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MAGNETIC CLAY SORBENT FOR THE REMOVAL OF DYES FROM AQUEOUS SOLUTIONS

Background. Saponite is low-cost sorbent and is effective for removal of organic pollutants, dyes, heavy metal ions
from water. However, saponite sorbents are not widely used. The saponite particles waste is removed from the
solution after sorption process with considerable difficulties due to their high dispersion. To overcome this difficulty
clay particles can be magnetized by magnetite, then by simple procedure (magnetic separation) removed from the
water.

Objective. The purpose of this article is synthesis magnetically controlled sorbents based on saponite and magnetite
(Fe;0,) by different schemes; the characterization of obtained sorbents and determination of their adsorption properties
towards dyes; choice of magnetic module design.

Methods. In the paper modern physic-chemical and experimental research methods were used: X-ray fluorescence,
X-ray analysis, physical adsorption/desorption of Nitrogen, sorption and magnetic separation process.

Results. It was found that magnetic modification (in an amount of 2 % magnetite by weight) of saponite by impregnation
method allows obtaining mesoporous sorbents with good sorption and magnetic properties. The detected adsorption
capacity of magnetically sorbents for all types of dyes (anionic, cationic and nonionic) was 1.5—2.5 times bigger than
that for native saponite.

Conclusions. It is shown that modification of saponite by magnetite not only improves its magnetic properties, but
also increases its absorption characteristics (specific surface area, sorption capacity). The impregnation method allows
obtaining magnetic clay sorbent with better sorption and magnetic characteristics. The pyramid magnetic module was

the most effective magnetic module design for deposition of spent magnetic sorbent.
Keywords: saponite; magnetite; dyes; magnetic clay sorbent; adsorption; magnetic separation.

Introduction

The rapid development of textile, light, prin-
ting and other industries raises the question of was-
tewater purification of organic dyes which relate
mainly to highly toxic substances. Wastewater from
these industries poses serious environmental prob-
lems and hazards for human and animal health.

The dyes removal methods are included: coa-
gulation [1], oxidative methods [2], biological treat-
ment [3], sorption methods [4] and so on. Among
these methods the adsorption is the most effective
for deep removal of dyes from aqueous solutions [5].
Activated carbon, synthetic adsorbents, silica gel,
alumogel are used as sorbents [6, 7]. However, the
use of activated carbon and synthetic sorbents in a
large scale is economically burdensome, so we
need to find new effective and inexpensive sorption
materials. In our opinion, natural clay minerals, in
particular, saponites satisfy these requirements.

Saponite is a natural aluminum magnesium
silicate of the montmorillonite group with a layered
subclass (type 2:1). Saponite has chemical formula
NaMg;[AISi;0,,](OH),-4H,0. Saponite is cheaper
than synthetic sorbents and it can compete with
them in the efficiency of organic pollutants, dyes,
heavy metal ions removal from water [8—10].
However, saponite sorbents are not widely used.
The saponite particles waste is removed from the

solution after sorption process with considerable
difficulties due to their high dispersion. To over-
come this difficulty clay particles can be magne-
tized by magnetite, then by simple procedure
(magnetic separation) removed from the water.

It is known [11], magnetite has strong mag-
netic properties, such as saturation magnetiza-
tion J; = 451—454 kA'-m™', coercive force H, =
= 1.6 kKA-m™!, specific magnetic susceptibility y =
(0.18—1.28)-10"2 m*kg™". This gives reason to get
magnetic sorbents with a small amount of magne-
tite and, hence, low cost.

So, for creation of low-cost and effective sor-
bents it is suggested to modify the native saponite
by magnetite.

Formulation of the problem

The purpose of this article is synthesis of
magnetically controlled sorbents based on saponite
and magnetite (Fe;O0,) by different schemes; the
characterization of obtained sorbents and determi-
nation of their adsorption properties towards dyes;
choice of magnetic module design.

Materials and methods

The natural saponite clay is used for synthesis
of magnetically sorbents (MCS). It was crushed
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and sieved to a particle size less than 230 mesh
(63 um). The magnetite was obtained by chemi-
cal deposition from the aqueous solution of
FeSO,7H,0 and FeCl;;6H,0 (with ratio of
Fe**/Fe** = 2). Then solution of NH;-H,O (25 %wt.)
was added drop wise until the formation magnetite
Fe;O, (pH 9-10).

The synthesis of MCS samples was carried out
in two ways: co-precipitation and impregnation
methods. As a result were obtained MCS 2 and
MCS 3 (Fig. 1).

Co-precipitation
method

Impregnation
method

!

Y Synthesis of Fe;0,

Synthesis of Fe;04as a as a magnetic fluid
magnetic fluid in the presence
of saponite suspension (ratio
of magnetite:saponite — 1:50)

Triple flushing

i

\ Impregnation saponite by
Triple flushing magnetite as magnetic

:I fluid to reach sorption equi-
v librium (ratio of magnet-
Filtration
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l
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Y
MCS 2 MCS 3

Fig. 1. Scheme of the MCS synthesis

The mass content of chemical elements in the
saponite and MCS samples was determined by
EXPERT 3L analyzer by method of non-destruc-
tive energy dispersive X-ray fluorescence without
standards. Resolution of Si-PIN detector for line
K, K, =5.9 keV was 155 eV.

Powder X-ray diffraction (XRD) patterns of
sorbents were received using diffractometer Rigaku
Ultima IV, equipped with CuKa radiation (40 kV,
30 mA).

Structural and adsorption characteristics of
saponite and MCS samples were determined with
the automatic sorptometer Quantachrome Autosorb
(Nova 2200e) by physical adsorption/desorption of
Nitrogenin its boiling point (7' = 77 K).

Sorption properties of native saponite clay
and MCS samples were investigated by construc-
ting of adsorption isotherms and kinetic curves of
dyes: Malachite green (cationic triarylmethanedye),
Congo red (anionic diazodye) and Indigo carmine
(nonionic vatdye).

Magnetic separation process was studied in
magnetic modules of two designs: invariable (66 mT)
and variable strength gradient (from 20 to 200 mT)
of external magnetic field (EMF).

Results and discussions

Sorbents characterization. All samples (native
saponite clay, MCS 2, MCS 3) were characterized
X-ray fluorescence, X-ray analysis and physical ad-
sorption/desorption of Nitrogen. The results of
chemical composition simples of sorbents are given
in Table 1.

Table 1. Chemical composition of natural saponite clay and
MCS simples

Saponite MCS 2 MCS 3
Element
Mass fraction, %

Mg 5.3-6.2 4.1-4.3 44-5.1
Al 4.9-5.8 4.6—4.63 4.05-4.1
Si 20.7-24.7 23.03—23.4 | 22.62—26.00

S <0.2 <0.5 <0.01
Ca 24.6—24.9 20.5-23.6 | 22.00—23.16
Ti 2.2-3.1 2.4-2.7 2.32—-2.86
A% 0.2—0.2 0.18—0.2 0.13—0.18
Cr <0.01 0.07—0.08 0.06—0.09
Mn 0.77—-1.21 0.7—0.93 0.76—0.89
Fe 39.9—41.2 42.4—44.0 41.8—44.4
Ni 0.05-0.12 0.06—0.07 0.05—-0.06
Cu 0.11-0.14 0.10—0.11 0.08—0.12
Zn 0.09—0.18 0.1-0.11 0.08—0.1
Ga <0.02 <0.02 <0.02
Rb <0.02 <0.02 <0.02
Sr 0.05-0.1 0.02—0.03 0.03—0.05
Y 0.02—0.04 0.01-0.02 0.01-0.02
Zr 0.03—0.07 0.02—0.04 0.03—0.05
In <0.02 <0.02 <0.02

According to the datain Table 1, the iron
content in MCS 2 and MCS 3 increases and is
about 42—44 %. It is more than 2—4 % in saponite
(iron content was about 40-41 %).

The diffractograms of samples are presented
in Fig. 2. On diffractogram of native saponiteclay
(Fig. 2, curve I) phases identified: saponite, mont-
morillonite, calcite, quartz, iron (II) oxide. On XRD
pattern of MCS 2 (Fig. 2, curve 2) all phases of
native saponite were found, and also peaks for he-
matite (a-Fe,O;) and magnetite (Fe;O,) were de-
tected. On XRD pattern of MCS 3 (Fig. 2, curve 3)
all phases of nature saponite clay are also identified
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and peaks belonging exclusively magnetite Fe;O,
were found. The size of magnetite crystallites in
composite sorbents was 2—4 nm.
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Fig. 2. The XRD patterns of saponite clay (/); MCS 2 (2),
MCS 3 (3): « — NaMg;|AlSizO)](OH),4H,0, & —
CaCO3, h — SiOZ, - — FeO, - — F6203, * — Fe304

The structural and sorption characteristics as
measured by Nitrogen adsorption-desorption is lis-
ted in Table 2. The value of specific surface area of
modified saponite by nanoscale magnetite particles
is higher in comparison to natural clay. The share
of micropores and especially mesopores in MCS 3
sample has increased, what can be explained by the
formation of layered structure due to sorption
nanosized magnetite in macropores of natural ma-
terial.

So, the value of MCS 3 mesopores volume
was 60,5 % of the total pore volume. Thus, MCS 3
there is mesoporous sorbent with a maximum pore
diameter 4,0—4,5 nm (Fig. 3).

Table 2. Structural and sorption characteristics of simples
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Fig. 3. Dependence of pore volume (/) and pore size distribu-
tion dV/dlg(r) = f(r) (2) on radius for MCS 3

The predominant mesopores diameter of
MCS 3 is commensurate with characteristic size
molecules of organic dyes: for Malachite green —
1.3 nm, Congo red — 2.5nm, Indigo carmine —
1.2 nm. The geometric optimization of organic
dyes molecules has been carried out in Hy-
perChem program.

Adsorption experiments. The adsorption capa-
city of simples was found from isotherms of dyes
(Malachite green, Congo red and Indigo carmine)
and presented in Table 3.

According to the data in table 3, MCS samples
have higher adsorption capacity than native sapo-
nite. Also, it was found that MCS 3 was more ef-
fective at low concentrated water solutions (less
than 1 g/dm®). At the same time, the removal deg-
ree of Malachite green, Congo red, and Indigo
carmine by sample MCS 3 was 99.9, 97, 99 % re-
spectively. Based on these data the further adsorp-
tion studies were carried out only on the MCS 3.

Parameter Saponite MCS 2 MCS 3
Specific surface areasS, m?/g 34.6 40.7 51.0
Micropore surface area Spc.,, m2/g 9.6 17.20 15.2
External surface area S,,,, m*/g 25.1 23.5 35.8
Total pore volume V., sm?/g 0.125 0.134 0.139
Micropore volume V., Sm*/g 0.016 0.018 0.022
Mesopore volume V.., sm®/g 0.031 0.024 0.084
Macropore volume V.0, SM’/g 0.078 0.092 0.033
Average pore diameter d, nm 12.0 10.9 9.4
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Table 3. The adsorption capacity of natural saponite clay
and MCS simples

Malachite Congo Indigo
Simple green red carmine
I', mg/g
Saponite clay 105.7 30.7 62.1
MCS 2 202.1 76.9 127.6
MCS 3 159.1 73.1 110.3

Fig. 4 shows the kinetics of the adsorption
process dyes by MCS 3. As seen on Fig. 4 the
equilibrium was established for 60 minutes. MCS 3
is the most selective towards dyes of cationic type
(Malachite green).

120 «

100 150 200
T, min

Fig. 4. The residual dyes concentration depending on the sorp-

tion time on MCS 3: 4 — Malachite green; m — Congo

red; a — Indigo carmine

Magnetic separation. The two of magnetic mo-
dules designs were used for investigation of sapo-
nite and MCS samples deposition by magnetic se-

paration (Fig. 5). The initial concentration of sor-
bent particles was 2000 mg/dm?.
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Fig. 5. The magnetic modules designs: / — magnets; 2 — sorp-
tion reactor; 3 — body module: a — double row mag-
netic module with invariable strength of the EMF of
66 mT; b — pyramid magnetic module with variable
strength gradient of the EMF from 20 to 200 mT

The residual concentration of suspended par-
ticles of sorbents in two magnetic module designs
is given in Table 4. As seen in Table 4, magnetic
separation process of sorbent particles was more ef-
fective in pyramid magnetic module: the residual
concentration of sorbent particles in pyramid mag-
netic module was 2-3 times less in comparison to
double row magnetic module. Also, the residual
concentration in both modules for MCS 3 was less
than MCS 2, and for saponite clay it is more than
for two MCS samples.

The deposition rate of particles for the first
30 minutes was calculated and accounted 42, 61 and
66 mg/(dm>min) for saponite clay, MCS 2 and MCS 3
respectively. Thus, the deposition rate of MCS sam-
ples in 1.5 times more compared with saponite clay.

Table 4. The residual concentration of suspended particles sorbents after magnetic separation

Double row magnetic module Pyramid magnetic module
T, min Saponite MCS 2 MCS 3 Saponite MCS 2 MCS 3
C, mg/dm?

0 2000 2000 2000 2000 2000 2000
5 559 222 225 419 234 252
10 515 188 171 354 166 167
30 388 162 87 264 155 95
60 327 144 49 241 119 58
90 310 143 34 229 115 32
120 301 141 33 222 113 23
150 298 137 28 207 83 20
180 289 108 27 154 53 9
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Conclusion

It was found that modification of saponite by
magnetite in an amount of 2 % by weight not only
improves its magnetic properties, but also increases
its absorption characteristics (specific surface area,
sorption capacity). The impregnation method al-
lows obtaining magnetic clay sorbent with better
sorption and magnetic characteristics. The sample
(MCS 3) obtained by this method had removed
dyes better from low concentrated solutions (less
than 1 g/dm’).
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The adsorption properties of saponite clay and
MCS samples were studied towards cationic and
anionic dyes. The MCS 2 and MCS 3 had better
absorption properties. The pyramid magnetic mo-
dule was the most effective magnetic module de-
sign for deposition of spent magnetic sorbent.

In the future we plan to create magnetic com-
posite sorbents on different mineral matrices to re-
duce the cost of the final product.
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0O.B. Makapuyk, T.A. JoHuoBa, |.M. AcTpeniH

MAIHITOKEPOBAHWW COPBEHT HA OCHOBI MWHW AN BUOANEHHA BAPBHWKIB 13 BOOHUX PO3YMHIB

Mpo6nemaTtuka. CopbeHTM Ha OCHOBI CanoOHITOBOI FMWHWM € AeleBMMU i BOAHOYaC eMEKTUBHWMK BIiGHOCHO OpraHiuHMX
3abpyaHioBayiB, OapBHWKIB, iOHIB Baxkux metarniB. [lpoTe canoHiToBa rnMuHa sk COPOEHT LUMPOKO He BUKOPUCTOBYETLCH 4epes
cknagHicTb ii BuganeHHs 3 Boau nicnsi npouecy copbuii. [ns nogonaHHs Wiel TpYAHOCTi YaCTUMHKM MVHN MOXYTb OyTn MoaudikoBaHi
MarHeTMTOM, Lo A4acTb 3MOry NMerko BUaanuTu ix i3 Boau MarHiTHoK cenapadieto.

MeTta pocnigxeHHA. MeTO OOCMIAXEHHS € CTBOPEHHSI MarHiTokepoBaHMX COPOEHTIB Ha OCHOBI CanoHiTy i MarHeTuty 3a
pi3HMMM cxemaMmu, iX xapakTepuaauis Ta BUbip KOHCTPYKLiT MarHiTHOro mogyrns.

MeTtoauka peanisauii. bByno BrvkopuctaHo cyyacHi i3MKo-XiMiYHi Ta ekcrepMMeHTanbHi MeToau OOCHIAXEHHS: PEHTIEHIBCbKY
dnyopecueHLilo, pEHTTeHOCTPYKTYPHUI aHanis, isnuHy agcopbuito/gecopbuito a3oTy, ekcrnepumeHTanbHi 4ocnigpxeHHs 3 agcopbuii Ta
MarHiTHOi cenapadii.

Pe3ynbTaTtn gocnigxeHb. BcTaHoBneHo, wo moandikalisa canoHiTy marHeTuToM (2 % Big mMacu) MEeTogoM MPOCOYYBaHHS Oae
3MOry oTpumaTtyt Me30onopucTi copbeHT 3 BUCOKMMM COPOLINHMMM Ta MarHiTHAMKU BnacTuBocTAMU. BusBneHa apgcopbuiniHa emHicTb
MarHiTokepoBaHux copbeHTIB Ans BCiX TMNiB OapBHWKIB (aHIOHHMX, KaTiOHHWX i HeioHoreHHux) ctaHosuna B 1,5-2,5 pasy Ginblue, Hix
ANst HAaTUBHOrO CanoHiTY.

BucHoBku. [okasaHo, Wwo Moaundikalis canoHiTy MarHeTUTOM He Tinbku 36inbLuye WOro MarHiTHi BNacTUBOCTI, ane W nokpailye
COpOUINHO-CTPYKTYPHI XapakTepucTuki. MarHiTokepoBaHuii COPOEHT, OTpUMaHuin cnocobom NpocoYyBaHHsl, € Binbll edekTUBHUM Npu
BUMAaneHHi 6apBHUKIB i3 HU3bKOKOHLEHTPOBAHUX PO34uHIB 6apBHUKIB. Hanbinbl edekTMBHO MarHiTokepoBaHun copbeHT BuganseTbcs
B nipamiganbHOMy MarHiTHoMy mogyni.

KniouyoBi cnoBa: canoHit; marHeTuT; 6apBHUKM; MarHiTokepoBaHi copbeHTu; agcopbuis; marHiTHa cenapakis.

0O.B. Makapuyk, T.A. OoHuoBa, N.M. AcTpenuH

MATHUATOYMPABNAEMbBI  TNMHOCOOEPXALMA TMUHUCTBIN COPBEHT ANA YOANEHWA KPACWUTENEW W3
BOAHbLIX PACTBOPOB

Mpo6nematuka. CopbeHTbl Ha OCHOBE CanOHUTOBOM MMUHbI ABMAIOTCS AELWEBbIMA U OAHOBPEMEHHO 3(PEKTUBHBIMU NO OTHO-
LUEHMIO K OPraHUYecKUM 3arpsisBHATENsIM, KpacuTensm, MoHaM TsKenbiX MeTannoB. Tem He MeHee CanoHUTOBasi rMUMHa Kak copbeHT
LUMPOKO He UCNONb3yeTcs U3-3a CMOXHOCTW ee yaaneHusi 3 Boapl nocne npouecca copbumun. [ns npeogoneHnst aTon TpyaHOCTM Yac-
TULbI FMHBI MOTYT BbITb MOAUULMPOBaHBI MarHETUTOM, YTO MO3BOMMT JOCTATO4HO NErko YAanUTb MX U3 BOAbl MarHUTHOW cenapauuei.

Llenb uccnepoBaHnus. Llenbio uccnenoBaHus SIBNSIETCA CO34aHUME MarHUTOYNpaBrisieMbiXx COpBEHTOB Ha OCHOBE CarnoHWTa M
MarHeTuTa no pasfiMyHbLIM CXeMaMm, UX xapakrepusauusi n BbIbop KOHCTPYKLUMKU MArHUTHOrO MOZYISI.

MeTtoauka peanusaumu. Bbinu ncnonb3oBaHbl COBPEMEHHbIE (hU3UKO-XMMUYECKME 1 IKCMEPUMEHTarbHbIE MeToAbl UccneaoBa-
HWSA: pEHTreHoBCKas dpriyopecLieHUMsl, PEHTTeHOCTPYKTYPHbIN aHanuna, gmanyeckas agcopbums/gecopbumsa azoTa, IkCNnepuMeHTanbHble
nccrnenoBaHusi No agcopbumm n MarHMTHON cenapauun.

Pe3ynbTathbl uccnefoBaHUNi. YCTaHOBIEHO, YTO MOAMMUKALMSA CanoHUTa MarHeTUToM (2 % OT Macchbl) METOAOM MPOMUTKX NO-
3BOMSAET NOMY4YUTb ME3OMNOPUCTbIE COPOEHTBI C BbICOKMMYU COPOUMOHHLIMU U MarHUTHbIMU cBoMCTBaMu. OBHapyxeHHass agcopOuUnoH-
Has eMKOCTb MarHMToyrnpaBnsieMblXx COPOEHTOB Ans BCEX TUMOB KpacuTenen (aHUOHHbIX, KAaTMOHHbIX U HEMOHOreHHbIX) bbina B 1,5—
2,5 pasa 6onblue, Yem Ans NPUPOLHOro canoHuTa.

BbiBogbl. [TokasaHo, YTO MoaudMKaLuus CanoHUTa MarHeTUTOM He TOMbKO YBENMYMBAaET €ro MarHUTHble CBOWCTBA, HO U ynyuy-
LaeT COpOLMOHHO-CTPYKTYPHbIE XapakTepucTukn. MarHuToynpasnsieMbii COpOEeHT, NonyYeHHbI METOAOM NPOMUTKM, siBNsieTcst 6onee
apeKTMBHBIM NpY yaaneHun Kpacutenen U3 HU3KOKOHLLEHTPUPOBAHHbLIX pacTBOPOB kpacuTenen. Hambonee adpdhekTMBHO MarHuTo-
ynpaensieMbli cOpbeHT yaansieTcs B iMpamuaanbHOM MarHUTHOM Mogyrne.

KntoueBble crnoBa: CanoHWT; MarHeTUT; KpacUTENW; MarHUTOynpaBnsieMble COpGEHTLI; aacopbLuus; MarHUTHas cenapauusi.

PexomennoBana Pamoro Hapiitiia mo penakiii
XiMiKO-TE€XHOJIOTIUHOTO (haKyJIbTETy 3 nunng 2015 poky
HTVYY “KIII”
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