

Material and Solid Synthesis. Two natural clays with different characteristics from locations in
South of Kazakhstan in Zhambyl region of Karatau and Akzhardepositswereused.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 prepare from washed natural clay with acid
washed. Pillared clayswere synthesized with zirconium tetrachloride as a source of zirconium polycations.
The pillaring solution was prepared by slow addition of NaOH (0.2 M) to the solution containing Zr at
room temperature until pH = 2.8 was obtained. The resultant solution was aged for 24 h at room tempe-
rature. 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 calcinatedduring 2 h at 823 K considering a heating rate of
275 K min™.

Characterization Methods. To determine the physico-chemical characteristics of the nature clays-
was used the X-ray spectral analysis method. An electron probe microprobe of the brand Superprobe 733
(Super Probe 733) from JEOL (Jael), Japan, was usedtodetermine the angular position and intensity of
reflexes. Analyzes of the elemental composition 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 interval of 1 nm. SEM was performed on a FEIQuanta
400FEG ESEM/EDAX Genesis X4M instrument equipped with an Energy Dispersive Spectrometer
(EDS). Transmission ¢lectron microscopy (TEM) was performed in a LEO 906E instrument operating at
120 kV, equipped with a 4Mpixel 28 x 28 mm CCD camera from TRS.

Catalytic Study. The catalytic oxidation of 4-NP in a diluted aqueous medium was carried out in a
250 mL well-stirred glass reactor and thermostatted at 323 K. The reactor was loaded with 100 mL of a 4-
NP aqueous solution (5.0 g L"), the initial pH of solution was adjusted to 3 by addingH,SO4 and NaOH
solutions (not buffer). The stoichiometric quantity of hydrogen peroxide for mineralization was added. The
catalyst was loaded (2.5 g/L)afterhomogenization of the resulting solution, that moment being considered
as t,= 0 min. Allexperiments were conducted during 24 h.Several samples were withdrawn from theme-
dium of reaction at previously selected times to follow the course of the 4-NP conversionand the
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appearance of the intermediate compounds that were measured by high-performance liquid chromato-
graphy (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 um particle size; reversed-phase) was employed.Total organic carbon (TOC)
and H,O, were also measured during experiences, by using a Shimadzu TOC-L CSN analyzer and a
colourimetric method base on TiOSO,, as described elsewhere [9].

Results and discussion

Characterization of nature and pillared clays. Table summarized the percentage of metals
obtained by XRFanalysis.

The results of elemental analysis

) Mass of the element, %
Material - -
(@) Na Mg Al Si K Ca Ti Mn Fe Zr
Karatau 52.9 0.8 2.3 6.6 21.1 23 7.7 1.6 02 4.6 n.d.
Zr-Karatau n.d. 2.5 2.5 10.0 418 43 09 03 n.d. 2.7 351
Axzhar 54.5 0.8 2.2 6.0 22.0 2.2 83 03 n.d. 3.6 n.d.
Zr-Akzhar n.d. 2.0 2.5 9.8 40.5 4.8 0.8 0.5 n.d. 2.8 36.2

As can be seen,the composition of natural clays is rich on iron (3.6-4.6%) that will play an important
role in the decomposition of hydrogen peroxide to produce hydroxyl radicals that may oxidize the
pollutant in CWPO. As expected,thereisa predominance content on Si and oxygen in the natural clay from
Karatau(Si = 21.1%) and Akzhar (Si = 22.0%). The Akzhar clays show a strong magnetically character
with 8.34 % of Ca. The presence of Ca in natural clays confirm thepresence of carbonate [18] that seems
to be exchanged by apillaring process for the Zr, since Ca content decrease strongly (from ca. 8% to close
1%).The quantity of the iron was also diminished lightly by pillaring with ZrCl,, but the most significant
decrement was observed for the oxygen content that was removed completely from the natural clays. On
the contrary, the content of Na, Al, Si and K was found to increase after pillaring the natural clays. The
increment on Na-content may be due to theutilization of NaOH in the pillaring process. As expected, the
occurrence of Zrtakeplaces in pillaring process, as can beobserved in pillared clay samples when
compared to natural clays. In Akzhar pillared clays the quantity of Zr is 36.32 % and in Karatau pillared
clay is 35.07 %. The volume is very similar,and active metal obtained very well. Afterpreparing pillared
clay with aZrClysolution the quantity of Si (41.8%) and Al (10.0%) on Karataupillared, also in Akzhar
pillared was 40.5 % and 9.7 % percent of metals.

The spectra obtained by X-Ray Diffraction (XRD) for natural clays from Karatau and Akzharare
depicted in figure 1.

The analysis shows that studies of the mineralogical composition of clay mean that the clay of the
Karatau deposit is a representative of the clays raw materials of the polymineral composition. To deter-
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Figure 1 — X-ray diffraction spectra of natural clays from (A) - Karatau, (B) - Akzhar
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mine the quantitative ratio of crystalline phases of clay, the samples were subjected to X-ray diffracto-
metric analysis. The polymeric composition is confirmed by the appearance of the corresponding
reflections on the X-ray patterns: montmorillonite (d = 14.73-14.56, 4.98-4.39, 2.54-2.60 A), muscovite
(d = 2.59, 2.38 A), kaolinite (d = 7.09-7.04, 3.54-3.24, 2.56 A)with formulaAl,O; 4Si0,-xH,0.Akzhar
clays showed montmorillonite (d = 14.19 A) and muscovite (d = 9.97, 2.56 A). The pillared clays were
examined on a scanning ¢lectron microscope (SEM) and element composition.

Surface morphology of natural and pillared clay obtained by SEM analysis is shown in figure 2.

c)
Figure 2 — SEM images: (a) Zr—Akzhar PILC, (b) Akzhar natural clay and (¢) Z r— Karatau PIL.C, (d) Karatau natural clay

Accordingto microphotographs, obtained from SEM analysis, thenatural clays showed a layered and
smooth surface (b and d). However, the surface became coarse and porous when pillared is done (a and ¢).
Figure 3 shows the microphotographs obtained by TEM analysis with pillared clays.

p) —

Figure 3 — TEM images: (a) Zr — Akzhar PILC and (b) Zr — Karatau PILC
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The bulky surface of columnar clays showed an increase in the active sites on the Zr-pillared surface,
which made the catalyst more active [19].

CWPO of 4-NP with natural and pillared clays. The degradation efficiency of4-NP was found to
be 62.7% and 77.1 % with Karatauand Akzharafter 8 hours, respectively. TOC removal was 2% and 1%,
respectively. Results emphasized that natural clays had very less catalytic activity towards theremoval of
4-NP. Therefore, natural clays were modified by Zrcations.

Natural clays of Karatau and Akzhar prepared for pillarization with Zrcations possess excellent
catalytic properties in the 4-NP oxidation reaction. The nature clays washed with acid modified with Zr
species and results of oxidation 4-NP was better.Comparing of clays with washed water, acid and pillared
clays of Karatau and Akzhar the best results were shown with clays which were modified with Zr. The oxi-
dation of 4-NP with difference washed clays presented below in figure 6. Results weregiven with HPLC.
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Figure 6 — Degradation of 4-NP in time byCWPO with Karatau clay
(4-NP: 5 g/1., 17.8 g/L. of H,O,, 2.5 g natural clays,pH: 3.0 and temperature: 50°C)
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Figure 7 — Degradation of 4-NP in time with catalytic peroxide oxidation with Akzharclay
(4-NP: 5 g/1., 17.8 g/L. of H,O,, 2.5 g natural clays,pH: 3.0 and temperature: 50°C)
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According to the results in Figure 6, it can be seen that with the use of pillared clay Karatau, removal
of the pollutant was achieved only after 6 hours of reaction. According to the results represented in figure
7, it can be seen that pillared clay Akzhar gives the removal of the contaminant only after 4 hours of
reaction. According to the results of catalytic oxidation pillared clay, Akzhar showed the highest
conversion in comparison with other catalysts. This once again proves that in the application of pillared
clays in the purification of organic substances, is an effective option for use in these processes.

TOC results for pillared clays can also be noted. After the addition of the active metal, the TOC
results were good than with natural clays.
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Figure 7 — Conversion of TOC in the oxidation of 4-nitrophenol with catalyst Akzhar and Karatau in 8 and 24 hours

As a result of TOC, the greatest result was shown by clay for 8 hours 84.9%. Natural clays showed
only after 24 hours only 48.2%. From the above results, it can be said that the addition of Zr shows an
excellent representation. According to figure 7, it can be said that the pillared clay Akzharis more active
catalyst than the Karatau pillared clay. The authors of [20] presented the results of TOC Zr-bent on the
oxidation of phenol. There, also, the results showed better with the addition of active metal Zr.

The content of Zr in pillared clays influences the physico-chemical characteristics of the material, as
shown by the formation of a zirconium crystal at a high content giving a change in surface and porosity.
These characteristics are important and the manifestation of the activity of the catalyst [21-23]. Pillared
clays are used in catalytic peroxide oxidation more than for other oxidation processes. In many Kazakh-
stan and foreign sources, pillared clays with active transition metals are used for catalytic peroxidation.
The modification of pillared clay by various complexes of transition metals leads to the formation of
regular porous structures possessing unique physicochemical properties. The pillared clay combines
accessibility and reliability with a large surface area and catalytic activity. One of the main advantages of
these clays is their high stability with minimal leaching of the active metal phase into the reaction me-
dium, which allows them to be used for a long time without loss of activity [24].

Conclusions. The pillaring of Karatau and Akzhar nature clays is achievedby using ZrCl,. The
catalysts obtained by Zrcations pillaring are highly efficient for the 4-nitrophenol oxidation reaction in
thediluted aqueous medium at mild conditions (323 K and atmospheric pressure). Pillared clays showed
higher catalytic activity in the oxidation of 4-nitrophenol than natural clays.Complete removal of the
contaminant after 4 hours is achievedwith pillared clay with zirconium is used as catalyst.The highest
conversion results were obtained with catalysts based on the Akzhar pillared clay.
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BUIFAJIBI KATATTHTHKAJIBIK CYTETT ACKEIHTOTHIKIIEH TOTBIKTEIPY APKBLIEI
4-HATPO®EHOJIEI 5)KAHA BAFAHAJIEI CA3BAJIIIBIKTAPALIH KOMETTMEH KOO

AnHoTanusA., AFBIHIB CYIAPIOBI TA3aPTYAAFBl 3CPTTCYJICPAIH Oip KOJBI - CYTeTi ACKBIHTOTBIFBIH KOJIIAHY
Oompm TabBImAABL. by kymbicta KaszakcraHHBIH ca30ammibikrapsl, JKamMObL1 oOMBICEIHBIH KapaTay koHe Axkap
IIOTiHIEPIH KOMIAHBIN, ZI' KATHOHBIMCH OHJICITCH OAFAHAIBI CA30ANMIBIKTAD HETi3HICTI KATATH3ATOPIAP ANbI-
HBIII, TACTAYIIBI PCTIHAC MOACTBIIK KOMITOHCHT OOJIBIN KCIICTIH 4-HUTPO(EHOFA TOTBIKTBIPY KYPri3imai. 4-HUTPO-
deHOMABI TOTBIKTHIPY Ke3ire Zr'" GaraHamsl ca30ammBIKTApEl TAOHFH Ca30ANIIBIKTAPFA KAPAFAHIA JKOFApHI OCII-
CCHALITIKTI KOPCETTi.

Tyiiin ce3mep: GaraHansl cazdaIMIBIKTAP, KATATH3ATOPIAP, BUTFANIBI KATAIMTUKAIBIK CYTETl aCKBIHTOTHIKIICH
TOTBIKTHIPY, CYTETi aCKbIHTOTHIFBL.
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HOBBIE CTOJBYATBIE I''ITMHbI AJIA YIAJTEHAA 4-HUTPOP®EHOJIA
IOYTEM MOKPOI'O KATAITMTHYECKOI'O OKHCJEHHUA NEPOKCHAOM BOAOPOJIA

Annortamust. OTHAM W3 PEIICHUH B H3YUCHHY OUHCTKH CTOYHBIX BOJ ABILICTCS OKUCICHHUE C TIOMOIIBIO TIEPOK-
cua Boaopoaa. B paGoTe GhImM MOy UeHbI KATATH3ATOPHI HA OCHOBE CTOJIOUATHIX TIIHH C KATHOHAMH Zr'', KOTOpHIC
OBLIM TOJIYUCHBI U3 TPHPOIHBIX TIHH KazaxcraHckux Mecroposkacauit Kaparay n Axokap YKamMObLICKkoit o0macTa, u
MIPOBEIACHO KAaTAMTHYCCKOE OKHUCICHUE 4-HUTPO(PEHOTA, KOTOPHIA UCTIOIH30BANIC B KaYECTBE MOJCIHFHOTO KOMIIO-
HEHTA 3arps3HuTeTs. CTONOUATHIC TTHHBI C Z1' NMOKA3a/MH 60Jee BRICOKYIO AKTHBHOCTB IO CPABHEHHIOC TPHPOIHEI-
MH TJIMHAMH TIPY OKUCICHUH 4-HUTPO()eHOIA.

KioueBnie ciioBa: cTondyaThie TIIMHBI, KaTadM3aTOPbL, KATAIHTHYESCKOS MOKPOCHCPOKCHIHOE OKHCIICHHE,
4-HATPO(EHOI, IEPEKICH BOJOPOA.
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