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DEVELOPMENT AND INVESTIGATION OF THE PROPERTIES
OF ORGANICALLY MODIFIED PAVLODAR CLAY MINERALS
FOR EFFECTIVE REMOVAL OF METHYLENE BLUE FROM THE
AQUATIC ENVIRONMENT

Abstract. Due to the increasing pollution of water resources by industrial emissions
in recent years, special attention has been paid to the development of effective and
affordable adsorbents. In this work, the ability of modified clay materials to remove
methylene blue (MB) from aqueous solutions using it as a model contaminant was studied.
Modification of the natural Pavlodar clay was carried out by interlayer grafting of dimethyl
sulfoxide (DMSO) and triethanolamine (TEOA). The process included the pre-introduction
of DMSO, the subsequent addition of TEOA at 180°C with an exposure of 2 hours and
drying at 60°C for 24 hours. The obtained materials were characterized by XRD, FT-IR,
elemental analysis, thermogravimetry (DTA and TGA) and specific surface area analysis
(SAA) methods. Adsorption tests were carried out at a concentration of MB 50 mg/I,
adsorbent doses of 0.25-2.5 g/l, and a temperature of 50°C. The modified clay showed high
efficiency: up to 97% of MB was removed within the first 15 minutes, and at a dosage of
0.5 g/, the removal rate was 85% versus 40% for natural clay. Adsorption remained high
over a wide pH range, which highlights the potential of such materials for practical
applications in wastewater treatment.

Keywords: adsorption, dimethyl sulfoxide, methylene blue, organoclays,
triethanolamine.
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Introduction. Dyes are colored organic compounds based on functional
groups such as the chromophore group (NR2, NHR, NH,, COOH, and OH) and
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auxochromes (N2, NO, and NO>). There are different classes of dyes used to color
various substrates, acidic dyes are commonly used to color silk, wool, modified
acrylic, and nylon. They are also used in cosmetics, paper, food, inkjet printing,
and skin coloring. The main classes of acidic dyes are azine, xanthene,
anthraquinone, triphenylmethane, nitroso, nitro- and azo dyes. Acid blue 2, acid red
57, methyl orange, orange (I, 1) are common acid dyes. The main dyes are used for
dyeing modified polyesters, modified nylons, polyacrylonitrile, as well as in the
paper industry and medicine. They are also used for tanning of cotton, silk and
wool [1]. This class of dyes is soluble in water and gives colored cations, they are
also called cationic dyes. The main classes are cyanine, thiazine, acridine, oxazine,
hemicyanin and diazagemicyanin, i.e. basic red 46, malachite green, basic yellow
28, crystalline purple, methylene blue, basic brown and basic red 9 are the main
dyes. Dispersed dyes are used on cellulose acetate, nylon, acrylic fibers and
cellulose fiber. These are non-ionic dyes, insoluble in water and from aqueous
solutions, also used for acrylic fibers. The main classes are benzodifuranone, nitro,
styryl, azo, and anthragquinone groups, and some common examples are dispersed
yellow, dispersed blue, dispersed orange, and dispersed red. Direct dyes are used
for dyeing leather, cotton, viscose and in the paper industry. These dyes have an
affinity for cellulose fiber if the dyeing process takes place in an aqueous solution
containing electrolytes. The main classes are oxazine, stilbenes, and polyazo
compounds. Examples are straight orange 34, straight black, straight purple and
straight blue, etc. Reactive dyes are used for nylon, wool, as well as cellulose and
cotton fiber. The chromophores in these dyes are phthalocyanine, azo, and
triarylmethane, and a covalent bond is formed between the dye and the fiber.
Common examples are reactive yellow 2, reactive red, remazole and reactive black
5, etc. Vat dyes are used for dyeing wool, viscose fibers, linen wool and cotton
(mainly on cellulose fibers), i.e. indigoids, anthraquinone, etc.; vat dyes are
insoluble in water. Common examples of VAT dyes are VAT-green 6, VAT-blue
and indigo. Application of adsorption using clay sorbent (bentonite — 0.05-0.2; red
sludge — 0.025; Clinoptilolite — 0.14-0.29) Units/kg for wastewater treatment will
be economically efficient due to cost savings that are used when importing
commercial activated carbon (0.8-1.1 units/kg), natural zeolite (0.08 units/kg),
chitin (15-20 units/kg), chitosan (16.5-10 units/kg), crosslinked chitosan (5-10
units/kg). At the same time, from a technical point of view, the adsorption process
is also considered the best alternative for water and wastewater treatment due to its
convenience, ease of operation and design, as well as the fact that it helps to solve
the problem of high energy consumption (used in reverse osmosis and ultraviolet
sterilization) in most developing countries. there is not enough electricity [2]. A
wide variety of organic pollutants (residual dyes) enter various water bodies from
various sources, such as the pharmaceutical industry, the pulp and paper industry,
the leather industry, the bleaching industry, the textile industry, and other
anthropogenic activities. Currently, there are about 100,000 dyes on sale (azo dyes
account for about 70% by weight of these dyes), and more than 1 million tons of
dyes are produced per year, of which 50% are textile dyes. According to one
estimate, 2% of the dyes produced end up directly in water waste, 10% is lost
during subsequent staining, and 20% of these colored compounds enter the
environment through waste [3]. Data on the percentage of various dyes on various
substrates and their release in wastewater.

Materials and methods. Materials and Reactants. Two natural clays were
collected at the clay deposit of Kazakhstan in the city of Pavlodar, namely Pavlodar
clay and Pavlodar clay. Dimethylsufoxide (DMSO, C;HsOS ,99.5%) was supplied

207



A.M. Serikbayeva,
K.R. Toktybayeva, E.N. Abdulova,
R.U. Baigulova, T.K. Akilov,
T.G. Helder, M.S. Kalmakhanova

Chemical Technologies P.206-214

by Stanlab PURE, dioxane (C4H4O2, 99.5%) was supplied by DiAKIT, isopropanol
(CsHgO, 99.7%) was supplied by Chemistry and Technology, TEAO
(CsH15NO3,95%) was supplied by Tomas.kz. Methylene blue (98%) was supplied
by Merck. All reactants were used without any modification.

Development of materials. For the manufacture of a material with adsorption
properties, two natural clays from the Pavlodar deposits were used, named as
Pavlodar and Pavlodar. The natural clay was first grind into powder in a mill and
sieved through a sieve No. 0.063. To modify the natural clay, 6 g of the clay was
initially suspended in 6 L of water and then added to a mixture containing 30 mL
of DMSO and 2.5 mL of water. The suspension was kept under magnetic stirring at
a temperature of 80°C for 5 days, and then the mixture was left at room
temperature for 2.5 days. The resulting material was extracted after two series of
centrifugation using first dioxane (2x25 mL), and then isopropanol (2x25 mL). The
product, named K-DMSO (K standing for the chosen clay), was dried at 50°C,
leading to two modified clay: Pavlodar-DMSO. Then, 1 g of K-DMSO was added
to 6 g of TEOA and stirred at 180°C for 2 h, and then washed with isopropanol
(3%50 mL). The resulting material (K-TEAO) was dried at 50°C for 24 h, leading
to Pavlodar-TEAO.

Characterization of Materials. The textural properties of the materials were
determined by analysis of N, adsorption-desorption isotherms at 77 K, obtained in
a Quantachrome NOVATOUCH XL4 adsorption analyzer using procedures
reported elsewhere [4-6]. All calculations were carried out using the software
version NovaWin 11.02. Prior to analysis, the materials were degassed at 120°C for
16 hours. The surface areas (Sger and Siangmuir) Were determined using the methods
of BET and Langmuir at p/p0 in the range 0.05-0.35. The total pore volume (Votar)
was determined at p/p0 = 0.98. Thermogravimetric analysis were performed on a
derivatograph of the company “MOM” — Budapest (Hungary). The method used is
based on the recording by the device of changes in the thermochemical and
physical parameters of a substance that can be caused when it is heated. The
thermochemical state of the sample is described by the curves: T (temperature),
DTA (differential thermoanalytical), TG (thermogravimetric) and DTG
(differential thermogravimetric), the latter curve being a derivative of the TG
function. The analysis of the materials was carried out carried out in air
atmosphere, in the temperature range from 20 to 1000°C with a heating rate of
10°C min™.

Adsorption process and analytical methods. The methylene blue adsorption
tests were carried out adding 0.125 g of adsorbent (natural and modified clays) to
50 mL of a methylene blue solution of 50 mg/L with a total contact time of 8 h.
Sampling was undertaken at predetermined intervals (0, 15, 30, 60, 120, 240, 360
and 480 min). Tests with different pH values of the methylene blue solution were
considered (pH 1, 3, 6, 9 and 12). The adsorption tests also considered variations in
the concentration of the adsorbent (2.5, 0.5 and 0.25 g/L) and variations in the
concentration of methylene blue solution (50, 100 and 500 ppm). The adsorption of
methylene blue was monitored using a UV-VIS spectrophotometer.

Research results and discussion. Thermal analysis (DTA and TGA). As a
result of the dynamic heating of these samples, the curves DTA, DTG and TG
noted the manifestations caused by the occurrence of various types of reactions in
the system, reported in Figure 1. Among them are the processes associated with the
release of H,O and hydroxyls into the atmosphere during the decomposition of clay
minerals, reactions with CO, emissions as a result of the combustion of organic
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matter, as well as during the destruction of calcite. During the thermal
decomposition of its mineral components, two pronounced effects were recorded,
associated with the decomposition of Gibbs (in the range of 20-200°C) and with
the dissociation of calcium carbonate (in the range of 400-725°C), as observed in
Figure 1a.
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Fig. 1. Thermogravimetrical analysis of (a) Pavlodar natural clay and (b) Pavlodar-
TEAO

The quantitative analysis are reported in Table 1. According to the
thermogravimetric curve, in the first case, Gibbs is dehydrated (in two stages) with
a weight loss equal to Am1-0.3%=1.7%, which corresponds to the presence of
8.1% of Gibbs in the Pavlodar modified clay under dynamic heating from 20 to
1000°C, leaving a series of endothermic manifestations on the DTA curve at 190,
260 and ~500°C and one exothermic peak in the 900°C region, Fig.1. These
endothermic reactions also took shape on the DTG curve in the form of clearly
defined peaks in the same temperature regions. Such processes are caused by
thermal dehydration of minerals that are part of the test sample. At these
temperatures, each such discharge from the water system left a corresponding step
of weight loss on the thermogravimetric (TG) curve, Table 1. According to the
atlas of thermal curves of minerals and rocks, the endothermic peak at 260°C is
caused by the decomposition of gibbsite (Gibbsit). Dehydration of this mineral, due
to the defect of its structure, proceeds in two stages. The total weight loss in this
case reaches the value of Am1l + Am2 = 8.58%, which corresponds to 13.1% of
gibbsite in the sample. Along with this mineral, kaolinite is present in the sample,
the diagnosis of which was carried out according to the above-mentioned signs -
according to the endothermic effect at 500°C and the exothermic manifestation
occurring at 900°C. The effect found in the 500°C region is caused by the removal
of constitutional water from the kaolinite structure. When heated, kaolinite leaves
on the DTA curve a weakly expressed endothermic manifestation in the range of
300-500°C and an equally weak exothermic peak in the region of 900°C. Thermal
dissociation of this mineral occurs together with the combustion of organic
matter(s). At the same time, kaolinite registers a weight loss of the modified
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Table 1

Thermogravimetric readings of the natural and modified Pavlodar clay and of the
modified Pavlodar clay, in the range of 20-1000°C

Material Weight loss Weight loss (%) Volatile Temperature range
sequence components °O

Aml 2.0 H,O 20-200

Natural Am2 0.875 OH 200-400
Pavlodar Am3 7.38 CO, 400-725
clay Am4 0.125 OH 725-1000
>'Am1000°C 10.38 H>0, OH, CO; 20-1000

Aml 6.66 H,0O 20-190

Modified Am2 2.58 OH 190-260
Pavlodar Am3 11.9 OH 260-700
clay Am4 0.66 OH 700-1000

> Am1000°C 21.8 H,O, OH 20-1000

N, adsorption-desorption

isotherms at —796°C. The Nz adsorption-

desorption isotherms of natural and prepared adsorbents are shown in Figure 2, and
the textural properties are reported in Table 2. The isotherm pattern was identified
as type IV [7] with loop hysteresis of type H3 [8], in accordance with the IUPAC
classification. Type IV shows that the material has a mesoporous character, and
loop hysteresis of type H3 shows the characteristics of a layered material with gaps
similar to the pores formed by a plate layer with a space between arrays of plates
[9]. This also implies that DMSO and TEOA can maintain the area between the
clay layers to remain supported to create a wider gallery.

160 4
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Fig. 2. N, adsorption-desorption isotherms at 77 K of the Pavlodar natural clays,
and their derived materials

Table 2
Textural properties of the materials
Sample SBeT SLangmuir Sext Vmic Votal Smic Wic
(m’g™) (m’g™) | (mg?) | (em*g") | (em’g?) | (m’gh) | (nm)
Pavlodar 20 20 20 0 0.1200 0 -
Pavlodar- 16 17 16 0 0.0660 0 -
DMSO
Pavlodar- 11 12 11 0 0.0500 0 -
TEAO

Scanning electron microscopy (SEM). Scanning electron microscopy (SEM)
images of the original and modified clays are shown in Figure 3. There are obvious
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differences in the morphology between the original and the modified clays. The
SEM images showed that kaolinite has a facial aspect, manifested in its typical
hexagonal plates and stacks [10]. The Pavlodar clay modified with TEOA retains
this aspect, but the size of kaolinite particles has been reduced due to intercalation
of TEAO molecules. The modified clay has more spongy particles, this behavior
occurs due to changes in the surface charge of the particle and the time spent on the
preparation of this material.

-« ‘-&!. i g
¥ i~
» 20KV X000 10;:' 3

-1
X5,000 5um 10 55 BES

a) Pavlodar . b) Pavlodar-TEAO

Fig. 3. SEM images of the (a) Pavlodar natural clay, (b) Pavlodar-TEAO clay

Adsorption of methylene blue. Effect of modification. Figure 4. shows that
the ability of adsorption of methylene blue by the natural clay and by Pavlodar-
TEAO present similar results under the chosen operating conditions, in which the
adsorbed methylene blue is stable at 96-97% for all adsorbents. This means that the
adsorbents have the same adsorption rate of methylene blue under the same
operating conditions. In addition, it can be said that the adsorption process is
completed in the first minutes of contact between the adsorbent and the methylene
blue solution, since additional time does not increase the amount of adsorbed
methylene blue. The number of active centers on an empty adsorbent leads to the
fact that at first the adsorption process proceeds quickly, and then becomes
constant. Due to this observation, it is anticipated that the adsorbent dosage is
superior to what maybe needed for an efficient adsorption process. Accordingly,
the study of adsorbent dosage was performed to confirm.

—=— Pavlodar source
—e— Pavlodar MOD 1
—a— Pavlodar MOD 2

50

W IS
S S
L L

N
S
!

I

C[MB]mg/L

Time(min)

Fig. 4. Effect of clay modification on adsorption of methylene blue. Conditions:
[M B]0=50 mg/L, Cadsorbent:2.5 g/L, TZSOOC, pH:30

Effect of adsorbent dosage. The adsorbent dosage ranged from 2.5 to 0.25 g/l
for both natural Pavlodar clay and clay modified with TEAO (Figure 9). At 2.5 glI,
natural clay showed rapid adsorption: in the first 15 minutes, more than 98% of
methylene blue was removed (according to Figure 5). However, when the dosage
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was reduced to 0.5 g/l, the effectiveness dropped sharply to 35%, and at 0.25 g/l —
to 21%. In contrast, modified clay (Pavlodar-TEAO) at the same doses (0.5 and
0.25 g/l) demonstrated significantly better efficiency: more than 90% of MB was
removed in both cases. Therefore, 0.25 g/l was chosen as the optimal dose for
further research.

—=—25
100 4 —e—0.25
—— 05

| —v— 0.25 mod
80 | —4— 0.5mod.

Time(h)
Fig. 5. Effect of adsorbent concentration on methylene blue adsorption by Pavlodar
and Pavlodar-TEAO. Conditions:
[M B]0:50 mg/L, Cadsorbent:O.25 -2.5 g/L, T=50 OC, pHO:30

Effect of concentration of methylene blue. Figure 6 shows the dependence of
the efficiency of adsorption of methylene blue on natural Pavlodar clay and its
modification with TEAO on the concentration of the dye. As the concentration of
methylene blue increases, the percentage of adsorption increases until the
maximum capacity of the adsorbent is reached. The optimal concentration is 50
mg/Il. At high concentrations, natural clay exhibits greater adsorption capacity than
modified clay, due to its ability to expand and absorb dye molecules. The modified
clay has a rigid porous structure that limits diffusion. The diameter of the
methylene blue molecule (13-15 A) and the pore size of clays (30.5 A) ensure
effective penetration of the dye into natural clay. The adsorption mechanism is
based on the diffusion of molecules into the pores and galleries of the material.

500 4 —=— MB-50mg/L
—e— MB-100mg/L
—&— MB-500mg/L

Time/min
Fig. 6. Effect of the initial concentration of MB with the Pavlodar -TEAO clay.
Conditions: Cagsorbent=0.25 gL"*; [MB]o=50, 100, and 500 mgL*; T=50°C ; pHo=3.0

Adsorption is the result of complex interactions between adsorbate
molecules and functional groups on the surface of the adsorbent. The main active
centers are hydroxyl and silanol groups, the effectiveness of which depends on the
structure and chemical composition of the surface. Modification of clay enhances
the active centers. For methylene blue, the key is a nitrogen atom with an unshared
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pair of electrons. The mechanism of adsorption includes diffusion, electrostatic
interactions, hydrogen bonds, and ion exchange.

Conclusion. Natural and modified clays are economically available and
effective adsorbents for removing dyes from wastewater. Modification of clay
using the tertiary amine TAO has significantly increased its adsorption capacity,
despite the absence of significant changes in textural properties. The increased
efficiency is explained by the introduction of nitrogen-containing functional groups
that play the role of active Lewis centers, which enhance interaction with
methylene blue molecules. This was especially evident in the modified clay
“Pavlodar-TEAO”, which showed high efficiency in cleaning aqueous solutions.
These results indicate the potential for developing inexpensive and efficient water
treatment technologies based on modified clays. At the same time, additional
studies are needed for real use, including an assessment of environmental safety in
the presence of various micro-pollutants in low concentrations.
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KACUETTEPIH 93IPJ1EY OHE 3EPTTEY

AHaartna. CoHfbl XKbl4apbl CYy pPecypCcTapbiHbIH, OHEPKCINTIK WblFapbIHAbINAPMEH
NACTaHybIHbIH, apTyblHa 6aNAHbBICTbI TUIMA[ KoHE KO KeTimai aacopbeHTTepai AambITyFa
epeKkle Hasap aygapbiiagbl. byn )kymbic moauduKaumanaHfaH ca3 maTepuangapbiHbiH,
meTuneH KekiH (MB) Cynbl epiTiHainepaeH moaenbAik nactaylbl 3aT peTiHAE afbin Tactay
KabinetiH 3epTTeni. Tabufn MaBnogap casblH MogubuUKaumanay AUMETUNCYNbPOKCUATI
(AMCO) xoaHe TpuatTaHonamuHgi (TEOA) KabaTTbl ery apKbiabl Kyprisingi. Mpouecc DMSO-
Hbl angblH-ana eHrisyai, cogaH KeliH TEOA-Hbl 180°C TemnepaTypafa 2 cafaTTbiK
3KCno3numMaMeH Kocyapl kaHe 60°C Temnepatypaga 24 cafaT 60lbl KenTipyai KamTbiabl.
ANblHFaH MaTepuangap peHTreHorpadus, WMHPPaKbI3bIA CNEKTPOCKOMNMUA, INEMEHTTIK
Tangay, Tepmorpasumetpus (DTA kaHe TGA) »KaHe MeHWIKTI 6eTTi Tangay agictepimeH
cunatTangsl. Aacopbumsa cbiHaKkTapbl mb KoHLeHTpaumackl 50 mr/n, agcopbeHT gosanapbl
0,25-2,5 r/n »aHe 50°C TemnepaTtypaga Xyprisinai. MoguoukaumanaHfaH cas »ofapbl
TUIMAINIKTI KepceTTi, anfawkbl 15 muHyT iwiHge 97% MK sxonbingbl, an 0,5 r/n gosaga
KO KblAgamablbl Tabusn cas ywiH 40%-fa Kapcbl 85% Kypaabl. Agcopbumnsa PH-HbIH, KeH,
ayKbIMbIHAQ KOFapbl 60abIN Kanagbl, Oyn afblHAbl CynapAbl TasapTyAa NPaKTUKAAbIK
KO/A@HY YLLUiH OCbIHAAN MaTepuanaapablH, aneyeTiH KepceTeai.

Tipek ce3saep: azcopbumsa, aMMeTUACYIbOOKCUA, METUNEH KOK, OPraHOI/IMH,
TPUITAHONAMMH.
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PA3PABOTKA U UCCNIELOBAHUE CBOMCTB OPTAHUYECKU MOANDULUPOBAHHbIX
NAB/NOAAPCKUX TMUHUCTbIX MUHEPA/IOB ANA 9®PEKTUBHOIO YAA/IEHUA
METUNEHOBOIO CUHErO U3 BOLHOW CPEAbI

AHHOTauma. B cBA3M c pacTywum B nocnegHuve rogbl 3arpA3HEHMEM BOAHbIX
pecypcoB MNPOMbIWIEHHbIMX Bblbpocamn ocoboe BHMMaHME yaensetca paspaboTke
3¢ dEeKTUBHbIX M AOCTYMHbIX MO UeHe apcopbeHToB. B 370K paboTe Oblna M3yyeHa
CNocobHOCTb MOAMDULMPOBAHHDBIX FTIMHUCTBIX MaTePMasnoB yaansTe METUAEHOBbIA CUHUIA
(MB) "3 BOAHbIX PacTBOPOB, MCMO/Ib3YA €ro B KA4YecTBe MOAE/IbHOro 3arpAsHAOLWEro
Belwectea. Moaudukaums npuUpPoAHON NABNOLAPCKON [IMHbI NPOBOAMAACL MyTEM
NOCNOWHOW NpPUBMBKM aAumeTuncynbdokenga (AMCO) u TpustaHonamuHa (TEOA).
Mpouecc BKAOYaN npeasaputensHoe eeegeHne AMCO, nocneaytoulee aobasneHne TEOA
npu TemnepaType 180°C c BblAepPrKKOM 2 Yaca M cyLwwKy npu Temnepatype 60°C B TeyeHune
24 yacoB. [lonyyeHHble  maTepuanbl  OblAM  OXapaKTepuM3oBaHbl  MeToZaMMu
peHTreHorpaduu, MHbpaKkpacHom CMeKTpocKonuu, 3/IEMEHTHOTO aHaNn3a,
TepmorpasmumeTpumn (DTA n TGA) 1 aHanusa yaenbHoi nosepxHocTn (SAA). UcnbiTaHuA Ha
aacopbumio NpoBOAMAK NPU KOHLUEeHTpauuu MB 50 mr/n, aosax agcopbenta 0,25-2,5 r/n n
Temnepatype 50°C. MoamMduuMpoBaHHaA IIMHA NOKa3ana BbICOKY 3PPEKTUBHOCTb: A0
97% MC ypansnocb B TeyeHue nepsbix 15 mMUHYT, a npu aosuposke 0,5 r/n ckopocTb
yAaneHus coctasnana 85% npotms 40% Ana HaTypanbHOW rMHbL. AZcopbuma octaetcs
BbICOKOI B LUMPOKOM Amana3oHe pH, 4To noayvepkMBaeT MOTEHLMAN TaKMX mMaTepuanos
ONA NPAaKTUYECKOro NPUMEHEHMUA B OYUCTKE CTOYHbIX BOA,

KnwoueBble cnosa: aacopbums, pumMeTUNcyNbdOKCUA, METUIEHOBbLIA CUHUNA,
OpraHorivHa, TPU3TAaHOIAMMUH.
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