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ABSTRACT

Surfactant-modified minerals have been widely used for the sorption of anionic and non-
polar organic contaminants. This paper investigates the regeneration of various hexade-
cyltrimethylammonium bromide (HDTMA)-modified natural minerals saturated with
chromate anions using different solutions for the extraction of chromates that has been
sorbed at optimum conditions. The examined minerals include HDTMA-modified zeolite
(clinoptilolite), exfoliated vermiculite, bentonite and attapulgite (palygorskite). Deionized
water and sodium chloride, potassium chloride and sodium cyanide solutions at different
concentrations (0.1-3 M) were employed as chromate desorption solutions. The HDTMA /Cr
(VD-mineral type, the desorbing solution type and its concentration and the mineral-
solution contact time are key parameters that affect the process. From our results it was
deduced that regeneration and reuse of HDTMA-modified minerals saturated with chro-
mate is feasible. Bentonite exhibited greater stability than the other minerals studied in
adsorption/desorption processes, maintaining 73% of its initial adsorption capacity after 14
successive regeneration cycles. The regeneration performance of the examined minerals fol-
lows the order: Bentonite > Attapulgite > Zeolite > Vermiculite. Kinetic study revealed that
desorption was faster than adsorption, while the pseudo-second-order equation simulated
better the experimental data.
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1. Introduction

Natural zeolites and other crystalline aluminosili-
cate clay minerals are well known for their cation-ex-
change capacities due to their negatively charged
surfaces [1-3]. However, cationic surfactant-modified
forms of these minerals exhibit significant affinity for
anionic and organic contaminants due to changes in
surface charge [4-20]. When the surfactant concentra-
tion is less than the critical micelle concentration
(CMC) a monolayer coat is formed. If surfactant con-
centration exceeds CMC a second organic layer is
retained to the first via hydrophobic interactions and
van der Waals forces and a bilayer is then formed. A
monolayer coat is efficient for neutral non-polar
organic compounds sorption [14-16], while a bilayer
model is required for the sorption of anionic groups,
such as Cr(VI), As(V) and Sb(V) [13,21-23].

The concept of regenerating the surfactant-modi-
fied minerals after metal adsorption is of great impor-
tance for both environmental and economical reasons
and is considered to be a key process in water treat-
ment [22]. It makes metal recovery a feasible process
and also allows adsorbent reuse in future applications
[24,25]. Li and Bowman, attempted first to regenerate
a HDTMA-modified zeolite saturated with chromates
and perchloroethylene, separately, using sodium car-
bonate/sodium hydroxide and sodium dithionite
solutions as desorption mediums [26]. Chutia et al.,
investigated the regeneration of HDTMA-modified
natural mordenite and HDTMA-modified natural
clinoptilolite after arsenate sorption with NaOH and
HCI solutions and found that NaOH was more effec-
tive, desorbing up to 70% of adsorbed As(V) [22].
Additionally, Zeng et al., demonstrated that chro-
mate-saturated HDTMA-clinoptilolite and -chabazite
regeneration, with Na,CO3;/NaOH solution, is quite
an effective process, obtaining maximum regeneration
efficiency 90.6% for HDTMA-clinoptilolite [20].

It may also be noted that while the sorption ability
of surfactant-modified minerals for chromates has
been widely studied and validated, nevertheless only
few research attempts have paid attention to the
regeneration of the sorbents. This work attempts to
examine the potential of regeneration of four different
HDTMA-modified aluminosilicate minerals after their
saturation with chromates. Moreover, their stability
and reuse possibility is investigated after successive
adsorption/desorption cycles using different desorp-
tion solutions. The parameters examined include
HDTMA /Cr(VD)-mineral type, type and concentration
of desorbing solution and chromates desorption kinet-
ics for each mineral.
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2. Materials and methods
2.1. Materials

Natural zeolite (85% clinoptilolite) and bentonite
minerals used in this study were obtained from S&B
Industrial Minerals S.A., exfoliated vermiculite from
Mathios Refractories S.A. and attapulgite or paly-
gorskite from Geoellas S.A. at Grevena. Samples of
these materials were gently washed with deionized
water to remove any impurity contents from their sur-
face, ground, sieved (<180 pm), dried at a furnace at
80°C for at least 24 h and stored in a desiccator until
use. Minerals were then modified by the surfactant
HDTMA-Br (99% purity) provided by Acros Organics
Co. without any extra pre-treatment to reduce the over-
all cost of the process. K,Cr,07 (>99.9% purity) that was
used for the preparation of aqueous chromate solution
and also NaCl (>99.5% purity), KCI (>99.5% purity) and
NaCN (>95% purity) that were used for the preparation
of chromate desorption solutions were all supplied by
Merck. HNOj; (46%) and NaOH (>99.0% purity) used
for pH adjustment were supplied by Sigma-Aldrich
and Carlo Erba, respectively.

2.2. Minerals characterization

Natural and modified minerals were characterized
with X-ray diffraction (XRD), X-ray fluorescence
(XRF), total organic carbon (TOC), Fourier transform
infrared (FTIR), scanning electron microscopy (SEM-
EDX) and electrokinetic zeta potential ((-potential)
methods in order to verify the effectiveness of the
modification process. The CEC of unmodified minerals
was determined using the NH;Ac method. Conven-
tional Bragg—Brentano XRD technique gives important
information about determination and evaluation of the
crystalline phases of the examined materials. Samples
in dust form were scanned and the respective patterns
were recorded using a Siemens D5000 powder unit.
XRF-wavelength-dispersive analysis was employed on
a model ARL ADVANT XP to determine the chemical
composition of the natural and modified minerals.
TOC analysis was conducted in the solid samples of
natural and organically modified minerals using a
TOC analyzer (Shimadzu Model TOC-Vcgp). FTIR
spectroscopy with the ATR method and a PRO410-S
revealed the characteristic peaks that are attributed to
the CH, infrared adsorption bands. Scanning electron
microscope (SEM) (FEI Quanta 200 model) shows
morphology differences between natural and modified
minerals. Finally, the integrated energy-dispersive
X-ray (EDX) detector (EDX-Genesis 4000) gives a
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semi-quantitative analysis providing additional infor-
mation on the elementary composition of examined
samples before and after the modification stage. More-
over, electrokinetic {-potential measurements on sus-
pensions of the employed samples were conducted
with a zetasizer NanoZS of Malvern and the change
of their surface charge was recorded. The samples
preparation process for all methods is analytically
described in a previous paper [27].

2.3. Modification process and organo-minerals saturation
with Cr(VI)

The HDTMA-minerals preparation and the opti-
mization of the process are described in our previous
work [27]. For this work 5g of zeolite sample was
modified in 1 L HDTMA solution with 1 g L™ concen-
tration at pH 9. Organo-vermiculite and -bentonite
(5gL™") were, similarly, prepared at pH 3 and
HDTMA concentration equal to 6 and 2 g L™, respec-
tively, while for attapulgite (5 g L™") the optimum pH
was 8 and the HDTMA concentration 7 g L™".

The capability of HDTMA-modified minerals to
remove chromates from aqueous solutions and the
determination of optimal parameters was investigated
in a previous paper [27]. Briefly, all minerals
employed were found to maximize chromate sorption
at pH 4. In addition, a mineral dosage of 10 g L™
proved to be the most efficient with respect to Cr(VI)
removal.

2.4. Effect of desorption solution and contact time

Deionized water, sodium chloride, potassium chlo-
ride and sodium cyanide were evaluated in terms of
their Cr(VI) desorption capability at various concentra-
tions (except deionized water) of 0.1, 0.5, 1 and 3 M
by performing batch test. The most effective desorp-
tion solution was selected for all the subsequent
experimental runs. Stock solutions were prepared in
500-mL flasks by dissolving the appropriate quantity
of each salt with deionized water. 0.5g of each
HDTMA-mineral saturated with chromium Cr(VI)
(30 mg L") was mixed with 50 mL of stock solution in
100-mL batch reactors and were agitated at 600 rpm
for 24 h. Solutions were then filtered and filtrates were
analysed for their chromates content.

Desorption kinetic studies were conducted at con-
stant room temperature (25°C) as follows: 5 g of each
HDTMA- and Cr(VI)-saturated mineral were mixed
with 500 mL of desorption solution at the optimum,
for Cr(VD) desorption, concentration. All the
experiments were conducted in batch reactors under
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continuous stirring at 600 rpm. Samples of 5 mL were
taken at different time intervals for a period of 24 h.
The samples were centrifuged, diluted and their Cr
(VD) concentration was measured photometrically. The
results were compared with existing kinetic models.

2.5. Minerals regeneration

The regeneration of the examined minerals was
investigated in successive adsorption/desorption
cycles using the optimum medium and concentration.
More specifically, for the Cr(VI) re-adsorption cycle,
the regenerated with salt minerals, at a dosage of
10 g L™!, were placed in batch reactors with Cr(VI)
solutions (50 mg L") and were agitated at 600 rpm at
room temperature for 24 h. Then, the samples were fil-
tered, and Cr(VI) content in the filtrate was measured.
The pH of Cr(VI) adsorption solution was adjusted
with proper dropwise addition of NaOH and HNOj;
at 4. For the desorption cycle, the chromate saturated
minerals and salt solution were again placed in batch
reactors under constant agitation at 600 rpm and at
room temperature for a period of 24 h and after filtra-
tion of the sample the Cr(VI) content of the filtrate
was measured. Between adsorption and desorption,
the samples were gently washed and stored in a desic-
cator for loss of their moisture and then their mass
was measured before use in the next cycle.

3. Results and discussion
3.1. Mineral characterization

CEC (natural phase), TOC and {-potential (natural
and modified phases) measurements of the four min-
erals employed in this study was reported previously
[27]. Table 1a, presents the results from the XRF analy-
sis for the natural and organically modified phases of
zeolite, vermiculite, bentonite and attapulgite. Bromine
detection after modification (Table 1b) which is also
accompanied by a lower %w/w of exchangeable ions,
is indicative of HDTMA-Br presence and validates the
process. The Br content of the modified minerals
increases in the following order: %Br zeolite < %Br
bentonite < %Br vermiculite < %Br attapulgite and is
consistent with the initial required HDTMA quantity
for maximizing Cr(VI) adsorption. The latter is also in
agreement with TOC analysis [27].

XRD analysis was conducted for the three forms
(natural, HDTMA-modified before and after Cr(VI)
sorption) of zeolite and bentonite (Fig. 1(a) and (b)).
All the recorded intensities for the natural phases are
in agreement with the respective ones recorded in
another study [28]. As observed in the XRD pattern of
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Table 1a
XRF analysis for natural minerals (%w/w)
SlOz A1203 T102 F6203 MgO CaO NaZO Cr203 BaO K20 SO3 P205 NiO MnO
Zeolite 71.3 121 0.14 0.89 0.68 3.38 0.28 - - 3.66 - - - -
Vermiculite 453 154 122 547 27.4 131 1.6 0.35 0.2 49 - - - -
Bentonite 61.6 194 0.86 5.08 3.58 442 378 - - 071 137 0172 - -
Attapulgite 583  6.27 033 129 13.3 372 - 0.42 - 032 - - 0.372 0.13
Table 1b
XRF analysis for HDTMA-modified minerals (%w/w)
5102 A1203 TlOz Fe203 MgO CaO NaZO Cr203 BaO Kzo SO3 P205 NiO MnO Br
Zeolite 68.5 11.8 0.102 0.767 0.624 332 - - - 351 - - - - 0.858
Vermiculite 21.6 6.15 0.967 5.87 953 - - 0.295 0.218 210 - - - - 10.5
Bentonite 59.0 18.0 0.861 b5.64 299 0274 - - - 0.592 0.448 0.116 - - 1.0
Attapulgite 339 2.54 0.202 9.92 0.792 226 - 0.293 - 0.218 - - 0.314 - 26.8
(a) Zeolite natural (b) Bentonite natural
Zeolite-HDTMA d=19,38 A Bentonite-HDTMA
Zeolite-HDTMA-Cr i Bentonite-HDTMA-Cr
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Fig. 1. X-ray diffraction patterns of three forms of (a) zeolite and (b) bentonite.

HDTMA-zeolite only a lessening, but not an expan-
sion of the basal d(0 0 1) spacings takes place (Table 2).
The first one is attributed to HDTMA sorption on zeo-
lite surface via ion exchange [9,22] and the second one
is an indication that the hydrophilic parts of organic
molecules cannot penetrate into the interlayer of the
zeolite and shows that zeolite is a non-swelling min-
eral. The crystalline structure of zeolite remains invio-
lated after both the modification and the Cr(VI)
adsorption stage. On the other hand, a gradual expan-
sion of d(0 0 1) spacing from 12.41 to 18.91 and finally
to 19.38 A is observed for the three forms of bentonite
(Fig. 1(b)). The latter expansion is indicative of the fur-
ther intercalation—beyond the existing of the organic
molecules—of chromates that have adsorbed onto the

second layer of HDTMA. Similar results are reported
by Krishna et al. [29] and Majdan et al. [30] for the
case of Cr(VI) sorption into bentonite. In addition, Pla-
cha et al. [14] found similar expansion of basal d-spac-
ings of HDTMA-vermiculite after sorption of
naphthalene. It is expected that swelling materials will
appear to have greater stability in terms of regenera-
tion and reuse providing that the HDTMA bilayer is
maintained stable during adsorption/desorption pro-
cesses. SEM typical images for zeolite have already
been presented [27]. Fig. 2(a) (natural vermiculite)
depicts the typical arrangement of a crystalline silicate
mineral and its lamellar microcrystals. Modification
and Cr(V]) sorption stages (Fig. 2(b) and (c)) do not
seem to cause distinct changes in the vermiculite
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Table 2
Typical XRD peaks for the three different phases of zeolite

d(A)

hkl 260 Natural zeolite HDTMA-zeolite HDTMA /Cr-zeolite
020 9.887 8.93 8.86 8.96
200 11.221 7.87 7.84 7.92
2 0-1 13.081 6.76 6.74 6.77
111 17.358 5.10 5.08 5.10
330 22.467 3.95 3.94 3.96
222 26.078 341 3.40 3.41
402 26.310 3.38 3.37 3.38
002 26.874 3.31 3.30 3.31
422 28.167 3.16 3.15 3.16
151 30.075 2.97 2.96 2.96
621 32.032 2.79 2.78 2.79

Fig. 2. SEM images of (a) natural vermiculite, (b)) HDTMA-vermiculite, (c) HDTMA /Cr(VD)-vermiculite, (d) natural ben-
tonite, () HDTMA-bentonite, (f) HDTMA /Cr(VD)-bentonite, (g) natural attapulgite, (h) HDTMA-attapulgite and (i)

HDTMA /Cr(VD-attapulgite.
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morphology apart from a potential loosening of its
lamellar structure [31]. The morphology of the natural
bentonite surface (Fig. 2(d)), appears as solid non-uni-
form granules. However, several morphological
changes are noticed after modification (Fig. 2(e)),
wherein small particles form agglomerates and the
grains tend to obtain a relatively flat and aggregated
morphology [32]. Moreover, chromates sorption makes
bentonite surface more compact, rough and porous
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with a tendency to form sponge- or coral-like agglom-
erates (Fig. 2(f)) [33-35]. The SEM microphotographs
of attapulgite reveal loosening of its solid and homo-
geneous structure; potentially due to HDTMA cover-
ing (Fig. 2(g) and (h)) [36,37]. Also, after chromate
sorption (Fig. 2(i)) its fibrous crystals become more
distinct.

3.2. Desorption media evaluation

Deionized water was found to be a non efficient
Cr(VI) desorption medium, since the chromate desorp-
tion was lower to 10%. Similar results have been
reported by Li for Cr(VI) desorption from HDTMA-
modified zeolite [38]. When NaCN solution is used
significant desorption results only for NaCN solution
of 0.1 M concentration (Fig. 3). An increase of NaCN
solution concentration caused a dramatically decrease
of Cr(VI) desorption. This can be attributed to a non
efficient exchange between cyanides and chromates,
possibly due to sodium dichromate precipitation, or
complex formation, on the surface, channels or cavities
of the minerals, which prevent the completion of the
process [39]. In Fig. 4, Cr(VI) desorption from the
employed minerals is plotted as a function of NaCl
and KCI solution concentration. Significant chromates
desorption is achieved for both solutions, which
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increases with the increase of salt concentration. This
is due to the competition between chromates and chlo-
rides for the available exchange sites. In addition,
NaCl was found to be more effective for bentonite
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(81-93% desorption). A potential explanation for this
is that, Cr(VI) desorption occurs simultaneously to CI”
adsorption on the second layer of organic molecules
and may be the reverse of the chromates sorption pro-
cess [20,26]. NaCl solution results in higher Cr(VI)
desorption than KCl (apart from the case of atta-
pulgite), while similar results were obtained for NaCl
solution concentrations of 1-3 M.

3.3. Cr(VI) desorption kinetics

Cr(VI) desorption kinetics were studied for zeolite,
vermiculite, bentonite and attapulgite. Increase of chro-
mates desorption (Fig. 5) is observed with the increase
of contact time with higher rates at the initial stages of
the process (i.e. t = 0-10 min). Experimental data were
simulated by pseudo-first-order, pseudo-second-order
and Elovich non-linear equations. Their corresponding
equations are described previously [27]. The experi-
mental data and the simulated results are given in
Fig. 6, while Table 3 summarizes the predicted kinetic
parameters. Pseudo-second-order model describes bet-
ter the experimental data which is also supported by
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Fig. 6. Kinetic data, pseudo-first-order, pseudo-second-order and Elovich models for (a) zeolite, (b) vermiculite, (c)

bentonite and (d) attapulgite.
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Table 3
Kinetic parameters for Cr(VI) desorption from modified minerals
Pseudo-first-order Pseudo-second-order Elovich
Exper.
Jed, exp.  1d kg g2a kaq aq
Mineral (mgg") (mgg") (min') R? (mgg™") (gmg'min") R (mgg' min) g (gmg™) R
Zeolite 2.66 2.43 0.5311 09615 2.54 0.2932 0.9701 31.737 3.611 0.8743
Vermiculite 2.41 2.11 0.1712  0.9386 2.24 0.1206 0.9875 3.247 3.112 0.9729
Bentonite =~ 2.12 1.96 0.2282 09569 2.07 0.1806 0.9933 6.430 3.782 0.9385
Attapulgite 2.0 1.83 0.6660 0.9725 1.90 0.5180 0.9859 83.093 5.546 0.9018
(a) [ 1Zeolte 1B 7223 (b) 120 4 [ Zeolte [ | Vermiculite [__J i ] gite | |
120 - _ .
1l ' 100 470 _ .
< 100 Vil 1 € i
§ % ] 8 =4l '
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o HEPHY } 0= T B B
1
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Regeneration cycles

Fig. 7. Percentage (%) of Cr(VI) (a) adsorbed and (b) desorbed at successive regeneration cycles.

the comparison of the desorption equilibrium capacities
Jea (mg g~ ") obtained experimentally with the predicted
ones by the model 4,4 and by comparing the correlation
coefficients R? for each model. The values of Jed, kog and
teq follow the order:

Jea zeolite > goq vermiculite > g.q bentonite > geq
attapulgite

koq attapulgite > kg zeolite > kg bentonite > kpg
vermiculite

teq vermiculite > t,q bentonite > t.; zeolite > foq
attapulgite

The order of desorption rates kpq for the examined
minerals indicates that chromates desorption is faster
from attapulgite and zeolite (non-swelling minerals)
than the respective ones obtained for vermiculite and
bentonite. The latter supports the hypothesis that
chromates adsorption on intercalating organic layers is
more stable than the respective one that takes place on
the mineral surface.

It is worth noting that the pseudo-second-order
kinetic model was found to fit well the experimental
data in several other cases, including Cd(II) desorption
from attapulgite and sepiolite [40] and Pb(II) desorption
from vermicompost and other adsorbents [41].

3.4. Adsorption/desorption cycles

Successive Cr(VI) adsorption/desorption cycles
were conducted in order to evaluate the adsorption
capacity, the stability and the operating performance
of the regenerated minerals (Fig. 7). About 1 M NaCl
solution was used as the desorption medium. It was
observed that the adsorption capacity of vermiculite
dramatically decreased within only three cycles. This
could be due to the loosening and breakdown of its
HDTMA bilayer. Zeolite exhibits better behaviour than
vermiculite, but its sorption capacity becomes negligi-
ble after eight cycles. Bentonite and attapulgite
demonstrate significant adsorption/desorption capac-
ity and maintain their organic structure intact for
more than 14 and 12 cycles, respectively. After 14
cycles, bentonite maintains 73% of its initial adsorp-
tion capacity, while after 12 cycles attapulgite main-
tains 69% of its initial adsorption capacity. It may also
be noted that during the first three adsorption/des-
orption cycles the use of NaCl enhanced the percent-
age of Cr(VI) adsorbed on bentonite and attapulgite,
which is in agreement with previous studies [42]. A
potential explanation is that the removal of specific
anionic groups, such as carbonates and sulphates,
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from the channels and the cavities of the minerals
might allow more chromate anions to reach the
exchange sites. In addition, some sodium ions of the
NaCl solution are potentially adsorbed on non-
modified sites of the minerals during the initial
desorption cycles and remain there even after mineral
washing of the minerals. As a consequence, they form
inner sphere complexes with chromates during the
next adsorption process and thus increase the overall
removal of Cr(VI) [25].

4. Conclusions

The results of this study showed that regeneration
and reuse of HDTMA-modified minerals is a feasible
process using suitable desorption solutions. NaCl was
the most effective medium resulting in high desorp-
tion efficiencies (~96%). Cr(VI) desorption kinetics
reveal that the pseudo-second-order model fitted bet-
ter the experimental data than pseudo-first-order and
Elovich equations. Evaluating the whole regeneration
process of the HDTMA/Cr(VD)-saturated minerals
employed, it is concluded that bentonite exhibits the
highest stability since after 14 cycles of consecutive
use the adsorption capacity is 73% of its initial capac-
ity. The regeneration performance of the examined
minerals decreases following the order: Bentonite >
Attapulgite > Zeolite > Vermiculite.
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