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Abstract: The sorption equilibriums of phosphate and thiocyanate anions on
isomorphic substituted Mg/Zn—Al-type hydrotalcites were investigated in this
study. Langmuir and Freundlich isotherms were used to interpret the equili-
brium data for phosphate. The sorption equilibriums of phosphate on Mg;Al,
Mg,ZnAl and Mg, sZn; sAl hydrotalcites were well described by the Langmuir
isotherm. The highest maximum sorption capacities for these adsorbents were as
follows: 111, 101 and 95 mg g'!'. The equilibrium constant and standard Gibbs
energy changes were also calculated from the sorption data. Standard Gibbs
energy changes of about —20 kJ mol! indicated that the process might be consi-
dered as physical adsorption. The sorption equilibriums of phosphate on iso-
morphic substituted samples of MgZn,Al and Zn;Al were well described by
the Freundlich isotherm. Thiocyanate showed a relative low affinity for the stu-
died materials, as indicated by both the “S”-shaped isotherms and low sorption
capacities. The sorption of phosphate and thiocyanate on the investigated hy-
drotalcites showed a continuous decrease of the sorption capacity in the follow-
ing order: Mg;Al > Mg,ZnAl > Mg sZn; sAl > MgZn,Al > Zn;Al.

Keywords: Mg/Zn—Al-type hydrotalcites; sorption; equilibrium; phosphate; thio-
cyanate.

INTRODUCTION

Layered double hydroxides (LDHs), h2ydrotalcite—type solids or anionic clays,
are described by the general formula [lexMi”L(OH)z]er( A%} ,)-mHp0, where
M is a divalent or trivalent metals and A"~ charge-compensating group.! The ge-
neral formula underlines the possibility of obtaining a large number of com-
pounds with different stoichiometry.

Many studies have considered the synthesis and characterization of LDHs
with a variety of divalent (Mg and/or Ni, Zn, Co, Zr) or trivalent (Al and/or Fe,
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Ga, Cr) metal cations within the layers of an LDH. Several kinds of charge-
-compensating group, mono- or multivalent (HO~, CO32-, NO3~, Cl-, SO42")
were intercalated at the interlayer of the LDH because the volume of the inter-
layer gallery is variable and the interlayer distance between adjacent layers is en-
hanced or reduced in proportion to the molecular size of the anion.2

There are numerous studies on synthesis, structure and physico—chemical
characteristics of these compounds.3—>

The layered double hydroxides, particularly anionic hydrotalcite compounds,
have gained a large importance for pollution abatement due to their sorption and
catalytic properties.6—11

The anion exchange properties of LDHs and the anion sorption ability under
the LDHs reconstruction process have been investigated for the removal of en-
vironmentally undesirable anions. Among oxyanions, the sorption of phosphate
species by LDHs has been the subject of many studies because of its conse-
quences for water pollution.!2-15 The presence of phosphate anions in surface
water leads to the serious problems of eutrophication, which requires a decrease
of the phosphate concentration to stipulated limits. Thiocyanate-containing was-
tewaters result from a variety of industrial processes, such as, herbicide and in-
secticide production, acrylic fibre production, manufacturing of thiourea, electro-
plating, etc. The removal of thiocyanates from wastewater is a necessity since
this anion is well-known as a priority dangerous pollutant.16

The aim of this work was to investigate the influence of the isomorphic sub-
stitution ratio Mg/Zn on the sorption equilibriums of phosphate and thiocyanate
on Mg/Zn-Al-type hydrotalcites.

EXPERIMENTAL

A series of hydrotalcite-type solids with various compositions were synthesized in order
to obtain various substitution ratios (rgp = 0.065 nm; 7z, = 0.074 nm). The M(II)/Mg
mole ratios were 0:3, 1:2, 1.5:1.5, 2:1 and 3:0.

The synthesis was performed by a classic procedure, the co-precipitation method, under
conditions of low supersaturation.” An aqueous 1.0 mol I'! solution of nitrates, i.e.,
Zn(NOs3),-6H,0, Mg(NO53),-6H,0 and AI(NO5);-9H,0 (Sigma), was slowly added to a solu-
tion of NaOH, under magnetic stirring. The pH was maintained between 7.0 and 7.5 (Hanna
HI 991003 pH-meter).

The mixing step was performed under stirring for 1 h at room temperature and then on an
oil bath at 60 °C under reflux for 18 h. The hydrotalcite powders were isolated by centrifu-
gation and washed several times with demineralised water until pH 7.0. This step was
followed by drying at 80 °C overnight. Then the dried samples were ground and sieved. The
fraction between 0.060 and 0.125 mm was used as an adsorbent. The sample activation was
performed in an oven at 500 °C in air and a heating rate of 1.0 °C min"! for 4 h.

All sorption experiments were performed on activated Mg/Zn—Al hydrotalcite samples.
To study the retention capacity at equilibrium, identical quantities of synthesized solids were
contacted with identical volumes of aqueous solutions containing phosphate and thiocyanate,
the initial concentrations of which ranged from 10 to 500 mg I"! for phosphate and from 5.0 to
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100 mg 1! for thiocyanate. The solution pH was 7.0£0.2 and the solid/liquid ratio was 1.0 g I'".
The samples were maintained at a constant temperature (25+1 °C) in a thermostated shaker
bath for 12 h to reach sorption equilibrium. The kinetic studies preceded the determination of
the equilibrium isotherm in order to determine the time demand for attaining thermodynamic
equilibrium.

At equilibrium, the solid was separated by centrifugation and the phosphate and thiocya-
nate concentration in the supernatant was analysed by using a Varian Carry 50 UV-Vis spec-
trophotometer. The phosphate concentration in the aqueous solution was determined at 450 nm
in line with the vanado-molybdate method.!” The concentration of thiocyanate was also deter-
mined spectrophotometrically at 475 nm.!8

X-Ray diffractions patterns were recorded on a Philips PW 1830 power diffractometer
(45 kV, 25 mA) using Ni filtered Cu,, (0.154 nm) radiation.

The thermal analysis was performed under an inert atmosphere (nitrogen), from 20 to
990 °C, at a heating rate of 10 °C min'! using a TG 209 analyzer (Netzsch, Germany). A
Proteus Analysis (Netzsch) program was used for data processing.

RESULTS AND DISCUSSION

Samples characterization

The X-ray diffraction analysis enabled the computation of the unit cell para-
meters a and ¢, which highlighted the rhombohedric symmetry of the synthesized
hydrotalcite-like compounds (Table I).

TABLE I. Parameters of the cell unit, a and c, for the synthesized samples

M(I)/Mg mole ratio Sample alA cl/A Symmetry
3 Zn3Al 3.03 22.94 3R
2 Zn,MgAl 3.03 23.06 3R
1 Zn, Mgl 5Al 3.03 23.20 3R
0.5 ZnMg,Al 3.04 23.25 3R
0 Mg;Al 3.04 23.37 3R

The a parameter corresponds to the cation—cation gap within the brucite layer
and the ¢ = 3¢’ parameter is the thickness of the layer made of a brucite-like film
and an interlayer. The numbers are characteristic of a rhombohedric symmetry
and they were calculated using the following relationships:

1/d* = 4/3(h*+hk+iP) a* + Pl (1)
where:
d= A/2 sin @and A= 1.54051 A )

The influence of the degree of isomorphic substitution on the thickness of
the layer can be seen.

In addition, the thermal behaviour of the samples was influenced by the de-
gree of isomorphic substitution, indicating changes in the hydroxyl surface struc-
ture (Table II). Firstly, dehydration occurred due to the loss of adsorbed water
molecules in one minor step at 100 °C. The second step was caused by the loss of
interlayer water molecules in the Mg3Al sample at about 212 °C. For the Zn-sub-
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stituted samples, the temperature of this step was lower. In addition, the dehydro-
xylation of the Mg/Zn/Al hydroxide sheets and decarbonisation decreased with
increasing Zn content.

TABLE II. Thermal analysis results

Mg/Zn mole ratio

Stage 3:0 2:1 1.5:1.5 1:2 0:3
o~ Massloss . Massloss .. Massloss . Massloss . Massloss
t/°C % t/°C o t/°C o t/°C % t/°C o
1 100.0 235 100.0 229 894 204 100.0 2.17 100.0 1.40
2 2122 12.67 1758 816 100.0 261 183.1 985 1765 9.01
3 379.0 31.85 3023 1556 1826 9.01 270.5 17.80 216.6 14.62
4 - - 3632 2389 261.0 17.01 372.1 2842 - -

Sorption equilibrium of phosphate on Mg/Zn—Al-type hydrotalcites

The results showed that for the Mg3Al sample, at the upper limit of the equi-
librium concentration range, the sorption capacity for phosphate remained practi-
cally constant (Fig. 1). Thus, the equilibrium was well described by the Langmuir
isotherm (Eq. (3)):

de = qmaxKrce/(1 + K ce) (3)
where ¢ is the quantity of anion sorbed at equilibrium (mg g1), gmax is the
maximum sorbed quantity (mg g 1), c. is the equilibrium concentration (mg I-1)
and K7 is the equilibrium constant (1 mg1).

The Henry domain was also well defined for this situation.

120

100
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0 100 200 .:1300 400 Fig. 1. Sorption isotherm of phosphate on
c,/mgl

Mg;Al hydrotalcite.

The experimental data obtained from the sorption of phosphate on Mg/Zn—
—Al-type hydrotalcites (Figs. 2-5) were interpreted by means of the Langmuir
(full line) and Freundlich (dotted line) isotherms (Egs. (3) and (4)):
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ge = acl “
where g, and c. have the same meaning as previously mentioned; and & and S
are constants.

The isotherms for the sorption of phosphate on MgrZnAl and Mg; 5Zn1 sAl
hydrotalcites (Figs. 2 and 3) displayed a typical Langmuir plateau, while those
for MgrZnAl and Zn3Al hydrotalcites (Figs. 4 and 5) did not reach the plateau at
up to 450 mg 1-1, the maximum equilibrium concentration employed in this study.
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Fig 2. Sorption isotherm of phosphate on Fig. 3. Sorption isotherm of phosphate on
Mg,ZnAl hydrotalcite: full line — Langmuir Mg, 5Zn; sAl hydrotalcite.

isotherm; dotted line — Freundlich isotherm.
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Fig. 4. Sorption isotherm of phosphate on Fig.5. Sorption isotherm of phosphate on

MgZn,Al hydrotalcite. Zn3Al hydrotalcite.
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On analysing the results, it followed that the Mg3zAl sample had the best
sorption behaviour. The maximum sorption capacity of phosphate on this adsor-
bent was 111 mg g-1. In addition, as the isomorphic substitution degree increa-
sed, the sorption capacity decreased continuously. This finding is in agreement
with the low values of cell unit parameters, which impeded the access of phos-
phate ions to the space between the brucite layers (Table III).

TABLE III. The sorption equilibrium characteristics of phosphate on Mg/Zn—Al-type hydro-
talcites

Langmuir isotherm Freundlich isotherm

Sample gmax  Equilibrium constant, K1 A,4G® (298 K)

mgg!  |mg! 103 1 mol'! kJ mol! s
Mg;Al 111 0.107 10.1 229 - -
Mg,ZnAl 101 0.066 6.25 —21.7 25.4 0.239
Mg, sZn; sAl 95 0.033 3.14 -20.0 18.2 0.273
MgZn,Al 79 0.027 2.56 -19.4 15.3 0.263
Zn;Al 76 0.023 2.19 -19.1 12.3 0.290

For all samples, in the low concentration range, a decrease in the slope of the
Langmuir isotherm with increasing degree of substitution of Mg2* by Zn2* could be
seen. This decrease might be attributable to the decrease of the phosphate affinity
of the hydrotalcites within the Mg/Zn—Al series. Both the decrease of the isotherm
slope and the maximum sorption capacities led to the following order for phos-
phate affinity for the studied hydrotalcites:Mg3zAl > MgrZnAl > Mg 5Zn; sAl >
> MgZny Al > Zn3Al.

The Langmuir model allowed the computation of the sorption equilibrium
constant, K1, and standard Gibbs energy change, AyqsG° (298 K). The equili-
brium constant decreased by a factor of 1.4 from Mg3Al to Zn3Al, showing that
the sorption process was not favoured as the degree of substitution of Mg2* by
Zn2" increased. In accordance with the calculated standard Gibbs energy changes,
about —20 kJ mol~!, the process could be considered as physical adsorption. !5

An examination of the Langmuir isotherms showed that there was deviation
from the experimental data at higher isomorphic substitution ratios (MgZnyAl
and Zn3Al). The sorption equilibrium of phosphate on these samples followed
the Freundlich isotherm closely. In addition, the interpretation of experimental
results using the Freundlich isotherm can be justified by the fact that advanced
wastewater treatment does not assume operation at the quite high concentrations
used in this study.

In all cases, both the subunit £ (Table III) and the A,qsG° (298 K) values
underlined that the interaction forces between phosphate and the studied adsor-
bents were weak and thus the process was physical adsorption.!3
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Sorption equilibrium of thiocyanate on Mg/Zn—Al -type hydrotalcites

The experimental sorption isotherms for thiocyanate are shown in Fig. 6
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%@/ Fig. 6. Sorption isotherms for thiocyanate
01— on: Mg;Al (m); Mg,ZnAl (0); Mg, sZn; sAl

(A); MgZnyAl (V); Zn;Al (e). Lines are

Ce(mg/L) drawn to guide the eye.

By analysing the sorption isotherms, their “S” shape is immediately obvious,
which suggests low affinity of thiocyanate for the studied hydrotalcites. This find-
ing was also highlighted by the values of the sorption capacities, e.g. 38 mg g1
for MgzAl and 13 mg g! for Zn3Al, at the maximum equilibrium concentration
employed in this study (60 mg I-1). These results are in accordance with the lite-
rature,!5-19 concerning the affinity of monovalent ions for hydrotalcites as oppo-
sed to polyvalent ions, which showed a lower affinity. In addition, the values ob-
tained for the sorption capacity of thiocyanate anion are comparable with those
reported by other authors. 14

For a given equilibrium concentration, there was a 3-times continuous de-
crease of the sorption capacity in the following order: Mg3zAl > MgyZnAl >
> Mg 5Zny sAl > MgZnyAl > Zn3Al, which emphasizes the negative influence
of the isomorphic substitution by Zn2* within the brucite layer on the retention of
thiocyanate.

By comparing the sorption of the two anions on Mg/Zn—Al-type hydrotal-
cites, it follows that phosphate sorption occurred with good results, highlighted
by the values of the maximum sorption capacities, while thiocyanate sorption
was ineffective; the affinity of the studied adsorbents for this anion was poor.
The results are in accordance with literature data,!® which reported that the affi-
nity of hydrotalcites for monovalent anions was modest. Another finding referred
to the negative influence of zinc substitution into the brucite-like layer.

CONCLUSIONS

The equilibrium of phosphate and thiocyanate sorption on Mg/Zn—Al-type
hydrotalcites was studied under various Zn/Mg substitution ratios.
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Langmuir and Freundlich models were applied to characterize the equili-
brium of phosphate sorption on Mg/Zn—Al hydrotalcites.

The Langmuir isotherm can be used to describe all adsorption equilibriums
but with increasing substitution of Mg2"™ by Zn2", the deviation of the experi-
mental points from the theoretical curve increased. For MgZn,Al and Zn3Al hyd-
rotalcites, the experimental data were better described by Freundlich isotherms.

The highest sorption capacity for phosphate was attained with the Mg3Al
sample (111 mg g1). Phosphate adsorption on hydrotalcites within the Mg/Zn—Al
series indicated a decrease of the maximum sorption capacity as the Zn/Mg sub-
stitution ratio increased.

Expressing the equilibrium data using the Langmuir model allowed the com-
putation of the sorption equilibrium constant, K7, and the standard Gibbs energy
change, A,qsG° (298 K). Based on results, the process can be considered as phy-
sical adsorption.

This finding was confirmed with the assessment of the constant £, which
was determined based on the Freundlich isotherm for MgZnyAl and Zn3Al.

The experimental sorption isotherms of thiocyanate showed a lower affinity
for Mg/Zn—Al series as compared to phosphate. For a given equilibrium concen-
tration, there was a continuous decrease of the sorption capacity in the following
order: Mg3Al > MgyZnAl > Mg 5Zn; sAl > MgZnoAl > Zn3Al.

Acknowledgments. The results were obtained as part of the activities of Project CEEX
No.1/S1-2005, under the auspices of the MATNANTECH Scientific Authority.

U3BOJ

COPITLHNIJA ®OCDOATA N THOLIUJAHATA HA N30OMOPOHNM CYIICTUTYUCAHUM
XUAPOTAJIIUTUMA TUITA Mg/Zn-Al
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Y 0BOM pagy Cy HCIIUTHBaHE COPILMOHE paBHOTExke (ocdara U THOIMjaHATA HA U3OMOPD-
HHUM CYIICTUTYHCaHUM XUApOTaIUUTUMa THra Mg/Zn—Al. 3a Tymaueme paBHOTEKHHX MOJaTaKa 3a
¢doctare kopurnthere cy Jlenrmuposa u @pojuinxosa uzotepma. Coprimone paBHOTEKXE 3a (oc-
¢are Ha Mg3Al-, Mg,ZnAl- and Mg; sZn; sAl-xunporanuutuma 106po cy onucane JIeHTrMHPOBOM
motepMoM. Hajselil MaKCHMaNHK COPIIMOEM KananuTeT u3Hocwmn cy 111, 101 u 95 mg g'!. Ta-
kobe cy u3padyHaTH U KOHCTAHTA PaBHOTEXE M MPOMeHa cTanapaHe ['mbcose eHepruje copnuuje.
ITpomena crauaapaHe I'uGcose enepruje coprumje o oko —20 kJ mol! ykasyje Ha To na mpouec
Tpeba cMaTpaTh kKao ¢pu3nuky ancopniujy. Coprimone paBHoTexe (ocdara Ha H30MOPHHUM CyII-
CTUTYHCAHUM XHUIpoTanuuTiMa MgZn,Al and ZnyAl no6po cy omrcane ®@pojHIIMXOBOM H30TEP-
MoM. TuolMjaHaTH Cy MOKa3aJli PeNaTHBHO Mald aQUHUTET MpeMa UCIMTHBAHUM MaTepujainMa,
Ha IITa yKasyjy u30TepMe o0irka “S” kpuBe ¥ Manu copnunonu kanauuretd. Copruja dpocdata
U THOLMjaHaTa HAa UCIMTHBAHMM XHMAPOTAJILUTHMA [0Ka3ajia je KOHTHHYAIHO OIaJambe COPIILHO-
HOT Karanurera npema ciegehem nusy: Mgz Al > Mg,ZnAl > Mg, sZn; sAl > MgZn, Al > ZnzAl.

(ITpumubeno 15. anprna 2007, peBuaupano 15. mapra 2008)
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