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h i g h l i g h t s
� Treatment of vermiculite (nitric and citric acids) increases its sorption capacity.
� A successful application in column tests for cationic textile dyestuffs removal.
� New perspectives arise for this sorbent in wastewater treatment.
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a b s t r a c t

The influence of different acid treatments over vermiculite was evaluated. Equilibrium, kinetic and
column studies have been conducted. The results showed that vermiculite first treated with nitric acid
and then with citric acid has higher adsorption capacity, presenting maximum adsorption capacities in
column experiments: for Astrazon Red (AR), 100.8 ± 0.8 mg g�1 and 54 ± 1 mg g�1 for modified and raw
material, respectively; for Methylene Blue (MB) 150 ± 4 mg g�1 and 55 ± 2 mg g�1 for modified and raw
material, respectively. Materials characterization by X-ray diffraction, UVevis-diffuse reflectance spec-
troscopy, diffuse reflectance infrared Fourier transform spectroscopy, X-ray fluorescence, N2 adsorption
and CEC determination, has been performed. The results suggest the existence of exchange of interlayer
cations, leaching of metals from vermiculite's sheets and formation of an amorphous phase in the ma-
terial. Adsorption follows pseudo 2nd order model kinetics for both dyestuffs and equilibrium occurs
accordingly to Langmuir's model for AR and Freundlich's model for MB. In column systems Yan's model is
the best fit. The enhanced properties of acid treated vermiculite offer new perspectives for the use of this
adsorbent in wastewater treatment.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

According to ‘‘Water for People Water for Life’’ United Nations
World Water Development Report UNESCO the demand for fresh
water has greatly increased with domestic, industrial and agricul-
tural sector consuming 8, 22 and 70% of the available fresh water
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respectively, what is directly linked with the generation of large
amount of wastewaters (Lehr et al., 1980; Helmer and Hespanhol,
1997). The quality of water is a very important issue, which is vi-
tal to themaintenance of a hydrological environment and to human
health. In accordance to the water Framework-Directive 2000/60/
CE and subsequent changes, by Decision 2455/2001/CE and Di-
rectives 2006/11/CE, 2008/32/CE, 2008/105/CE, 2009/31/CE and
2013/39/UE, emissions of priority substances should be decreased
and finally eliminated. The discharge of coloured effluents, namely
in textile industry, is an important issue. The removal of dyestuffs
from textile effluents contributes to achieve the ultimate goal of the
directive, “good ecological and chemical status” for all community
waters.
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Nomenclature

Ce equilibrium concentration in liquid phase (mg L�1)
F flow rate (mL min�1)
k1 pseudo 1st order kinetic rate constant (min�1)
k2 pseudo 2nd order kinetic rate constant (g mg�1 min�1)
KF Freundlich's constant ((mg g�1)(L mg�1)1/n)
KL Langmuir's constant related to energy of adsorption

(L mg�1)
KTh Thomas's constant (mL (mg min)�1)
aY Yan's constant (dimensionless)
kYN Yoon-Nelson's constant (min�1)
M amount of adsorbent in Thomas's model (g)

m adsorbent mass (mg)
n Freundlich's constant (dimensionless)
q adsorption capacity (mg g�1)
Q0 maximum solid-phase solute concentration (mg g�1)
qe adsorption capacity at equilibrium (mg g�1)
qm Langmuir's model maximum adsorption capacity

(mg g�1)
qt adsorption capacity at time t (mg g�1)
qy maximum adsorption capacity in Yan model (mg g�1)
r2 determination coefficient
s2 variance coefficient
t time (min)
t time required for 50% adsorbate breakthrough (min)
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Coloured wastewater is created as a result of the production of
the dye and as well as a direct consequence of its use in the textile
and related industries. It is estimated that approximately 10%e
20% of dyes in the textile dying process will be lost in residual
dyeing baths through incomplete exhaustion and washing oper-
ations. Therefore, hundreds tons of dyestuffs daily find their way
into the environment, primarily dissolved or suspended in water
(Allen et al., 2004). Effluents which are coloured might be inter-
fering with light penetrating in receiving water bodies and disturb
the natural biological processes, moreover some dyestuffs might
exhibit toxic effects towards microorganisms or toxic/carcino-
genic effects to mammals. Most of the textile dyestuffs are poorly
biodegradable, have a complex molecular structure and are diffi-
cult to remove from wastewaters by conventional treatments
(Reife and Freeman, 1996; Forgacs et al., 2004; Bhatnagar and Jain,
2005).

Physico-chemical processes are often applied to treat coloured
wastewater, namely coagulation/flocculation. However, most of
these processes present high operation costs (Mall et al., 2005).
Increasing stringent legislation on the purity of water resources
has created a growing interest in the cleansing of water, waste-
water and polluted effluents by adsorption processes (Leit~ao and
Serr~ao, 2005). Adsorption is a process in which dissolved mole-
cules are attached to the surface of an adsorbent by physical or
chemical forces (Noroozi and Sorial, 2013). It is a method that
generates high-quality treated effluent. Lots of adsorbents might
be recycled due to reversible nature of most of the adsorption
processes (Pan et al., 2009). It is very efficient in the treatment of
industrial effluents (Vinod and Anirudhan, 2003). Layered min-
erals (clay minerals) seem to be interesting precursors for adsor-
bents preparation.

Clays are naturally occurring minerals, composed primarily of
fine-grained minerals that have layer structure based on a tetra-
hedral (T) and an octahedral (O) phyllosilicate sheets, that may
condense in either a 1:1 or 2:1 proportion to form T-O or T-O-T
layer. The layers may be negatively charged, positively charged or
uncharged, depending on their composition (Bergaya and Lagaly,
2006). If the layers are charged, this charge is balanced by inter-
layer cations. In any case the interlayer may also contain water.
Interlayer cations can be exchanged, which explains that the
whole group of clay minerals is characterized by very good ion-
exchange properties (Chmielarz et al., 2003). Depending on the
type of layered mineral, cations and also anions can be removed
from wastewater. Vermiculite is a clay mineral classified as 2:1
phyllosilicate (Bailey and Chairman, 1980; Rieder et al., 1998). It is
very abundant and much cheaper in comparison with other clays.
Due to its remarkable features, vermiculite is widely used in
agricultural, industrial and environmental applications (Duman
and Tunç, 2008; Duman et al., 2015) Studies have shown that
treatment of vermiculites with mineral acids resulted in an in-
crease of specific surface area and porosity (Chmielarz et al., 2010;
Santos et al., 2015), which enhances their adsorption capacity.
Clay minerals modified in this way were recognized to have
various applications: selective adsorbents for specific contami-
nants from wastewater (Polubesova et al., 2006), support to
luminescent complexes (Silva et al., 2014), selective catalyst for
NO reduction (Chmielarz et al., 2010) therefore application of such
materials for adsorption of textile dyestuffs is expected to be also
effective. Systematic study about the influence of activation with
different acids is still rare and only few studies focus on treatment
with nitric acid. The combination of nitric and citric acid for ad-
sorbents preparation was not reported before in scientific
literature.

2. Materials and methods

2.1. Materials

The basic dyestuffs Methylene Blue (MB), CI 52015, supplied
by Riedel de Haen and Astrazon Red FBL 200% (AR), CI 85496-37-
3, supplied by Dystar, have been used. Their structural and
molecular formulas are presented in Fig.A.6 in the Appendix. The
pH values of the solutions were adjusted with hydrochloric acid
and sodium hydroxide. All reagents (nitric acid 65%, sulphuric
acid 96%, hydrochloric acid 36%, citric acid) were of analytical
grade.

Vermiculite from South Africa in its natural form (raw vermic-
ulite, W) and its expanded version (Ve) were kindly supplied by
ROMINCO POLSKA Sp. z o.o. The adsorbent has been ground and
sieved. The fraction below 355 mm was collected and used for
further experiments.

Prior to the preliminary adsorption screening experiments the
material was treated following the procedure given below: 250 mL
of 0.4 M sulphuric (VI) acid or 0.8 M hydrohloric acid or 0.8 M nitric
(V) acid were placed into round-bottom flasks equipped with reflux
condenser. In each flask a weighted portion of 25 g of expanded
vermiculite was added and boiled at 98 �C for two hours at constant
stirring. In the next step material was repeatedly washed with
water and centrifuged (5 cycles, 10 min each at 4000 rpm). The
rinsing water, containing traces of heavy metals, was collected and
a concentrated solution of NaOH was added drop wise to precipi-
tate hydroxides of the metals present in the solution. After that the
solution was filtrated and its pH neutralised. The sediment was
disposed of as a hazardous substance. Samples were left to dry (at
50 �C) and powdered again in a grinder.

Extensive optimization of activation parameters was



Table 1
Physical and chemical properties of the materials used in adsorption experiments.

Sample SBETa CEC Chemical composition (wt%)

(m2 g�1) meq/100 g AAS XRF

MgO Al2O3 Fe2O3 SiO2

Ve 9 38 n.d. 10.3 10.4 31.7
VeC1% 6 50 n.d. 4.5 9.5 28.1
VeN1.2 146 57 n.d. 5.2 7.2 39.5
W 21 93 14.8 12.2 9.7 58.0
WN1.5 318 44 n.d. 5.6 7.1 53.8
WN1.5C10% n.d. 46 n.d. 6.3 7.2 51.8
WN1.8 333 41 6.5 20.5 7.6 62.3
WN1.8C10% 338 49 6.9 4.4 6.1 58.1
WN2.0 459 28 n.d. 5.7 4.7 73.2
WN2.0C10% 449 26 n.d. 4.5 4.1 71.2
WN3.2C10% 525 11 n.d. 6.0 0.7 78.3

Particle size distribution (wt%)

Fraction [mm] 355e180 180e125 125e65 65e45 <45

W 15 42 10 9 24
WN1.8C10% 9 11 39 17 23

n.d. e not determined.
a Extended data is presented in Table A.5 in the Appendix.
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performed for nitric acid according to the following procedure:
250 mL of HNO3 solutions of concentrations ranging from 0.8 M to
6.5 M, were placed in round-bottom flasks equipped with reflux
condenser. Weighted portion of 25 g of starting vermiculite was
placed into each flask (five solutions for raw vermiculite (W) and
six solutions for expanded one (Ve)), treated for 2 h at 98 �C at
constant stirring, and centrifuged (10 min, 4000 rpm). Half of each
sediment was transferred to a beaker, stirred for 2 h in 200 mL of
citric acid at room temperature (concentrations ranged from
0.01% to 10% for Ve and from 0.5% to 15% for W) and subsequently
washed with water and centrifuged (5 cycles, 10 min, 4000 rpm).
The remaining portions the sediment, without any further mod-
ifications, were washed in distilled water and separated in the
same manner. Samples were left to dry (at 50 �C) and powdered in
a grinder again.

Each sample was named according to the following rule: the
first part of the name refers to the starting material (Ve or W for
expanded and raw vermiculite, respectively), the second part
stands for mineral acid used in activation process (N, S or Cl for
nitric, sulphuric (VI), and hydrochloric acid, respectively), the third
part represents the mineral acid concentration (M) and the last
part, if exists, indicates the usage of citric acid (C) and its concen-
tration (%). If treatment timewas different than 2 h it is indicated at
the end of the sample name (treatment time in hours). The codes of
the samples and feed composition are presented in Table A.4 in the
Appendix.

2.2. Characterisation

Materials have been characterized by X-ray diffraction (XRD),
UVevis-diffuse reflectance spectroscopy (UVevis-DRS) and diffuse
reflectance infrared Fourier transform spectroscopy (DRIFT)
methods. The results are presented in the Appendix.

Particle size distribution was assessed using test sieves with
openings varying from 45 to 355 mm. A weighted portion of
vermiculite was passed through sieves, each separated fraction
weighted and percentage of mass calculated (wt%). Cation ex-
change capacity (CEC) of the material was determined by the
ammonium acetate method (Steudel, 2008). The textural param-
eters of the samples were determined by N2 adsorption at �196 �C
using a 3Flex v1.00 (Micromeritics) automated gas adsorption
system. The samples before the analysis were degassed under
vacuum at 350 �C for 24 h. The specific surface area (SBET) was
determined using BET (BrunauereEmmetteTeller) model.
Contribution of micropore, mesopore and external surface area
was obtained from t-plot analysis. Results of textural characteri-
sation are shown in Table 1 and Table A.5 in the Appendix.
Chemical composition of samples was determined using atomic
absorption spectroscopy (AAS) (Analitic Jena High-Resolution
Continuum Source Atomic Absorption Spectrometer, ContrAA
700) and X-ray fluorescence spectroscopy (XRF) (Ampec X-
123SDD X-Ray Spectrometer) methods. Prior to AAS analysis
samples were digested in hot plate method in which 100 mg of
each sample was placed in 10 mL of a solution of nitric and hy-
drochloric acids (1:3) and digested at 90 �C for 5 h. The superna-
tant was collected, centrifuged (10 min in 4500 rpm) and analysed
to determinate content of metals (Li, Na, Mg, K, Ca, Cr, Co, Ni, Cu,
Zn). The results for the most abundant elements (>0.025 wt%) are
presented in Table 1.

Acid activation produced an increase of the specific surface area
of the samples. Decrease of CEC was observed for a set of samples
obtained from natural vermiculite (W) but not expanded vermic-
ulite (Ve) (Table 1). In the latter case acid treatment resulted in
regeneration of cation exchange properties. Content of Fe, Mg and
Al was decreased due to leaching of the above mentioned metals.
On the other hand, percentage content of Si which is not leached
increased.

Adsorption experiments in batch and column systems were
performed for both dyestuffs, MB and AR. Adsorbate concentration
was measured using UVeVIS spectrophotometer (Thermo Scienti-
fic, Evolution 300) at the maximum absorbance wavelength
(665 nm for MB and 531 nm for AR).

2.2.1. Batch screening experiment
Batch screening experiments were carried out in 250 mL

Erlenmeyer's flasks. 100 mL of MB with concentrations of
100mg L�1, 55mg L�1 and 22mg L�1 was added to 100mg or 50mg
of each sample, stirred for 2 h at room temperature (20 �C) and
centrifuged (10 min in 4000 rpm) (Sartorius, Sigma 2e16). Each
adsorption experiment was made in 3 repetitions.

2.2.2. Kinetic experiments
Kinetic studies were performed at room temperature (20 �C),

without pH adjustment, using a magnetic stirrer (Velp, Multistirrer
15). Initial concentration of dyestuff solution was 100 mg L�1 and
500 mL of solution was added to 250 mg of adsorbent. The samples
were collected in selected time intervals using a micropipette and
immediately centrifuged (1 min in 4500 rpm) (Sartorius, Sigma
2e16) to separate the adsorbent. Then dyestuff concentration in
supernatant was evaluated spectrophotometrically (Thermo Sci-
entific, Evolution 300).

2.2.3. Equilibrium experiments
Equilibrium studies were performed in a set of 100 mL Erlen-

meyer's flasks (with caps) containing 50 mL of dyestuff solution
(initial concentrations of 50 or 100 mg L�1) and varying amount of
adsorbent (from 10mg to 250mg). Agitationwas performed using
a magnetic stirrer (Velp, Multistirrer 15) for 2 h, then the samples
were taken and centrifuged (10 min in 4000 rpm) (Sartorius,
Sigma 2e16). Dyestuff concentration was determined using a
spectrophotometer (Thermo Scientific, Evolution 300).

2.2.4. Column experiments
Colum experiments were performed using a glass column

(Omnifit), with 2.5 cm inside diameter and 15 cm height, and a
peristaltic pump (Gilson, Minipuls 3).
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In case of adsorption of AR on WN1.8C10% the following con-
ditions were used: 50 mg L�1 dyestuff concentration at room
temperature (20 �C); 4.0 g of the sample mixed with 24.0 g of
washed quartz sand and a flow rate of 0.8 mL min�1. In other ex-
periments, 0.5 g sample mixed with 24.0 g of washed quartz sand
and a flow rate of dyestuff solution (50mg L�1, 20 �C) of 2 mLmin�1

were used.
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Fig. 1. Optimization of nitric acid concentration for expanded vermiculite treatment.
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Fig. 2. Optimization of citric acid concentration with expanded nitric acid treated
vermiculite.
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3. Results

3.1. Optimization of acid treatment

Adsorption properties after treatment of vermiculite using three
mineral acids (nitric, sulphuric and hydrochloric), obtained in
preliminary screening, were calculated according to Eq. (1):

qm ¼
�
C0 � Ceq

�
V

m
(1)

where qm is adsorption capacity (mg g�1), C0 and Ceq initial and
final concentrations (mg L�1) respectively, V volume of adsorbate
(mL), m adsorbent mass (mg). Obtained results showed that
vermiculite treated with nitric acid has the best adsorption
properties. Moreover, shorter treatment with this acid (2 h) gave
better results than longer (24 h), for which the capacity decreased.
It was also observed that additional treatment of the samples with
citric acid (sample VeN2.5C10%) resulted in an increase of
adsorption capacity and that boiling only in distilled water
(sample VeH2O) significantly decreases adsorption capacity
compared to untreated material (Ve). Moreover, treatment only
with citric acid did not result in an increase of the adsorption
capacity (WC10% and VeC10%). Selected results of screening with
MB at concentration of 22 mg L�1 in case of different acids
treatment and results for MB at concentration of 55 mg L�1 in case
of citric acid treatment are shown in Table 2.

The optimization results from subsequent application of both
nitric and citric acids are shown in Figs. 1 and 2. It was found that
the optimum concentration of nitric acid in the first step of
treatment for expanded vermiculite was 1.2 M and for citric acid,
as the secondary component, the best concentration was 1%. The
same procedure was applied to optimize concentrations of the
acids for raw vermiculite; the optimal nitric acid concentration
was 1.5 M, however, when the sample is treated with citric acid
the optimal concentration for nitric acid in the first step shifts to a
higher concentration, 1.8 M (Fig. 3). With raw (W), nitric acid
activated vermiculite four concentrations of citric acid were
investigated, only 10% concentration produced a significant in-
crease in adsorption capacity (Fig. 4).
Table 2
Results of preliminary screening of adsorption properties.

Sample Adsorption capacity (mg g�1)

Ve 27 ± 4
VeH2O 15 ± 1
VeS0.4 9.6 ± 0.7
VeCl0.8 10.0 ± 0.2
VeN0.8 11.5 ± 0.3
VeN0.8 24h 10.2 ± 0.4
VeN2.5 39 ± 1
VeN2.5C10% 42 ± 1
VeC10% 37 ± 2
W 33 ± 5
WN1.8 66 ± 2
WN1.8C10% 86 ± 2
WC10% 42 ± 2
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Fig. 3. Optimization of treatment conditions for expanded and raw vermiculite.
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The results of the optimization experiments showed a signifi-
cant difference between adsorption capacities of expanded and raw
vermiculite, which increases when the samples are treated with
nitric acid and then with citric acid. For expanded vermiculite
treated with the optimal nitric acid concentration, 1.2 M, the
adsorption capacity of 49.3 ± 0.7 mg g�1 was achieved; for raw
vermiculite treated with the optimal nitric acid concentration,
1.5 M, the adsorption capacity of 74.6 ± 0.7 mg g�1 was obtained;
for raw vermiculite treated with 1.8 M nitric acid and additionally
with 10% citric acid the capacity reached the value of 86 ± 2 mg g�1

(Fig. 3).

3.2. Kinetic experiments

To describe the adsorption kinetics for studied vermiculites, two
models were selected. Pseudo 1st (Lagergren's model) and pseudo
2nd (Ho's model) order models were used. Pseudo 1st order model
equation is (Lagergren, 1898) expressed by Eq. (2) (Ho, 2004):

qt ¼ qe
�
1� e�k1t

�
(2)

qe and qt (mg g�1) are adsorption capacities at equilibrium and at
time t (min), respectively, and k1 is the pseudo 1st order kinetic rate
constant of the model (min�1). This Eq. can describe typical diffu-
sion dependent kinetics following the Langmuir model, as well as it
may also describe kinetics of adsorption on energetically hetero-
geneous surfaces (Marczewski, 2010).

Pseudo 2nd order model (Ho and McKay, 1999) is expressed by
Eq. (3):

qt ¼ q2ek2t
1þ qek2t

(3)

Where k2 is the pseudo 2nd order kinetic rate constant
(g mg�1 min�1).

That formula reflects some properties of the Langmuir's rate
equation if the change of the concentration during the experiment
is highly significant. It may also be used for systems where het-
erogeneity of various origin exists (Ho and McKay, 1999).

Experimental data and fitted models (non-linear regression) are
shown in Fig. 5 and respective parameters of the models with
confidence intervals are presented in Table 3, where s2 is the
variance coefficient and r2 is the determination coefficient.
Equilibrium was reached approximately after 60 min. Variances
and correlation coefficients were determined and compared using F
and AIC tests. In all cases the pseudo 2nd order kinetic model was
the best fit according to Akaike's information criterion (AIC)
although Fisher's (F) test did not show statistically significant dif-
ferences between the models in case of AR on WN1.8C10% and MB
on W.

Comparing raw and treated material, k2 kinetic constants are
quite similar for MB and AR (0.005 ± 0.002 and
0.003 ± 0.001 g mg�1 min�1 for raw and modified vermiculite with
AR, and 0.007 ± 0.002 and 0.004 ± 0.001 g mg�1 min�1 for raw and
modified material with MB, respectively).
3.3. Equilibrium experiments

Two models were selected to fit the experimental data. The
Langmuir's model (Langmuir, 1918) is based on several basic as-
sumptions (Greluk and Hubicki, 2010): adsorption takes place on
specific homogeneous sites within the adsorbent; one dye mole-
cule occupies one site; the adsorbent has a limited capacity for the
adsorbate; adsorbents are structurally homogeneous. The model is
expressed by Eq. (4):

q ¼ qmKLCe
1þ KLCe

(4)

The Freundlich's model (Freundlich, 1906) is applied to
adsorption on heterogeneous surfaces with the interaction be-
tween the adsorbed molecules. The model suggests that the
adsorption energy exponentially decreases as the adsorption pro-
ceeds. This model also predicts that the dye concentration on the
material will increase as long as there is an increase of the dye
concentration in the solution (multilayer adsorption) (Greluk and
Hubicki, 2010). Freundlich's equation is shown below:

q ¼ KFC
1
n
e (5)

The parameters used in the equilibrium models are: q (mg g�1)
is the amount of dyestuff adsorbed per unit weight of adsorbents;
Ce (mg L�1) is the equilibrium concentration; qm (mg g�1) and KL

(L mg�1) are the Langmuir's constants related to the affinity of the
binding sites and energy of adsorption, respectively; 1/n and KF

((mg g�1)(L mg�1)1/n) are the Freundlich's constants related to
adsorption intensity and adsorption capacity, respectively.

Experimental equilibrium data and fitted models (non-linear
regression) are shown in Fig. 6. Variances and correlation co-
efficients were determined and compared using F and AIC tests.
Model parameters are presented in Table 4. According to the
Fisher's test there was no difference in fitting both models to
experimental data except in case of MB on WN1.8C10%, where the
Freundlich's model fits better. AIC shows that the Langmuir's model
fits better the experiments with AR, and the Freundlich‘s model fits
better the experiments with MB.

The equilibrium experiments showed that the material modi-
fied with nitric and citric acid presents higher adsorption capacity
for both dyestuffs (comparison based in Langmuir model)
44 ± 2 mg g�1 and 60 ± 4 mg g�1 for AR on raw and modified
material, respectively, and 53 ± 5 mg g�1 and 66 ± 7 mg g�1 for MB
on raw and modified material, respectively.
3.4. Column experiments

Three models were selected to describe the behaviour of the
systems, Thomas's, Yoon-Nelson's and Yan's model.

Thomas's model (Cavas et al., 2011) is one of the most widely
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Fig. 5. Kinetic models fitted for AR (A) and MB (B) over raw and treated vermiculite.

Table 3
Parameters of kinetic equations obtained in adsorption of AR and MB on raw and treated vermiculites.

Model Parameters AR on W AR on WN1.8C10% MB on W MB on WN1.8C10%

Pseudo 1st order k1 (min�1) 0.15 ± 0.04 0.13 ± 0.06 0.14 ± 0.04 0.16 ± 0.04
qe (mg g�1) 41 ± 2 59 ± 2 33 ± 2 60 ± 4
s2 10.13 31.44 6.64 12.57
r2 0.924 0.883 0.926 0.959

Pseudo 2nd order k2 (g (mg min)�1) 0.005 ± 0.002 0.003 ± 0.001 0.007 ± 0.002 0.004 ± 0.001
qe (mg g�1) 45 ± 2 63 ± 4 35 ± 2 64 ± 4
s2 3.76 14.93 5.09 3.89
r2 0.972 0.945 0.943 0.988

Model comparison Fisher's test Pseudo 2nd No difference No difference Pseudo 2nd

AIC Pseudo 2nd Pseudo 2nd Pseudo 2nd Pseudo 2nd
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Fig. 6. Adsorption isotherms for AR (A) and MB (B) over raw and treated vermiculite.

Table 4
Parameters of Langmuir's and Freundlich's isotherms obtained by fitting (non-linear) equations for adsorption of AR and MB on raw and treated vermiculites.

Model Parameters AR on W AR on WN1.8C10% MB on W MB on WN1.8C10%

Langmuir qm (mg g�1) 44 ± 2 60 ± 4 53 ± 5 66 ± 7
KL (L mg�1) 1.1 ± 0.4 0.7 ± 0.2 3 ± 2 3 ± 2
s2 4 21.94 11.11 54.42
r2 0.903 0.928 0.888 0.739

Freundlich KF ((mg g�1)(L mg�1)1/n) 30 ± 4 27 ± 4 36 ± 5 42 ± 5
n 10 ± 4 4.4 ± 0.9 10 ± 2 8 ± 2
s2 10 37.84 8.37 11.43
r2 0.761 0.875 0.915 0.945

Model comparison Fisher's test No difference No difference No difference Freundlich
AIC Langmuir Langmuir Freundlich Freundlich
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used column performance models which allows to predict the
relationship between concentration of the effluent and time
(Thomas, 1944). The model is represented by Eq. (6):

C
C0

¼ 1

1þ exp
�
kThQ0m

F � kThC0t
� (6)

Where, kTh is Thomas's model constant (L mg�1 min), Q0 is the
maximum concentration of adsorbate adsorbed on solid phase
(mg g�1), m is the amount of adsorbent (mg), F is flow rate (mL
min�1) and t is the time (min), C and Co are the concentrations of
feed and effluent (mg L�1), respectively.

Yan's model (Yan et al., 2001) is more accurate than Thomas's. It
helps to overcome some the draw-backs like serious deficiency in
predicting the effluent concentration with respect to time zero.
Yan's Eq. (7) was found to better describe the breakthrough curves
in fixed bed columns (Lodeiro et al., 2006). The equation is as
follows:

C
C0

¼ 1� 1

1þ
�
FC0t
qYm

�ay (7)

Where, aY is the Yan's model constant (dimensionless), qY is the
maximum adsorption capacity (mg g�1) and m is the adsorbent
mass (mg).

Yoon-Nelson model (Yoon and Nelson, 1984) is a relatively
simple model, which does not require detailed data about charac-
teristics of adsorbate, type of adsorbent or physical properties of
the adsorption bed (Lodeiro et al., 2006). This model is expressed as
follows, Eq. (8):
0 100 200 300 400 500
0.0

0.2

0.4

0.6

0.8

1.0

0 100 200 300 400 500
0.0

0.2

0.4

0.6

0.8

1.0

C
/C

o

C

A

Ti

Fig. 7. Breakthrough curves of adsorption obtained for MB on raw (A) and
C
C0 � C

¼ expðkYNt � tkYNÞ (8)

Where, kYN is the Yoon-Nelson's model constant (min�1), t is
the time required for 50% adsorbate removal (min) and t is the
time.

Fig. 7 illustrates the experimental data, and corresponding
fitted models (non-linear regression). The parameters and statis-
tics of applied models are shown in Table 5. All selected models
fitted well to the experimental data, although the best fit was the
Yan's model (AIC indicates that model as the best fit in all cases).
The Fisher's test did not show any difference between models
with materials used with MB. The results showed higher
adsorption capacities than predicted by equilibrium isotherms.
The capacities reached the value of 52 ± 1 and 98.9 ± 0.6 mg g�1

for AR for raw and modified material, respectively, and 53.8 ± 0.2
and 147 ± 2 mg g�1 for MB for raw and modified material,
respectively. Similar capacities were predicted by Thomas' model
54 ± 1 and 100.4 ± 0.8 mg g�1 for AR with raw and modified
vermiculite, respectively, and 55 ± 2 and 150 ± 4 mg g�1 for MB
with raw and modified material, respectively. From Yoon-Nelson's
model the breakthrough times for 50% removal were estimated,
being 271 ± 6 and 10039 ± 71 min for AR and 274 ± 11 and
816 ± 17 min for MB, with raw vermiculite and modified material,
respectively.
4. Discussion

In present work it has been proven that mineral acid treat-
ment of vermiculite followed by washing with citric acid results
in a significant increase in the adsorption capacity of the mate-
rial. Compared to other studies where the capacity reached a
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Table 5
Parameters obtained in modelling of breakthrough curves for AR and MB adsorption on raw and modified vermiculites.

Model Parameters AR on W AR on WN1.8C10% MB on W MB on WN1.8C10%

Yoon-Nelson kYN (min�1) 0.014 ± 0.001 0.00066 ± 0.00002 0.018 ± 0.005 0.0073 ± 0.0009
tYN (min) 271 ± 6 10039 ± 71 274 ± 11 816 ± 17
s2 0.0012 0.00108 0.00346 0.00123
r2 0.988 0.991 0.962 0.987

Thomas kTH (mL(mg min)�1) 0.27 ± 0.02 0.0133 ± 0.0006 0.37 ± 0.09 0.16 ± 0.02
qTH (mg g�1) 54 ± 1 100.4 ± 0.8 55 ± 2 150 ± 4
s2 0.012 0.0011 0.00345 0.00123
r2 0.988 0.991 0.962 0.988

Yan aY 3.6 ± 0.2 6.1 ± 0.2 5.0 ± 0.7 5.6 ± 0.4
qY (mg g�1) 52 ± 1 98.9 ± 0.6 53.8 ± 0.2 147 ± 2
s2 0.0006 0.0006 0.00129 0.0008
r2 0.994 0.995 0.986 0.992

Model comparison Fisher's test Yan Yan No difference No difference
AIC Yan Yan Yan Yan
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level of 11.7 mg g�1 after treatment in 2 M HCl (Zhao et al., 2008)
the capacity has increased from 33 ± 5 to 86 ± 2 mg g�1 for
starting material and activated one, respectively. The results
presented herein provide clear evidence that both acids con-
centrations influence greatly the potential adsorption capacity of
the material. The changes are probably due to partial leaching of
Al3þ, Mg2þ and Fe3þ ions from the octahedral sheets and struc-
tural changes of the material as well as to exchange of interlayer
ions (for example Mg2þ, Ca2þ, Kþ, Naþ) (Komadel and Madejova,
2006; Santos et al., 2015). In the first step protons replace the
exchangeable cations and then they attack the layers. The second
effect is the leaching of Al, Mg and Fe from the octahedral and
tetrahedral sheets, due to the dehydratation of the structural OH
groups, what results in corrosion of the sheets, however the SiO4
groups of the tetrahedral sheet stay almost intact (Steudel et al.,
2009; Pentr�ak et al., 2012).

Vermiculites are characterized by high layer charge, which
makes the ion exchange more difficult to proceed. Strong interac-
tion between layers and cations results in limited diffusion of ions
between layers. Acid treatment caused leaching of octahedral
layers by protonating the oxygen atoms, which explains the in-
crease of heterogeneity of OH species in the structure, and de-
creases layer charge facilitating ion exchange (Schoonheydt and
Johnston, 2006). The changes in the material described above
facilitate adsorption of dyestuff molecules. Ionic radius of hydrogen
is bigger than the one of magnesium. It is known that the smaller
the radius and the higher the valence, the higher is the polarizing
power of a cation, therefore the magnesium cation has higher
polarizing power than a proton. Ions with higher polarizing power
are preferred during ion exchange (Sparks, 2003; Molina, 2013)
thus it is easier for a dye molecule to exchange with Hþ. As
mentioned above, it is known that high layer charge in vermiculites
leads to difficulties in ion exchange process. Decrease of CEC
observed in acid treated samples (Table 1) could facilitate adsorp-
tion of dye molecules via ion exchange mechanism (Schoonheydt
and Johnston, 2006). When concentrated acid was used, excessive
leaching of layer components and loss of CEC may be compensated
by increasing specific surface area and formation of adsorption
centers, e.g. via interaction of dye molecules with surface hydroxyl
groups in silica (Komadel and Madejova, 2006; Zhao et al., 2008;
Hajjaji and El Arfaoui, 2009).

Furthermore, acid treatment results in both delamination of the
structure and development of porosity. UVeVis spectra showed
that Fe species in bulk form, possibly located outside layers, which
is a result of grinding and acid activation, what together with cre-
ation of amorphous silica residue increases specific surface of the
material (Maqueda et al., 2007, 2009). This is a result of changes in
the crystalline structure of the material (Santos et al., 2015), which
becomes amorphous and more porous as well as leaching of ele-
ments from octahedral layer. Micropores and small mesopores are
created and specific surface area increases with increasing acid
concentration (Table 1). Decreased interactions between layers, as a
result of delamination and formation of “house of cards” structure,
may facilitate intercalation of bigger chemical species, like dyes,
what might be concluded from the obtained XRD patterns for the
spent materials (Fig.A.5).

Citrate, as other small organic anionsmay catalyze dissolution of
minerals by formation of metal-organic complex what increases
the solubility of metals such as Al (Huang and Keller, 1971; Stumm
and Furrer, 1987; Welch and Ullman, 1993). Organic anions may
also act as chelating agents towards the exchangeable cations
balancing the charge of layers (Muir and Nesbitt, 1991; Huang and
Longo, 1992; Fein, 1994). This process may open sites for Hþ attack
by removing the charge balancing cations (Muir and Nesbitt, 1991).
Furthermore, when amorphous phases are present in the material,
strong organic complexation occurs and material can undergo fast
reductive dissolution (Zinder et al., 1986; Waite, 1986.; Torn et al.,
1997). Therefore, the influence of organic acids on mineral disso-
lution is rather an indirect than a direct effect (Kubicki et al., 1999).
Citric acid is generally a weakly adsorbed ligand on clays oppositely
to the strong tendency for Al and citric acid to form complexes in
solution (Hue et al., 1986). Citrate tends to form multidentate li-
gands (Powell and Heath, 1996), as exchange of a COO� group for
H2O at three sites may be possible in solution but not on a mineral
surface (Kubicki et al., 1999). No traces of organic matter were
found in the IR spectra, what can be explained by the fact that
organic acid areweakly adsorbed onto vermiculite and rinsing with
distilled water removes them from the structure (Kubicki et al.,
1999).

Kinetic experiments showed that adsorption onto the material
correlates with pseudo 2nd order kinetic model based on the
assumption that the rate-limiting step may be chemisorption
involving valency forces through sharing or exchanging electrons
between adsorbent and adsorbate. Approximately 60 min was
enough in each case to reach the equilibrium and adsorption on
raw material proceeds faster than on acid treated, which may be
supported by the observation that in acid activated samples
adsorption mechanism is different than in raw material. CEC
playing significant role in determining the amount adsorbed on
raw vermiculite is replaced by new adsorption centers located on
developed surface area. Although, Fisher's test did not show sig-
nificant differences in the experimental data between pseudo 1st

and pseudo 2nd model, AIC and correlation coefficients indicate the
pseudo 2nd order model as a better fit. Although in most natural
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materials a pseudo 2nd order kinetics is followed (Oliveira et al.,
2009), it is still unclear which properties of the adsorption sys-
temmake it better represented by one specificmodel. However, it is
accepted that for most of the adsorption period the rate is
controlled by various diffusion regimes, and therefore, the kinetic
models are better considered as empirical equations that do not
reflect the actual chemical and physical phenomena taking place,
but are useful as simple equations to predict the kinetics of
adsorption systems and design adsorption units (Hameed and El-
Khaiary, 2008).

The results show that adsorption of AR seems to follow the
Langmuir model, while MB follows Freundlich model. Although
some studies report that it may correspond to monolayer theory
according to the Langmuir's assumptions (Chen et al., 1999;
Mouzdahir et al., 2007; Almeida et al., 2009), other reports sug-
gest that adsorption of MBmight fulfil the multilayer model (Weng
and Pan, 2006), which is compatible with the results obtained. This
might be due to the fact that, on certain surfaces, MB adsorption
can be followed by the formation of dimmers and trimmers on the
external surface of clay and then by disaggregation and migration
of the dye in between layers (Neumann et al., 2002). This fact
together with assumption that MB might not lie flat on the surface
but take tilted position (H€ahner et al., 1996) may explain the reason
of the Freundlich model being a better fit in that case. Additionally,
AR has bigger molecule and higher number of resonance structures
equal 7 in comparison to MB having only 3 possible configurations,
which may allow the molecule to attach to the surface with
different geometrical coordination and better covering of the sur-
face with monolayer.

In column experiments the Yan's model was the best fit. The
experiments proved that the material is good as adsorbent for use
in column operation. Such system configuration is preferable since
filtration process in not required to separate adsorbent and
regeneration can be easily performed without a loss of the ma-
terial. The adsorption capacity estimated for MB on raw vermic-
ulite based on the equilibrium isotherm for the concentration of
50 mg L�1 (the column inlet concentration) is coincident with the
one estimated by the Yan's model (Table 5), which was expected
because use in column systems the equilibrium is established with
the inlet concentration. However, the adsorption capacities ob-
tained for the other systems in column experiments (Table 5) are
higher than those estimated from the respective equilibrium iso-
therms. The same temperature and pH conditions were used in all
experiments. Moreover, these parameters were monitored during
the experiments and no significant changes were observed.
Therefore, it could be concluded that observed divergence might
be due to the heterogeneity of raw vermiculite as a natural
material.

5. Conclusions

Treatment of vermiculite with nitric acid followed by washing
with citric acid leads to a significant increase in the adsorption
capacity of the material (100.8 ± 0.8 mg g�1, for modified material
and 54 ± 1 mg g�1 for raw for AR and 150 ± 4 mg g�1 and
55 ± 2 mg g�1 for MB respectively in column experiment). During
the process interlayer cations are exchanged by protons, andmetals
from the layers are leached causing changes in the structure of the
material (increased porosity and specific surface area, decreased
CEC and appearance of amorphous phase) facilitating adsorption of
dyestuff molecules. Citric acid causes further leaching from the
layers, removes interlayer cations and chelates metals present in
solution. Acid treatment results in delamination of the structure
and weaker interaction between layers. The results obtained prove
a successful application of acid treated vermiculite to cationic
textile dyestuffs removal resulting in a high adsorption capacity
and open new perspectives for the application of this material in
wastewater treatment as adsorbent.

Clay-based adsorbent production doesn't require advanced
technology, neither is energy consuming nor requires expensive
facilities. The developed adsorbent is recyclable, reusable and
capable of decreasing dye content in wastewater to acceptable
levels at affordable cost making it economically and environmen-
tally friendly.
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APPENDIX

1. UVevis-diffuse reflectance spectroscopy analysis

The UVevis-diffuse reflectance spectroscopy is a suitable
technique to study solids, particularly transition metal oxides and
ions in constrained environment such as MCM structure, zeolites
and clay materials (Rao and Mishra, 2005). Iron is a natural
component of vermiculite, its coordination and agglomeration can
be determined by UVeVis spectroscopy (Węgrzyn et al., 2013).
The position of the bands depends on coordination and agglom-
eration of iron species (Kumar et al., 2004; P�erez-Ramı

́

rez et al.,
2004). The samples were diluted with SiO2 before the measure-
ments in order to lower the absorbancy and to obtain the
measurable range (30 mg of the sample pounded with 270 mg of
SiO2 in an agate mortar). The coordination and aggregation of iron
present in the samples was measured in the range of 190e900 nm
with a resolution of 2 nm using an Evolution 600 (Thermo)
spectrophotometer.

The bands in the region of 300e400 nm are characteristic for
small oligonuclear FexOy clusters, particles of Fe2O3 give char-
acteristic bands above 400 nm (Kumar et al., 2004). In the case of
mononuclear Fe3þ ions, iron ions in tetrahedral (band below
250 nm) and octahedral (band at 250e300 nm) coordination can
be distinguished (Kumar et al., 2004; P�erez-Ramırez et al., 2004).
Peak at around 220 nm in the obtained spectra is attributed to
mononuclear cations in tetrahedral coordination, this peak is
more intensive than the one at around 250 nm related to octa-
hedral coordination, which suggests that tetrahedral coordina-
tion of Fe3þ dominates in the material (Table A.1). It was also
noticed that the peak at 250 nm becomes broader and a bit more
intensive after the acid treatment. The band assigned to small
FexOy cluster (at around 360 nm) and bands above 400 nm, for
bulk Fe2O3, decreased after the treatment (Chmielarz et al., 2010,
2012). The results suggest that iron is located mainly in tetra-
hedral and octahedral sheets, the small amount of iron oxide is
located outside the clay layers. Acid treatment resulted in change
of iron species distribution by removal of oligonuclear and bulk
Fe2O3 components. No significant shift in band position was
observed. All the spectra are shown in Fig. A.1.



Table A.1
UVevis-DRS band assignment for starting and treated vermiculites.

W WN1.8 WN1.8C10% WN2.0C10% Assignment

nm

220 218 220 223 Tetrahedral Fe3þ

248 250 250 245 Octahedral Fe3þ

360 370 370 374 FexOy clusters
420 418 420 420 Bulk Fe2O3

470 480 480 476 Bulk Fe2O3

(Chmielarz et al., 2010, 2012; Węgrzyn et al., 2013).
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The Figs.A.1 to A.4 below are presented in Kubleka-Munk units.
This format relates sample concentration to diffuse reflectance and
applies a scattering factor (Sherman Hsu, 1997).
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Fig. A.1. The UVevis-diffuse-reflectance spectra of the starting and acid treated material.
2. Diffuse reflectance infrared Fourier transform analysis

Infrared (IR) spectroscopy is a commonmethodwidely used in the
analysis of clay minerals (Schroeder, 2002). The IR analysis can be
done very quickly and non-destructively. One of the measurement
techniques in IR is diffuse reflectance technique (DRIFT). Infrared
spectra of the samples diluted with KBr in order to lower the absor-
bancy and to obtain the measurable range (4 mg of sample crushed
with 96 mg of KBr in a mortar) were recorded using diffused reflec-
tance technique (Nicolet 6700 FT-IR, Thermo Scientific). In both
spectral techniques (UVevis-DRS and DRIFT) second derivative of
original spectra was used to distinguish several overlapping peaks.
One band at 3368 cm�1 dominates in the starting material
(Table A.2) and upon acid treatment it becomes broader and shifts
to 3411 cm�1, which together with appearance of two additional
bands (3607 cm�1 and 3614 cm�1) suggests higher heterogeneity of
eOH species (Węgrzyn et al., 2013). The band at 3368 cm�1 cor-
responding to OH stretching in weakly bonded water molecules
(Chmielarz et al., 2012) becomes broader and shifts to 3400 cm�1.
Bending deformation of adsorbed and interlayer water resulted in
the formation of the bands between 1630 and 1640 cm�1.

Several other bands, which are ascribed to vibrations of alumi-
nosilicate structure, appear. The dominant band for the raw ma-
terial (990 cm�1) is relatively narrow and becomes broad in the
treated samples, the band of stretching of SieO (1090 cm�1)
(Madejov�a and Komadel, 2001) disappears. Other bands attributed
to vibrations of SieOeSi in amorphous silica (1200e1225 cm�1)
appear in treated material, along with bands in the range of
1000e1024 cm�1, ascribed to SieO vibrations, which should indi-
cate higher heterogeneity and amorphousness of the lattice struc-
ture (Ritz et al., 2014). Several studies (Komadel et al., 1996;
Madejov�a et al., 1998; Steudel et al., 2009) postulated that
changes in the SieO stretching region are due to the partial
transformation of the tetrahedral sublayers into a three dimen-
sional framework of amorphous silica. Bands with lower intensity
(915e770 cm�1) result from bending and deformation vibrations in
octahedral layer (e.g. AleOH, AleMgeOH) (Liu et al., 2011). All the
spectra are shown in Figs. A.2 and A.3.



Fig. A.2. Diffuse Reflectance Infrared Fourier Transform spectra of the starting and acid modified vermiculite (range 1500e700 cm�1).

Table A.2
Band assignment in DRIFT spectra in starting and treated vermiculites.

W WN1.8 WN1.8C10% WN2.0C10% Assignment

cm�1

3674 3666 3666 3675 SieMg3OH
3623 3634 3638 3632 OH stretching of structural hydroxyl groups (terminal OH groups in Al^OH)

3607 3614 OH stretching of structural hydroxyl groups
3555 3548 3548 3555 OH stretching of water coordinated to Al, Mg
3368 e e e OH stretching in weakly bonded water molecules
3243 3243 3220 3240 shoulder of OH stretching of structural hydroxyl groups
1640 1633 1633 1632 Bending of water molecules in hydration layers of soil phyllosilicates

e 1385 1387 e OH in water that is retained by the adsorbent

1224 1203 1223 SieOeSi In amorphus silica
1090 e e e SieO stretching

1132 1144 1187 SieO stretching vibration (out-of-plane)
1042 1047 1052 1054 SieO stretching vibration (in-plane)

e 1024 1003 1008 SieO stretching vibration (in-plane)

990 960 973 973 SieO stretching vibration
915 902 901 904 AlAlOH bending
876 868 870 868 AlFeOH bending
808 817 814 817 AleOeSi In amorphous silica
790 771 786 786 SieOeAl vibration

(Vicente-Rodríguez et al., 1996; Madejov�a and Komadel, 2001; Spaccini et al., 2001; Madejova, 2003; Petit, 2006; Steudel et al., 2009; Chmielarz et al., 2010; Liu et al., 2011).
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Fig. A.3. Diffuse Reflectance Infrared Fourier Transform spectra of the starting and acid modified vermiculite (range 4000e2400 cm�1).
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3. X-ray diffraction analysis

X-ray powder diffraction (XRD) is an analytical technique
used for phase identification of a crystalline material and it is
useful in providing information on unit cell dimension and
atomic structure of crystalline substances. The structure of the
materials was studied with X-ray powder diffractometer (Bruker,
D2 PHASER) equipped with CuKa radiation source. The samples
were measured without any previous preparation.
Table A.3
Identification of peaks in XRD patterns of raw and treated vermiculites.

W WN1.8, WN1.8C10%,
WN2.0C10%

Assignment

�2q nm �2q nm

5.61 1.58 e e e

6.22 (002) 1.43 6.30 1.40 Hydrated Mg2þ

7.06 1.25 e e Presence of partially dehydrated magnesium interlayer cation
9.45 0.94 9.40 0.94 e

12.36 (004) 0.72 12.33 0.72 Interstratification between contracting and non-contracting forms
18.57 (006) 0.48 18.55 0.48 Low amount of octahedral iron in interlayer space
24.84 0.36 24.93 0.36 Quartz impurities
28.64 0.31 28.64 0.31 e

(Walker, 1961; Marcos et al., 2009; Mouzdahir et al., 2009; Chmielarz et al., 2012; Węgrzyn et al., 2013; Santos et al., 2015).
In the diffractogram of the samples (Table A.3) several re-
flections were found at: 5.61 �2q (d ¼ 1.58 nm), 6.22 �2q
(d002 ¼ 1.43 nm), 7.06 �2q (d004 ¼ 1.25 nm), 9.45 �2q (d ¼ 0.94 nm).
The basal spacing of 1.43 nm is characteristic for magnesium in
hydrated forms of vermiculite and the basal spacing around
1.25 nm might be attributed to partially dehydrated magnesium
cations present in the interlayer space (Chmielarz et al., 2012). The
reflection at 12.36 �2q (0.72 nm) corresponds to the presence of
interstratification between swelling and non-swelling forms
(Walker, 1961) and reflection at 24.84 �2q (d ¼ 0.36 nm) might be
attributed to quartz impurities in the sample (Chmielarz et al.,
2012). No reflection at about 8.60 �2q was noticed, what indicates
the absence of potassium cation in the sample. The origin of the
reflection in raw vermiculite at 5.61 �2q (1.58 nm), 9.45 �2q
(0.94 nm) and 28.64 �2q (0.31 nm) in all the samples remains un-
clear. All diffraction patterns are shown in the Fig.A.4.
Acid treatment significantly decreased the intensity of basal
reflections of the samples. This is probably related to the partial
transformation of the ordered structure of clay (parallel ordering of
clay layers) into delaminated structure (non-parallel ordering of
clay layers e “house of card” structure) due to deposition and
redeposition of the components leached from the clay layers
outside the layers. Formation of the delaminated structure is
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possible when cationic species of various sizes (e.g. clustered spe-
cies, various metal cations) are deposited into the interlayer space
of clay (Chmielarz et al., 2012).
Fig. A.4. Phase composition of ra

Fig. A.5. Phase composition of raw (A) and acid activ

Table A.4
Codes of the samples and feed composition for the samples activation at 98 �C.

Sample Starting vermiculite Treatment step 1

Solution

W Raw x
WN1.8 1.8 M HNO3

WN1.8C10%
WN2.0C10% 2.0 M HNO3

WC10% 10% (m/v) citric acid
VeN0.8 Expanded 0.8 M HNO3

VeS0.4 0.4 H2SO4

VeCl0.8 0.8 M HCl
VeN2.5 2.5 M HNO3

VeN2.5C 2.5 M HNO3

VeH20 distilled water
VeN0.8 24h 0.8 M HNO3
Fig. A.5 presents changes in interlayer distances for spent ad-
sorbents. It may be concluded, that partial intercalation of dyes
might occur for acid treated sample.
w and treated vermiculites.

ated vermiculite (B) saturated with MB and AR.

Treatment step 2

Time [h] Solution Time [h]

x x x
2

10% (m/v) citric acid 2

x x

10% (m/v) citric acid 2
x x

24



Table A.5
Textural parameters of starting and acid modified vermiculites.

Sample SBET Sext Smeso Smicro Vtotal

[m2/g] [m2/g] [m2/g] [m2/g] [cm3/g]

Ve 9 8 1 0 0.01
VeC1% 6 5 1 0 0.02
VeN1.2 146 11 108 27 0.12
W 21 12 5 4 0.02
WN1.5 318 20 248 50 0.21
WN1.5C10% n.d. n.d. n.d. n.d. n.d.
WN1.8 333 23 268 42 0.21
WN1.8C10% 338 24 279 35 0.22
WN2.0 459 27 371 61 0.32
WN2.0C10% 449 24 369 56 0.30
WN3.2C10% 525 31 439 55 0.38

Fig. A.6. Structural and molecular formulas of MB (A) and AR (B) cations.
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