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Abstract

Statistically designed experiments were done to study the recovery of Mg content from natural smectite clays from Serbia by hydrochloric acid
leaching. The effects of relevant factors, such as temperature, leaching time, acid normality, solid-to-liquid ratio and stirring rate on leaching yield
of MgO have been investigated. Experiments have been planned by the factorial design method. To test the significance of the effects, an analysis
of variance has been conducted at 95% confidence intervals.

The structural and adsorption properties of the starting smectite clay and the sample activated at chosen conditions were investigated by means
of a model. Scanning electron microscopy (SEM) and nitrogen adsorption—desorption were used to analyze the morphological characteristic of
the starting and the activated sample. The results from the nitrogen adsorption—desorption isotherms show that the activated smectite clay possess
a narrow pore size distribution of about 2 nm, and a large specific surface area of 238 m?/g. The results of X-ray diffraction (XRD) and infrared
analysis (IR) of starting and activated samples confirmed that smectite was the dominant mineral phase. Besides, chemical treatment of smectite

clay with HCI produces an adsorbent with optimal porosity and other adsorption properties suitable for many industrial processes.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Physical, chemical and adsorption properties of natural adsor-
bents depend on the crystal structure of their constituent clay
minerals [1]. Adsorption properties of adsorbents based on ben-
tonite are a function of the content of montmorillonite and the
nature and the number of interlayer cations. In order to remove
impurities and various exchangeable cations from smectite and
produce a homogeneous and well-defined material for use as
adsorbent and catalyst, different treatments have been used,
most frequently with inorganic acids [2,3]. Important physical
changes in acid-activated smectite are the increase of the spe-
cific surface area and of the average pore volume, depending
on acid strength, time and temperature of treatment [4—10]. A
large increase of the pore volume and a broadening of the pore
size distribution in the range of pore radius 0.7-3.0 nm in acid-
activated smectite indicate that higher acid concentrations cause
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structural changes and partial decomposition of montmorillonite
[11].

Activation proceeds with partial dissolution of smectite,
described by pseudo first-order kinetics [12,13] and is charac-
terized by an initial replacement of the interlayer cations by H*
[14], followed by dissolution of the tetrahedral and octahedral
sheets and subsequent release of the structural cations [14-17].
Octahedral cations such as Al**, Fe?*, Fe3*, and Mg2+ can be
depleted by treating the clay minerals with acids at elevated
temperatures with the rates of depletion generally following the
order Mg?* > Fe* >Fe* > A3+ [9,18,19].

Some studies on the performance of acid-activated clay and
the factorial design method in this study were found in the
literature [20-24]. Despite numerous studies, no definite rela-
tionship exists between the performance of acid-activated clay
and the composition or other properties of the original clay.
Hence, each clay has to be specifically activated and tested for
its performance.

In this study, statistically designed experiments were per-
formed to investigate the leaching yield of MgO from smectitic
clay. MgO content was chosen as process response, because
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Mg is released more readily then other octahedral cation during
activation. The first-order model, which relates the MgO leach-
ing yield to process factors, was obtained [9]. Also, this paper
presents the results of the investigation of the changes of textural
properties of acid-activated Serbian smectitic clays, depends on
five relevant factors, such as temperature, leaching time, acid
normality, solid-to-liquid ratio and stirring rate.

2. Experimental
2.1. Materials

Smectite from Bogovina, Serbia, was used as the raw mate-
rial.

Natural smectite clay (A) with particles size of mostly
less than 75 pm (—200 mesh ASTM), dried at 383 K, hav-
ing the following average composition (% by wt.) Si0,-69.12,
Alp03-14.01, Fey03-5.43, Ca0O-1.62, MgO-2.57, Nay0-1.33,
K70-0.66, TiO,-0.57 and loss ignition 4.69 was used as the start-
ing material. The CEC was determined by the standard method
using 1 M NH4Cl and it was 78 meq/100 g.

2.2. Factorial design

Factorial design is widely used in statistical modeling to
obtain empirical linear models between the process response
and the process factors. In this regard, the experiments were
designed to estimate the main effects, as well as the interaction
effects, by using a 2" factorial design where each variable was
investigated at two levels, high and low. In the planning and
analysis of the experiments, coded values are usually applied
instead of the absolute values of the variables. The relation-
ship between a coded value (X) and an absolute value (Z) is as
follows:

_AZ-7,)

= 1
(Z2 - Zy) .

where Z; is the low level, Z, the high level, and Z, is the medium
level of the variable [20-22].

2.3. Synthesis

The chemical activation was carried out under atmospheric
pressure in a jacketed glass reactor equipped with a reflux con-
denser, a thermometer and a stirrer. A typical run was carried
out as follows: specified amounts of hydrochloric acid of known
concentration and smectite clay were loaded into the glass reac-
tor. The stirring speed was held constant by means of a digitally
controlled stirrer. At the end of the experiment, the content of the
reactor was immediately filtered. The activated clay was washed
free of chlorides with a hot water to pH 4.5 and dried at 383 K
to a constant weight.

2.4. Characterization

The contents of the metal cations in the natural clay and the
content of major octahedral cations, Mg2+, total Fe, A13+, in the

Table 1
Quantities of cations removed from smectite by acid treatment, expresed in terms
of oxides

Run Content of oxides (%)
MgO F6203 A1203
1 11.98 1.11 2.19
2 17.23 2.58 5.24
3 32.24 16.02 15.87
4 31.95 14.36 17.99
5 13.44 2.39 5.24
6 19.85 6.63 0.07
7 41.86 29.46 24.57
8 29.03 11.42 11.88
9 39.67 18.97 23.77
10 21.89 6.44 6.51
11 6.88 0.37 0.53
12 0.63 0.92 0.80
13 5.87 0.55 0.93
14 37.93 13.44 14.28
15 30.34 18.42 21.31
16 22.04 22.74 26.49
17 25.24 12.34 9.83
18 25.24 12.34 9.83
19 25.24 12.34 9.83

activated samples are determined by induced coupled plasma
(ICP Spectroflame M-Spectro). The percentage of cations
removed from the smectite after acid activation is shown in
Table 1.

N, adsorption—desorption isotherms were collected on a
Sorptomatic 1990 Thermo Finningen surface area and pore
size analyzer at 77 K. The surface area was calculated by the
BET method and the distribution of the pore diameter was
calculated by the procedure given by Lippens et al. [25]. The
crystalline phases were identified by X-ray powder diffraction
(XRD), Philips PW 1710 with Cu Ka radiation (40kV, 30 mA,
A =0.154178 nm). X-ray diffractograms of disoriented powders
were obtained for the 26 angles ranging from 3° to 70°.To iden-
tify clay minerals, X-ray diffraction patterns of the oriented
slides were also recorded in the range of 3—15° (26) on air-
dried oriented samples (AD), ethylene glycol vapor saturated
samples (EG) and after heating at 723 K. The Greene-Kelley
test was also carried out to distinguish montmorillonite from
beidellite. Sample was Li-saturated, heated at 473 K and then
saturated with ethylene glycol. The infrared (IR) spectra were
measured by a Perkin-Elmer 983 G IR-spectrometer in the spec-
tral range 4000-250cm™!. The KBr pressed disc technique
(2mg of sample and 200 mg of KBr) was used. The mor-
phological characteristic of the samples was investigated by
scanning electron microscope JEOL, model JSM 6460-LV at
25keV.

3. Results and discussion

The most important parameters affecting the efficiency of an
adsorbent are reaction temperature, hydrochloric acid normality,
stirring speed, solid to liquid ratio and reaction time. In order
to study the combined effect of these factors, experiments were
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Table 2
Factor levels used in the experiments

Table 4
Analysis of variance

Factor ~ Physical Low level Medium High level Source of  Sumof  Degrees of  Meanof  F-test Probability > F
(=) level (0) +) variance squares freedom squares
X1 Temperature (K) 343 353 363 X 1018.09 1 1018.09 695.47  <0.0001
Xo HCI concentration (N) 3.0 4.5 6.0 X3 113.16 1 113.16 77.30  <0.0001
X3 Stirring speed (rpm) 300 450 600 X1X> 516.77 1 516.77 353.01 <0.0001
Xy Solid/liquid ratio 1:3 1:4 1:6 X1X3 44.92 1 44.92 30.69 0.0005
Xs Time (h) 1 2 3 X1Xs 443.63 1 443.63 303.05 <0.0001
XoXy 65.33 1 65.33 44.63 0.0002
X>Xs 29.89 1 29.89 20.42 0.0020
. . . . X3Xy 47.92 1 47.92 32.74 0.0004
pe.rforme(.i a't dlfferenF comb1nat19ns of the physical parameters X3Xs 13753 1 137.53 9395  <0.0001
using statistically designed experiments. Model 241724 9 268.58 18347  <0.0001
The parameters, such as reaction temperature (Xi), Curvature 1829 1 18.29 12.49  0.0077
hydrochloric acid normality (X3), stirring speed (X3), solid to Residual 11.71 8 1.46
liquid ratio (X4) and reaction time (Xs), were chosen as inde- ~ Lackof fit 1716 1.95
pendent variables and their effect on the leaching yield of Total 244724 18

MgO from the smectite clay from Serbia was investigated in
the light of pre-experiments. The factor levels are shown in
Table 2.

With five factors, 2° full-factorial experimental designs [20]
require 32 runs. Meanwhile, the number of regression coeffi-
cients to be estimate is 16. By taking into account the possibility
that some of the main and interaction effects may be insignif-
icant, a half replicate of the full 23 design was chosen as the
experimental design. Furthermore, three central replicates were
added to the experimental plan to estimate pure experimental
error. The design of experimental matrix of acid activation of
smectite and leaching yield of MgO is presented in Table 3.
The response was expressed as mass% leaching yield of MgO
calculated as ((Cop — C)/Cp) x 100 where Cy is the initial
concentration of MgO and C is the final concentration of
MgO.

To test the significance of the effects, an analysis of variance
has been conducted at 95% confidence intervals. The results are

Table 3
Experimental design and leaching yield of MgO
Run X1 X> X3 Xy Xs MgO content (%)
Exp. Pred
1 -1 1 —1 1 1 6.88 7.34
2 -1 —1 1 1 1 11.98 11.28
3 1 1 —1 1 —1 29.03 29.41
4 -1 -1 1 -1 -1 37.93 37.91
5 1 —1 1 1 —1 21.89  21.11
6 1 -1 1 -1 1 30.34 3055
7 1 1 1 1 1 41.86  41.18
8 -1 1 -1 -1 -1 0.63 1.77
9 1 1 1 —1 -1 31.95 33.20
10 1 1 -1 -1 1 39.67  41.04
11 —1 1 1 —1 1 5.87 6.10
12 -1 1 1 1 —1 19.85 20.35
13 -1 —1 —1 1 -1 20.00 19.33
14 1 -1 -1 1 1 3224 3040
15 —1 —1 —1 —1 1 13.44 12.51
16 1 -1 -1 -1 —1 17.23 17.32
17 0 0 0 0 0 2524 2297
18 0 0 0 0 0 2524 2297
19 0 0 0 0 0 2524 2297

shown in Table 4. Apart from the main and interaction effects,
it is also possible to test the overall curvature generated by pure
quadratic effects by means of the following statistics:
= w2
moF(y1 — yo)

LOFcurv = W (2)

were Yo is the mean of central replicates and y; is the mean of
factorial experiments results. F'is the number of experiments in
factorial design and my is the number of central replicates. As
seen in Table 3, the analysis of variance detected a curvature
effect.

According to the analysis of variance (Table 4) the F values
for all regressions were higher. The large value of F indicates
that most of the variation in the response can be explained by the
regression model equation. The F value of 12.49 implies there
is significant curvature (as measured by difference between the
average of the center points and the average of the factorial
points) in the design space.

Based on these results, the following model was obtained by
regression analysis:

yMg = 22.97 +7.98X + 2.66X3 +5.68X X, —1.68X X3
+5.27X1 X5 +2.02X2 X4 + 1.37X2 X5 — 1.73X3Xy
—2.93X3X5 3)

The final equation in terms of the actual factors with the real
word units follows:

Content of MgO=124.43 —1.46 x Temperature +0.18
x Stirring speed + 0.38 x Temperature x Concentration — 0.001
x Temperature x Stirring speed + 0.53 x Temperature x Time
+0.90 x Concentration x Solid/liquid ratio+0.91 x Concentration
x Time — 0.008 x Stirring speed x Solid/liquid ratio — 0.019
x Stirring speed x Time.

The predicted values, using the model equations, compared
with experimental result are shown in Table 3. The correla-
tion coefficient of 0.995 indicates a good predictability of the
model.
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Fig. 1. N, adsorption—desorption isotherms of the natural (Sample A) and
acid-activated (Sample B) smectite clays; inset is the corresponding pore size
distribution curves.

As shown in Table 3, the highest leaching yield of MgO was
obtained at 363 K, 6 M concentration, 600 rpm, solid-to-liquid
ratio 1:6 and 3 h process duration (Sample B) while, the lowest
leaching yield of MgO was obtained at 343 K, 6 M concentration,
300 rpm, solid-to-liquid ratio 1:3 and 1 h process duration.

The CEC of smectite sample activated under these condi-
tions (Sample B) was slightly lower than the CEC of the starting
smectite and amounted 74 meq/100 g. The reason for this behav-
ior is, probably, dissolution of smectite flakes and deposition of
amorphous silica [9].

The complete N, adsorption—desorption isotherms of the nat-
ural clay, sample A, and acid-activated smectite with the highest
leaching yield of MgO, sample B, are shown in Fig. 1.

Both isotherms are reversible under a lower relative equilib-
rium pressure, but under a higher relative pressure they exhibit a
hysteresis loop of the H3 type [27]. Such hysteresis loops exist
in the slit-shaped pores or in the ink-bottle pores (pores with
narrow necks and wide bodies). The values of the specific sur-
face areas of the samples, SggT, calculated by the BET method
from nitrogen adsorption isotherms using data up to p/p, =0.3
are equal to 63 m?/g for natural smectite clay (A), and 238 m?/g,
for the acid-activated sample (B). This indicates that acid activa-
tion increased the surface area of the smectite. This is possible
due to the formation of active acid centers on the smectite flakes
as aresult of the structural modification during activation. How-
ever, the acid-activated smectite has increased the surface area
[9]. The distribution of pores with widths from 2 to 50 nm was
obtained by the calculation procedure given by Lippens et al.
[25]. Derivatives of the cumulative pore volume curves with
respect to slit width for both natural and acid-activated smectite
clay are presented in Fig. 1. The pore size analysis shows that the
sample A has mesopores with the most frequent size of 2.5 nm,
while the acid-activated sample (Sample B) has mesopores with
the most frequent size of 2.2 nm.The increasing peak amplitude
of the sample B indicates that the pore volume increases with
acid activation. These changes of the pore structure were the
result of the removal of exchangeable cations and impurities

Q
3
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Sm
F Q
a
Sm| Q Q Sm sm
Q
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0 10 20 30 50 60 70

40
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Fig.2. X-ray diffraction patterns of natural (Sample A) and acid-activated (Sam-
ple B) smectite clays.

from the smectite by HCI. The large increase of the pore volume
and the broadening of the pore size distribution observed in the
activated smectite suggest that considerable structural changes
and partial decomposition occurred in this sample.

XRD patterns used for mineralogical characterization of the
natural clay (Sample A) are shown in Fig. 2.

The presence of smectite (Sm), illite (I), feldspar (F) and
quartz (Q) is evident in the sample. The smectite phase in
the starting material is confirmed by the XRD analyses of the
oriented air-dried (AD), glycolated (EG) and calcined (723)
samples (Fig. 3a).

The results of the XRD analysis for 00 1 spacing of the air-
dried sample show reflection at 14.5 A, which is characteristic
of the presence of divalent cations. This indicates that the start-
ing sodic smectite becomes progressively sodi-calcic during the
process [26]. After ethylene glycol saturation the peak expands
to 17.7 A, indicating that the expandable layers of smectite type
remain predominant, while calcinations at 723 K lead to a peak
contraction to 10 A. The XRD patterns from the Greene-Kelley
test carried out on the starting sample, presented in Fig. 3b,
show intermediate features, in particular the presence of two
reflection lines at 8.9 and 17 A. This indicates that the starting
smectite transformed to another mineral of the smectite group
characterized by a significant tetrahedral charge deficiency (bei-
dellite) [26]. The relative amounts of the species were obtained
from their corresponding peak areas. The results show that the
montmorillonite/beidellite ratio in the raw smectite clay is 10/90.
Thus, the smectite is predominantly beidellitic.

X-ray diffraction patterns of activated smectite clay (Sample
B, Fig. 2) show the presence of peaks characteristic for smectite,
illite, feldspar and quartz. In comparison with the diffraction
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Fig. 3. XRD of natural smectite clay: (a) calcined, glycolated and oriented and
(b) treated with LiCl at 473 K (Greene-Kelley test).
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Fig. 4. IR spectra of natural (Sample A) and acid-activated (Sample B) smectite
clay.

pattern of the starting material, the changes in the diffractogram
of the activated material, shown by a decrease in the intensities
of all reflections, indicate that the acid activation of smectitic
clay leads to its partial decrystallization. As can be seen, the
acid treatment affected mainly the smectitic phases.

The transmission spectra in the infrared region for the natural
smectitic clay (Sample A) and the acid-activated smectitic clay
(Sample B) are presented in Fig. 4.

As can be seen, the IR spectra confirmed the results of the
XRD analysis, i.e., smectite was the dominant mineral phase.
The IR band at 3640 cm ™! is attributed to stretching vibrations of
the OH group associated with cations. The broad bands at 3454

Sample A

Fig. 5. SEM images of natural (Sample A) and acid-activated (Sample B) smectite clay.
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and 1664 cm~! show the stretching and deformation vibrations,
respectively, for —OH groups of interlayer water molecules
present in the clay. The bands at 1042 and 798cm™! are
attributed to Si—O stretching vibrations. The band at 770 cm™!
corresponds to the beidellite species [28]. The dissolution of the
octahedral sheets caused by acid treatment can be followed by an
intensity decrease of the band corresponding to —OH bending
vibration at 920 cm~! (AIAIOH). The almost full disappearance
of the band at 846 cm™! assigned to AIMgOH points out to the
occurrence of significant leaching of the Mg yield with acid
activation. The bands at 526 and 466 cm™! correspond to defor-
mation vibrations of Si-O—Al and Si—O-Si, respectively. In the
IR spectra of the acid-activated smectitic clay the intensities
of the corresponding bands at 526 cm™! (Si—O-Al), 466 cm™!
(Si—O-Si), 1042 cm™! (Si-0), and 3454 cm™! (adsorbed H,0)
were slightly reduced. The spectra show a significant decrease,
almost a disappearance of the intensity at 3640cm™!, which
indicates significant leaching of cations after the acid treatment.

The morphologies of the natural (Sample A) and acid-
activated clay (Sample B) as observed by scanning electron
microscope (SEM) are shown in Fig. 5.

SEM examination revealed a natural clay morphology of
very fine, irregular, curved flakes and mats of coalesced flakes.
In general, flakes seem to be anhedral, but it was difficult to
determine their exact texture because of particle coalescence.
A clear decrease in the particles size caused by acid activa-
tion is visible in Fig. 5. This sample predominantly consists of
small aggregates of nanoparticles and exhibits a distinct porous
structure.

4. Conclusion

In this study, statistically designed experiments were per-
formed to investigate the recovery of Mg content from natural
smectite clay from Serbia, with hydrochloric acid leaching.
A first-order model which relates the MgO leaching yield to
the process factors was obtained. The correlation coefficient of
0.995 indicates a good predictability of the model. On the basis
of the model, the highest leaching yields of MgO were obtained
at 363 K, 6 M HCl concentration, 600 rpm, solid-to-liquid ratio
1:6 and 3 h process conditions.

Chemical treatment of the natural smectite clay at the chosen
conditions, by means of model, has developed the pore structure
and adsorption properties of this clay. The sorption structural
analysis shows that the acid-activated sample is characterized
by a specific surface area of 238 m?/g and that the slit-shaped
mesopores of 2.2 nm are formed during the process of activation
of smectite clay.

The results suggest that an adsorbent with optimal porosity
and other adsorption properties can be produced by chemical
treatment of the smectite clay.
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