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Removal of Orange II by Phosphonium-modified Algerian
Bentonites

S. BOUZID!, A. KHENIFI', K. A. BENNABOU', R. TRUJILLANO? M. A. VICENTE?, and Z. DERRICHE'

'Laboratoire de Physico-Chimie des Matériaux, Département de Chimie, Université des Sciences et de la Technologie d’ Oran,
Oran El Menouer, Algéria
2GIR QUESCAT, Departamento de Quimica Inorgdnica, Universidad de Salamanca, Salamanca, Spain

An Algerian montmorillonite was modified with two organic surfactants, methyltriphenyl phosphonium bromide and
n-hexyltriphenyl phosphonium bromide. The solids obtained were used as adsorbents to remove Orange II, an anionic dye
from aqueous solutions. Batch experiments were conducted to study the effects of temperature (20-60°C), initial concentration
of adsorbate (50-150 mg L~') and pH of solution 6.5 on dye adsorption. Due to their organophilic nature, exchanged montmorillo-
nites were able to adsorb Orange II at a very high level. Adsorption of Orange II for B-NHTPB and B-MTPB at different pH show
that the adsorption capacity clearly decreases with an increase in pH of the initial solution from 2 to 8, this decrease being dramatic
for pH > 8. This may be due to hydrophobic interactions of the organic dye with both phosphonium molecules and the remaining
non-covered portion of siloxane surface. The kinetics of the adsorption was discussed on the basis of three kinetic models, i.e., the
pseudo-first-order, the pseudo-second-order, and the intraparticle diffusion models. Equilibrium is reached after 30 min and 60 min
for B-MTPB and B-NHTPB, respectively; the pseudo-second-order kinetic model described very well the adsorption of Orange IT on
modified bentonites. The non-linear Langmuir model provided the best correlation of experimental data, maximum adsorption of
Orange II is 53.78 mgg ™' for B-NHTPB and 33.79mgg ! for B-MTPB. The thermodynamic parameters, such as free energy
of adsorption (AG°), enthalpy change (AH®), and entropy change (AS°) were also determined and evaluated. From thermodyn-
amic studies, it was deduced that the adsorption was spontaneous and exothermic.

Keywords: Adsorption; Alkyltriphenyl phosphonium bromide; Modified montmorillonite; Orange II dye

Introduction In contrast, adsorption has been accepted as an effective
and economical technology to concentrate and remove
contaminants from aqueous phases and soils. Most
commercial systems currently use activated carbon as a
sorbent to remove dyes in wastewater because of its excellent
adsorption ability. But it has the disadvantage of the high
costs associated with its replacement and regeneration. This
limitation has encouraged the search for inexpensive and
readily available adsorbents like natural and waste materials.
Studies with clays, chitin, algae, agricultural waste residues,
fly ash, hydroxide metal sludge, and sewage sludge have been
found in the literature (Silvia et al., 2008). Bentonites are
argillaceous materials that can be effectively employed as
adsorbents for many wastewater pollutants due to their high
specific surface area. This outstanding capability is due to the
presence of the mineral montmorillonite. The use of benton-
ite in wastewater treatment has received increasing attention
and currently offers a very attractive method for pollution
remediation. Besides it is plentiful, inexpensive, and available
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Physico-Chimie des Matériaux, Département de Chimie, Univer- most widely studied clay used to prepare organo-clays for
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Color versions of one or more of the figures in the article can Organo-clays have attracted substantial attention both
be found online at www.tandfonline.com/gcec. in fundamental research and industrial applications because

The textile industry is confronted with serious environmental
problems associated with its immense wastewater discharge,
substantial pollution load, extremely high salinity, and alka-
line, heavily colored effluents (Vogelpohl and Kim, 2004).
Industrial dyes usually have complex aromatic molecular
structures which make them very stable and difficult to bio-
degrade. Furthermore, many dyes are toxic to some micro-
organisms and may cause direct destruction or inhibition of
their catalytic capabilities (Santhy and Selvapathy, 2006)
Dyeing effluents are very difficult to treat, due to their resist-
ance to biodegradability, and stability to light, heat, and
oxidizing agents. In general, the treatment of dye-containing
effluents is undertaken by adsorption, oxidation-ozonation,
biological processes, and coagulation-flocculation and
membrane processes (Walker and Weatherley, 1999).
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of their high sorptive properties (Lee and Lee, 2004).
Intercalation of alkylammonium or alkylphosphonium
cations into the clay minerals goes via ion exchange resulting
in occupation of an interlayer space of the clay structure. Ion
exchange of primary, secondary, tertiary, and quaternary
alkylammonium or alkylphosphonium cations changes the
hydrophilic surfaces of the clay structure into organophilic,
which enables sorption or intercalation of the organic com-
pounds (Hedley et al., 2007; Patel et al., 2007) For example,
quaternary ammonium salts have been used very often to
turn bentonite into a hydrophobic form (Yilmaz and Yapar,
2004) and recently quaternary phosphonium salts were
reported (Hedley et al., 2007). As a result, the modified
bentonite adsorption capacity increased dramatically in com-
parison with natural bentonite. Bentonite and montmorillon-
ite modified with cetylpyridinium (Lee et al., 2001; Zhu and
Ma, 2008) and hexadecyl trimethylammonium (HDTMA)
(Bae et al., 2000) could both effectively adsorb Orange II
from aqueous solutions. The bentonites modified with phos-
phonium salts have an appreciably higher thermal stability
than the ammonium salts-modified bentonites and may be
potentially useful materials for melt processing of polymer/
layered silicates nanocomposites (Khalaf et al., 1997).

In the present article, we report on the preparation
and characterization of phosphonium montmorillonite by
the interaction of quaternary phosphonium salts with
montmorillonite-rich bentonite clay from Algeria, with the
objective of preparing organoclays with high thermal stab-
ility. Toward this end, two quaternary phosphonium salts were
selected—methyltriphenyl phosphonium bromide (MTPB)
and n-hexyltriphenyl phosphonium bromide (NHTPB).
The prepared solids were applied to the adsorption of Orange
II azo-dye. The goal of this study was to demonstrate the
potential of phosphonium exchanged bentonite for removing
anionic dye from aqueous solutions, determining the adsorp-
tion capacity and the mechanism of the process.

Experimental

Starting Materials

The bentonite used in this work comes from a quarry located
in Maghnia (in western Algeria), and was supplied by the
Algerian mining company ENOF. It is mainly composed of
montmorillonite, and the main impurities are quartz,
cristobalite, and calcite. The clay was purified as reported
previously and named B-Na (Bouberka et al., 2005). The
chemical composition of the purified clay was: 54.90%
Si0,, 1.85% MgO, 27.71% Al,05, 0.08% K50, 0.08% CaO,
2.82% Fe,03, 3.14% Na,O, and 9.4% loss on ignition.

The cation exchange capacity (CEC) was determined by
two methods—adsorption of methylene blue and conductime-
try. The adsorption of methylene blue was used to determine
both the CEC and the total surface area of the material
(Bouberka et al., 2005). The conductimetric method was
based on the cationic exchange between Mg”>™ and Ba’", by
titration of Ba-saturated montmorillonite suspension
(1g/100mL) with a 0.02M MgSO, solution (Chiu et al.,
1990). The initial surface (S total) of clay evaluated by the
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methylene blue method is about 792m?/g with a CEC of
101.25meq./100 g of clay, in agreement with the conducti-
metric method (CEC=99meq./100g of clay). This surface
expressed in m?/g is calculated according to:

SSA = (m(MB)/319.9 x N x AMB x (1/A) (1)

where:

m(MB) =mass of adsorbed methylene blue at the point of
complete cation replacement (end point),

N = Avogadro’s Number = 6.02 x 10**/mol,

AMB =area covered by one methylene blue molecule,
typically assumed to be 130 A% according to Hang and
Brindley (1970).

Preparation of Organoclays

Two phosphonium surfactants were used to modify the
bentonite, namely methyltriphenyl phosphonium
bromide, CH;3(C¢Hs);PBr (98%), abbreviated MTPB, and
n-hexyltriphenyl phosphonium bromide, CH3(CH,)s
(C¢Hs)3PBr (99%), abbreviated NHTPB. These products
were provided by Aldrich Chemicals, Germany.

The organo-clays were prepared by exchanging the inor-
ganic cation of bentonite with the phosphonium salts, using
the amounts of the phosphonium salts that correspond to
100% of the clay’s CEC according to the procedure described
elsewhere (Khenifi et al., 2009). To this end, 3g of B-Na
dispersed in 300 mL of hot water was added to the phos-
phonium suspension under continuous stirring. The resulting
suspension was heated overnight at 80°C (Avalos et al., 2008)
filtered, and washed several times with hot water until
complete elimination of bromide anions (Ag™ test). Prior to
its characterization, the organophilic bentonite is dried in
an oven at 60°C. These samples are designated B-MTPB
and B-NHTPB, respectively.

Characterization Methods

Powder X-ray diffraction patterns (XRD) of the solids were
recorded in the 26 range of 2-65° by a Siemens D-500
diffractometer (Germany), working at 40kV and 30mA,
and using filtered Cu Ko radiation (1=1.5418 A). Infrared
absorption (FT-IR) spectra were determined on KBr discs
between 4000 and 400cm ™' by a Perkin-Elmer 1730 FT-IR
spectrometer (USA).

Scanning electron microscopy (SEM) was performed on
ground samples using a Digital Scanning Microscope DSM
940 Zeiss (Germany). The sample was coated with a thin gold
layer (about 20 nm) by metallization using a Bio-Rad ES100
SEN coating system (Bio-Rad laboratories, Inc., USA).

The zero surface charge characteristics of samples were
determined, and using the solid addition (Reyad et al.,
2007), 40mL of 0.1 M KNO; solution was transferred to
a series of 100-mL stoppered conical flasks. The pH; values
of the solutions were roughly adjusted between 2 and 8 by
adding either 0.1 N HCI or NaOH and were measured by
using a pH meter. The total volume of the solution in the
flask was adjusted exactly to 25 mL by adding KNO; solution
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of the same strength. The pH; of the solutions was then
accurately noted. Samples of 50 mg were added to each flask,
and each flask was securely capped immediately. The suspen-
sions were then kept shaking for 24 hr. The final pH values
of the supernatant liquid were noted. The difference between
the initial and final Ph (pHy) values (Ap H) was plotted against
the pH;. The point of intersection of the resulting curve
with abscissa, at which pHy, gave the pHp,. (Somasekhara
et al., 2012).

Adsorption Procedures

Adsorption experiments were conducted in a batch mode
because of its simplicity. An aqueous OII solution (Aldrich
>85%). with a concentration of 500 mg/L was prepared
as stock solution, being used for preparing the rest of the
solutions by dilution (Chiang et al. 2009).

The effect of pH was analyzed for a fixed dye concen-
tration (25mg/L), an organo-bentonite mass of 20 mg, and
a total solution volume of 20mL. The pH of the solution
was adjusted to the desired values by using solutions of
HCI or NaOH (0.1 M). Generally, each experiment was
performed at least twice under the same conditions.

The kinetic study was carried out by adding quantities of
250 mg of organo-bentonite into 250 mL of dye solutions with
different concentrations (50, 100, and 150 mg/L). The mixtures
were put under constant agitation. The effect of the tempera-
ture on the kinetic experiments was studied for a constant
dye concentration (150mg/L), an organo-bentonite mass of
250mg, and a total volume of 250mL. The control of the
temperature was carried out by a thermostatic bath regulated
at temperatures from 20 to 60°C. The adsorption isotherms
were carried out for concentrations of dye varying between 30
and 200mg/L, a constant organo-bentonite mass of 250 mg,
a solution volume of 250mL, and an agitation time of 3 hr
at the temperatures of 20, 40, and 60°C to achieve equilibrium.

Once the experiments were finished, the organo-bentonite
was separated from the liquid phase by centrifugation at
5000 rpm. The concentration of the supernatant was measured
by a colorimeter at An,,=485nm (Chen et al., 2011).
The quantity of dye adsorbed by the clay was calculated by
the equation:

qe = (Ci - Ce)% (2)

where C; and C, are the initial and final dye concentrations
(mg/L), respectively, m is the mass of adsorbent (g), and V'
is the solution volume (L). Blank experiments, without dye,
were carried out in each series of experiments. Each experi-
ment was repeated at least two times. The typical experimental
error is lower than 6% for all the experimental results.

Results and Discussion

Characterization of Bentonites

The X-ray diffraction patterns of treated bentonites clearly
indicate that the organophilization process was successful
(Figure 1). Natural bentonite shows a basal spacing of
11.93 A, consistent with montmorillonite containing a

S. Bouzid et al.

Counts

Fig. 1. XRD diffractograms of montmorillonite and organo-
montmorillonites.

monolayer of water in the interlayer spacing, which increases
to 15.99 and 18.38 A, for B-MTPB and B-NHTPB, respect-
ively, due to the intercalation of the surfactants into the inter-
layer of montmorillonite. The value of 15.99 A for B-MTPB
is consistent with a monolayer arrangement of the quatern-
ary phosphonium ions in the interlayer space. The basal
spacing of 18.38 A for the B-NHTPB sample is consistent
with a bi-layer arrangement of NHTPB in the interlayer
region, as reported by Hedley et al. (2007) for the inter-
calation of the similar cation butyltriphenylphosphonium
(BTPP). This difference in the basal spacing seems to be
related to the size of methyl and hexyl groups, the only differ-
ence between both phosphonium cations, the larger basal
spacing being found for the cation containing the hexyl
group. In this sense, Hedley et al. (2007) have reported
a basal spacing of 17.7 A when intercalating butyltriphenyl-
phosphonium (BTPP) into montmorillonite, a value that
is consistent with that now found for the sample intercalated
with hexyltriphenylphosphonium.

FTIR has been widely used to probe the conformation of
the adsorbed surfactant cations on clay minerals. The CH
infrared absorption bands are sensitive to the ordering and
packing density of the surfactants, and interactions between
the alkyl chains (Besson et al., 1987). The FTIR spectrum
of the original bentonite is typical of montmorillonite
(Figure 2), and logically its bands are maintained in the
treated solids, i.e., the bands at 3620 and 3698 cm™~'(-OH
stretching mode of Al-OH and Si-OH), the broad band
centered near 3400 cm ™ '(stretching mode of water, whose
bending mode appears at 1640cm "), the peak at 1115cm ™!
(out-of-plane Si-O stretching), the band at 1035cm™'
(in-plane Si-O stretching mode), and vibrations at 915, 875,
and 836cm™ !, attributed to AIAIOH, AlFeOH, and AIM-
gOH bending modes (Madejova, 2003). The organophilized
solids show in addition the peaks characteristic of the organic
molecules, confirming the success of the treatment. Thus,
peaks at 1466cm ™" (stretching of aliphatic C—C bonds in
a long chain) appeared for B-NHTPB, and a peak at
1379cm™! (characteristic of methyl groups), and bands at
2850-2855 and 2920-2930cm ! (asymmetric and symmetric
vibrations of C-H, respectively) (Lee and Lee, 2004) appeared
in the B-MTPB and B-NHTPB infrared spectra. The main
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Fig. 2. FTIR spectra of montmorillonite and organo-montmorillonites.

peaks of the aromatic ring at 1436 and 1439cm™" (bending
and stretching of C—-C bonds, respectively), 1485, 1511, and
1600cm ™' (stretching vibrations of aromatic C—C bonds),
and 2925-3030cm™! (stretching of C—H aromatic bonds)
were also present in both organo-montmorillonites. The
phenyl ring attached to the phosphonium atom displayed
an unusually sharp and relatively strong vibration band at
1435cm ™! (Patel et al., 2007).

SEM is one of the useful tools to characterize the surface
structure of the adsorbent materials. Typical SEM micro-
graphs of adsorbent material were taken before and after
dye adsorption and are presented in Figure 3. These micro-
graphs indicated clearly the appearance of the molecular
cloud over the surface of phosphonium-loaded clay, which
was absent on the rough structure of the clay before loading
with phosphonium.

The thermal gravimetric analyses of sodium bentonite
(B-Na) and phosphonium organo-montmorillonites
(B-MTPB and B-NHTPB) were performed to investigate
the effects of phosphonium salts used on the thermal stability
of bentonite and the resulting nanocomposites. The mass-loss
and derivative mass-loss curves for the natural bentonite
are plotted in (Figure 4a); below 200°C, the evolution of

!
Sogrei A » 5E0
WO =100 mm e Nase = A 80

NT= 350

—

absorbed water and gaseous species, such as physiabsorbed
CO, and N,, occurs. Between 250°C and 500°C, organic
substances evolve. Dehydroxylation of the aluminosilicate
occurs from 500°C to 700°C (Xie et al., 2002). In the case
of the organo-bentonite, the first maximum peak of the
derivative mass-loss curve took place at a temperature near
70°C. Again, this peak was due to the free water in the
organo-bentonite. The weight percentages of free water in
the bentonite and organo-bentonite were 12 and 5%, respect-
ively. Thus, the free water diminished when the bentonite was
modified with the phosphonium surfactant. This result
revealed that the hydrophilic nature of the bentonite was
modified with the surfactant and the organo-bentonite
surface was organophilic and less hydrophilic.

In contrast, the derivative TGA indicated that the thermal
decomposition of the phosphonium surfactants occurred in
two steps. In discussing the thermal characteristics of some
phosphonium-modified montmorillonites, Xie et al. (2002)
have separated the curves into four distinct regions:

1. evolution of free water and gases below 150°C;

2. evolution of organic substances between 150 and 550°C;

3. dehydroxylation of the montmorillonite between 550 and
700°C; and

EWT = 3530V Sigral & » SE1
WO ilSme Epyniemg e A 22 358e004 Py

Fig. 3. Scanning electron microscopy: (a) BNa, (b) B-NHTPB.
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4. evolution of carbonaceous residues between 700 and
1000°C.

The DTGA curves in this region (150-500°C) are character-
ized by a series of exothermic peaks (Figure 4b). Following
Xie et al. (2002), the temperature at the onset of the first
(prominent) exotherm is taken to represent the point at
which the intercalated surfactant begins to decompose.
Concerning the phosphonium products patterns, the very
large amount of weight loss (35%) was shown at the
temperature range of 300-600°C, which is related to the
thermal decomposition of the product. The phosphonium
salts showed enhanced thermal stability. Thus, in the case
of BNHTPB and B-MTPB, the onset temperature of
decomposition is close to 350 and 400°C, respectively
(Makhoukhi et al., 2008).

Adsorption of Orange Il on to B-MTPB and B-NHTPB

Point Charge Zero PZC

The difference between the initial and final pH (pHy) values
(ApH) was plotted against the pH;. The point of intersection
of the resulting curve with abscissa, at which pHg, gave the
pH,,.. At this pH value a change in surface charge from posi-
tive to negative or vice versa occurs (Ijagbemi et al., 2009).
The intersection obtained at a pH value of 4 +0.1 (data not
shown) corresponds to the point of zero charge of the
MMT smectite powder.

The surface of the organo-bentonite was charged when the
organo-bentonite was placed in a water solution. The surface
charge was caused by the interactions between the ions in the
solution and the functional groups of the organo-bentonite
surface. Normally the surface charge of a solid is dependent
on the type of ions present in the solution, the characteristics
of the surface, the nature of the adsorbent, and the solution
pH. The surface is positively charged when the solution pH
is below the PZC, negatively charged at pH above the
PZC, and neutral when the pH is equal to the PZC. The
PZC of bentonite and montmorillonite has been determined

by several authors (Ijagbemi et al., 2009; Roberto et al., 2008)
and is usually acidic in the range 2.3-2.6.

Figure 5 also shows that the Orange II amount adsorbed
was found to decrease with an increase in solution pH for
the BMTPB. This is because at acidic pH the total surface
of the organo-clays (pHpzc 4.6) has more positively charged
sites. This does not favor any repulsion between the adsorbent
surface and adsorbate. However, at basic pH the ionized
species of Orange II were higher than the unionized species
(it was found to increase with pH), the Orange II uptake
was lower due to the electrostatic repulsions between the
negative surface charge (pHp,.<pH (solution)) and the
Orange II anions. Similar results were reported in the adsorp-
tion of 2, 4, 5-trichlorophenol by organo-montmorillonites
(Zaghouane-Boudiaf and Boutahala, 2011).

Effect of pH

The pH is a noteworthy parameter as it has a major effect on
the protonation and deprotonation of the adsorbent and
adsorbate functional groups, conditioning their electrostatic
interaction (Hameed, 2009). Figure 5 shows the adsorption
of Orange II for B-NHTPB and B-MTPB at different pH
expressed as a percentage of the adsorbate that is actually
adsorbed. The adsorption capacity of B-MTPB clearly

—+—B-NHTBP —=—B-MTBP

o
o
L

]
|
|

Amount of Orange Il adsorbed (%)
e
o

N
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o
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N
w
I
3}
o -
~
®
©
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Fig. 5. Effect of pH on adsorption of Orange II by B-MTPB
and B-NHTPB, initial dye concentration=25mg/L; contact
time=2h; m/V=1g/L.
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decreases with an increase in pH of the initial solution from 2
to 10, this decrease being dramatic for pH > 8. The adsorp-
tion of anionic dye by phosphonium-modified benonite was
attributed to increases in the organophilic character of ben-
tonite due to the intercalation of the surfactants into the
interlayer of montmorillonite. Here, hydrophobic interac-
tions of the organic dye should be involved with both phos-
phonium molecules and the remaining non-covered portion
of siloxane surface (Schoonheydt and Johnston, 2006). pH
played a key role, more particularly in anionic dye retention
(Ozcan et al., 2004). Decreasing pH induced an increase of
the amount of dye adsorbed on organophilic bentonite,
which showed the highest effectiveness (Figure 5).

Besides dye-phosphonium and dye-siloxane surface inter-
actions, acidic media should also promote anion exchange on
positively charged M, — OHS edge sites (Schoonheydt and
Johnston, 2006), the density of which is expected to increase
with decreasing pH (Lagaly, 2006). Unless low pHs alter the
clay mineral structure (Assaad et al., 2007; Permien and
Lagaly, 1995), partial dealumination might even be advan-
tageous by providing additional positively charged adsorp-
tion edge sites. Figure 3 clearly shows this behavior, and it
can be observed that the adsorption capacity of B-MTPB
clearly decreases with an increase in pH of the initial solution
from 2 to 8§, this decrease being dramatic for pH > 8 (Qian
et al., 2010; Vinka et al., 2006). Indeed, the molecule of Orange
IT has two pKa values. The first pKa, is at 1.1 and the second
pKa, at 11.0 (Bandara et al., 1999; Zhiyong et al., 2007). At
pH 10, the Orange II molecule is negatively charged and
should be electrostatically repulsed by the remaining non-
covered portion of siloxane surface of bentonite.

A similar behavior may be expected for B-NHTPB, but
the adsorption of Orange II is practically not sensitive to
variation of pH. The difference between the two molecules
is probably due to the greater extent of hydrophobicity exhib-
ited by B-NHTPB in comparison with B-MTPB, due to the
largest hexyl chain compared to methyl (Binoy et al., 2011).

Effect of Contact Time

A brief study of the kinetics of the adsorption was carried out
to determine the contact time at which the equilibrium
is reached. Figure 6 shows the evolution with time of the
amount of OIl adsorbed by organo-montmorillonites

=) W10 150 gl
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at three initial solute concentrations (50, 100, 150mg/L),
while the sorbent dosage and pH were constant (1 g/L and
6.5, respectively).

Generally, the removal of dye was dependent on its initial
concentration. The amount of dye adsorbed initially increased
when increasing the dye concentration, and remained constant
after equilibrium time. Equilibrium is reached after 1hr of
contact. The concentration provides an important driving force
to overcome all mass transfer resistance of the dye between
the aqueous and solid phases (Ren et al., 2010). The sorption
capacity at equilibrium increases from 43.04 to 53.00mg/g for
B-NHTPB, and from 20.25 to 35.51 mg/g for B-MTPB, when
the initial dye concentration increased from 50 to 150 mg/L.

The kinetic curves show that the equilibrium time and
adsorption capacity of B-NHTPB and B-MTPB are quite dif-
ferent. Using B-NHTPB as adsorbent, the adsorption of OII
shows a faster initial step (30 min) and after that it increases
slowly until approximately 60min. For B-MTPB, only
30min were necessary for reaching equilibrium but the
maximum amount of adsorbed Orange I was less than that
observed for the first material. This can be related to the
larger basal spacing of B-NHTPB, as mentioned previously.

Kinetic Modelling

The adsorption kinetic was modelled as pseudo-first-order,
pseudo-second-order, and intra-particle diffusion process
(Ho and McKay, 1999).

A pseudo-first-order kinetic equation was used to test the
experimental data to examine the controlling mechanism of
adsorption processes. This model was proposed by Lagergren
for the adsorption in solid/liquid systems and its linear form
can be formulated as:

log(qe — q:) = logg. — %t 3)
where ¢, is the adsorption capacity (mg/g) at time ¢ and
k; (min~') is the rate constant of the pseudo-first-order
adsorption. The k; and regression coefficient were calculated
from the linear plot of log(q.—q,) versus t (Figure 7). The
parameters of the pseudo-first-order model are summarized
in Table L.

Ho and McKay (1999) developed a pseudo-second-order
kinetic expression for the sorption system of dye onto fly
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Fig. 6. Effect of initial Orange 11 concentration on the adsorption kinetics of (a) B-NHTPB)-(b) B-MTPB, m/V=1g/L, pH=6.5.
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Fig. 7. Pseudo-second-order kinetics for adsorption of Orange II on (a) B- NHTPB and (b) B-MTPB. At various concentrations
and, pseudo-first-order kinetics for adsorption of Orange II on (¢) B-NHTPB, (d) B-MTPB (m/V, 1g/ L; pH 6.5, T=20°C).

ash. This model has been widely applied to a number of dye/ 2012). Figure 7 indicates that the Lagergren model fits
adsorbent systems (Aydin et al., 2004). This pseudo-second- well for the first 60min for B-NHTPB and 30min

order kinetic can be expressed in a linear form as: for B-MTPB, and thereafter the data deviate from theory.
Thus, the model represents the initial stages when rapid
t_ (L) + (l)[ (4) adsorption occurs but cannot be applied for the entire
@ Kq: qe adsorption process, a trend previously observed by Ho
and McKay (1999).
where ¢, is the amount of OII adsorbed at equilibrium The geexp and the ¢, values from the pseudo-second-order

(mg/g), ¢, the amount of OII adsorbed at time #(mg/g), kinetic model are very close to each other, and the correlation
and K (g/mg min) is the rate constant of the pseudo-second-  coefficients are closer to unity for pseudo-second-order
order sorption. The values of K are obtained from the slope  kinetics than that for the pseudo-first-order kinetics. There-
of the linear plot of #/qt versus . fore, the adsorption of Orange I by B-NHTPB and B-MTPB
The experimental value of solid phase concentration of can be more appropriately correlated by the pseudo_second_
adsorbate at equilibrium (geex,) and the calculated values  order kinetic model. Similar results have been reported for
of solid phase concentration of adsorbate at equilibrium  removal of Brilliant Green (BG) by clay adsorbents (Nandi
for the pseudo-first-order and pseudo-second-order models et al., 2009). This suggests that the pseudo-second-order
are shown in Table I. The adsorption first-order rate con-  model—based on the assumption that the rate-limiting step
stants were found to be 0.0414, 0.0310, and 0.0398 min ™' may be chemical sorption involving valence forces through
for B-NHTPB and 0.0688, 0.0382, and 0.115min~" for sharing or exchange electrons between adsorbent and
B-MTPB, for concentrations of 50, 100, and 150mg/L, adsorbate—provides the best description for this process
respectively. The variation in the rate should be proportional  (Ho et al., 1994).
to the first power of concentration for strict surface adsorp- The initial sorption rate can be obtained as qt/t
tion. However, the relationship between initial solute concen-  approaches to zero:
tration and rate of adsorption will not be linear when pore 5
diffusion limits the adsorption process (Mohamed et al., h = Kq, (5)

Table 1. Kinetics constants for removal of Orange II by B-NHTPB and B-MTPB at different concentrations (V=250mL;
m=250mg; pH=6.5)

Adsorbent  Cop (mg/L) qee(mg/g) qe(mg/g) Ki(min~') R} g (mg/g) Kx(g/mg/min) & (mg/g/min) R

B-NHTPB 50 43.04 22.00 0.0414 0.97 45.87 0.0032 6.732 0.99
100 49.40 22.85 0.0310 0.96 53.47 0.0019 8.432 0.99
150 53.00 20.89 0.0398 0.98 56.17 0.0032 10.096 0.99
B-MTPB 50 20.25 07.74 0.0688 0.91 21.18 0.0149 6.6840 0.99
100 26.29 06.91 0.0382 0.88 26.29 0.0120 8.2939 0.99

150 33.51 08.99 0.115 0.78 34.24 0.0190 22.275 0.99
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h increases when increasing the initial dye concentration
(Table I), which could be attributed to the increase in the
driving force for mass transfer, allowing more dye molecules
to reach the surface of the adsorbents in a shorter period of
time (Ho and McKay, 1998). Similar phenomena have been
observed in the adsorption of anionic dyes on other natural
adsorbents modified by surfactants (Sureshkumar and
Namasivayam, 2008).

The linearity of the plots of the pseudo-second-order
model in Figure 7 indicates that chemical reaction rather
than physic-sorption is the main rate-controlling step
throughout most of the adsorption process (Vadivelan and
Kumar, 2005) and that the mechanism follows a pseudo-
second-order reaction scheme.

For the interpretation of experimental kinetics data from a
mechanistic viewpoint, prediction of the rate-limiting step is
an important consideration. The overall adsorption process
may be controlled either by one or more steps—e.g., film or
external diffusion, pore diffusion, surface diffusion, and
adsorption on the pore surface—or a combination of more
than one step (Lakshmi et al., 2009). The possibility of intra-
particle diffusion was explored by using the intra-particle
diffusion model (Weber and Morris, 1963)

¢ =Kut"* + C (6)

where K, is the intra-particle diffusion rate constant (mg/g
min'’?) and C (mg /g) is a constant. If the Weber-Morris plot
of ¢, versus /7 satisfies the linear relationship, the sorption
process is found to be controlled only by intra-particle
diffusion. However, if the data exhibit multi-linear plots,
then two or more steps influence the sorption process.
Figure 8 shows the intra-particle diffusion plots for OII onto
organo-clays. The plots show multi-linearity correlation,
which indicates that two steps occur during the adsorption
process. The first portion is a gradual adsorption stage, where
diffusion of the solute molecules on the surface of the adsor-
bents can be rate-controlling. The second stage is the final
equilibrium. The correlation coefficients of the intra-particle
diffusion model (Table II) are all high (>0.850), and they are
significantly lower than for the pseudo-second-order kinetic
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Table II. Intra-particular diffusion parameters for removal of
Orange II by B-NHTPB and B-MTPB at different concentra-
tions (V=250mL; m =250 mg; pH =6.5)

C() Kid C
Adsorbents  (mg/L)  (mg /g min®’)  (mg/g) R?
B-N HTPB 50 1.1447 31.50 0.951
100 1.6885 31.81 0.964
150 1.3585 38.96 0.960
B-MTPB 50 0.2423 18.09 0.9339
100 0.4520 21.3 0.9430
150 0.2618 31.33 0.9369

model. The linear portion ended with a smooth curve fol-
lowed by a linear portion. The two phases in the intra-particle
diffusion plot suggest that the sorption process proceeds by
surface sorption and intra-particle diffusion. Table II shows
that the adsorption rate constant (K;;) onto B-NHTPB was
far larger than that onto B-MTPB. Thus, the diffusion of
OII was expected to be faster onto B-NHTPB than that onto
B-MTPB. The difference in diffusion processes of Orange II
onto B-NHTPB and B-MTPB is probably due to the greater
extent of hydrophobicity exhibited by B-NHTPB in compari-
son with B-MTPB, due to the largest hexyl chain compared to
methyl, thus making easier for OII to diffuse to the surface of
the material or to penetrate through the inter-lamellar space.

The Effect of Temperature on Contact Time

The effect of temperature on the adsorption kinetics of OII
by B-NHTPB and B-MTPB is studied at three temperatures
(20, 40, and 60°C) with a constant initial dye concentration of
150 mg/L as shown in Figure 9. The adsorption capacity of
the two materials is found to decrease with increasing
temperature, i.e., 53.00 to 39.05mgg ' for B-NHTPB, and
33.51 to 16.16mgg ' for B-MTPB, respectively, when
temperature increased from 20°C to 60°C. This indicates that
the adsorption was favored at lower temperatures and
controlled by an exothermic process. This may be due to a
weakening of the attractive forces between OII and the adsor-
bents (Langmuir, 1916). The pseudo-first-order and pseudo-
second-order models are used to evaluate the sorption
kinetics at different temperatures, and the kinetic parameters
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Fig. 8. Diffusion modelling of Orange II adsorption onto (a) B-NHTPB and (b) B-MTPB at various concentrations, pH 6.5,

m/V=1g/L, T=20°C.
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Fig. 9. Effect of temperature on the kinetics of Orange II by (a) B-NHTPB and (b) B-MTPB (m/V=1g/L, pH=6.5, Cy=150mg/L).

are shown in Table III, showing that the second-order
kinetics is the best fit model for the adsorption of Orange
II onto both adsorbents, as the correlation coefficient Rj is
higher than R?.

The thermodynamic parameters of the adsorption process
are determined from the experimental data obtained at dif-
ferent temperatures. The rate constant of the adsorption pro-
cess is related to the temperature by means of the Arrhenius
equation:

E,
RT (7)

In the present case, K, is the pseudo-second-order rate
constant (g/mg/min), E, is the Arrhenius activation energy
of adsorption, A4 is the Arrhenius factor, R is the gas constant,
and 7 is the temperature. The slope of the plot of /nK, versus
% (Figure 10) is used to evaluate E, obtaining values of 17.91
and 13.45kJmol~! for B-NHTPB and B-MTPB, respect-
ively. Low activation energies (5-50 kJ mol ') are character-
istics for physisorption, while higher activation energies
(60-800kJmol™") suggest chemisorption (Deniz and
Saygideger, 2010). So the results obtained here indicate that
physisorption predominates in the present systems.

InK, =InA4 —

Adsorption Isotherms

The adsorption isotherms of Orange Il onto the organo-
clays are shown in Figure 11. According to the classification
of Giles et al. (1960), based on the initial slope and shape of

the upper part of curve, the adsorption isotherms are of L
shape, subgroup 2 (Langmuir mono-layer). Adsorption
isotherms describe how adsorbates interact with adsorbents
and are crucial in optimizing the use of adsorbents.

The adsorption of OII onto the organo-clays was recorded
in the concentration range from 30-200 mg/L, a fixed pH of
6.5, and temperatures of 20, 40, and 60°C. Figure 11 confirms
that the adsorption decreases with the increase in tempera-
ture. It is also observed that the initial removal of dye is fast
and the percentage uptake gradually decreases with the con-
centration. Similar results were reported in the adsorption of
Orange II onto highly porous titania aerogel (Abramian and
El-Rassy, 2009).

Langmuir (1918), Freundlich (1906), and Redlich-Peterson
(1959) models have been considered in the present study. The
Langmuir model assumes that adsorption takes place at spe-
cific homogeneous sites on the surface of the adsorbent and
when a site is occupied by an adsorbate molecule, no further
adsorption can take place at this site. Langmuir’s equation is
expressed by Eq. (8) (Langmuir, 1918):

qe — ?debCL’ (8)
+bC,

where ¢,,.x (mgg ') is the Langmuir constant related to the

maximum monolayer adsorption, and b (Lmg™") is a con-

stant related to the free energy or net enthalpy of adsorption.

The essential features of the Langmuir isotherm model

can be expressed in terms of the dimensionless constant R;,

Table III. Kinetic parameters for adsorption of Orange II depending on the temperature and applying the pseudo-first-order and

the pseudo-second-order models

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

Model

Adsorbent T (°C)  Qexp (Mg/g) Qe (mg/g)  Ky(min™") R’ Qeat (Mg/g)  Ko(g/mg/min) R’

B-NHTPB 20 53.00 20.89 0.0398 0.988 56.17 0.0032 0.999
40 45.51 15.15 0.0375 0.944 47.84 0.0043 0.999
60 39.05 7.15 0.0280 0.853 40.32 0.0078 0.999

B-MTPB 20 33.51 08.99 0.1150 0.789 34.36 0.0087 0.999
40 22.71 07.17 0.0390 0.884 23.92 0.0108 0.998
60 16.16 08.22 0.1543 0.789 16.85 0.017 0.998
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Fig. 10. The Arrhenius activation energy of adsorption.

separation factor, or equilibrium parameter, which is
expressed by Eq. (9) (Hall et al., 1966):

1

Ry =——
L 14+ bCy

©)

where b is the Langmuir constant (L/g) and Cj is the highest
initial dye concentration (mg/L). The R; parameter is
considered a more reliable indicator of the adsorption, and
can adopt four values: for favorable adsorption 0 < R; < 1,
for unfavorable adsorption R; >1, for linear adsorption
R; =1, and for irreversible adsorption R; =0. The values
of R; calculated from the above equation are incorporated
into Table IV. As the R; values lie between 0 and 1, the
on-going adsorption process is favorable.

The Freundlich model suggests a multilayer adsorption.
Adsorption energy exponentially decreases on completion
of the adsorption centers of an adsorbent. The Freundlich
isotherm assumes that if the concentration of solute in the
solution at equilibrium, C,, is raised to the power n, the
amount of solute adsorbed being g., then C! is constant at
a given temperature.

The Freundlich adsorption isotherm is expressed by
Equation (10):

qe = Ky C; (10)

where K, is adsorption capacity at unit concentration, and n
is adsorption intensity; n values indicate the type of isotherm
to be irreversible (n=0), favorable (0(n{1), and unfavorable
(n)1) (Alley, 2000).
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The Redlich-Peterson isotherm model combines elements
from both the Langmuir and Freundlich equations, where
the mechanism of adsorption is a hybrid one and does not
follow ideal monolayer adsorption. The Redlich-Peterson
equation is widely used as a compromise between the
Langmuir and Freundlich systems. It is expressed by
Equation (11):

kR Ce

= 11
‘T + ag Cf (1
kr and ag are the Redlich-Peterson isotherm constants and
p is the exponent which lies between 0 and 1. The
Redlich-Peterson isotherm incorporates three parameters
and can be applied either in homogenous or heterogeneous
systems.

The experimental data points fitted to the Langmuir,
Freundlich, and Redlich-Peterson isotherm equations are
shown in Figure 12. The characteristic parameters (¢, b,
kg n, kg, agf) obtained in non-linear forms of Langmuir,
Freundlich, and Redlich-Peterson (R-P) at several tempera-
tures as well as the correlation coefficients R* are listed in
Table IV.

The parameters obtained showed that the model which
gives a good fit to the experimental data is the Langmuir
model. The values of maximum adsorption capacity deter-
mined using the Langmuir expression are higher than the
experimental adsorbed amounts and correspond to the
adsorption isotherms plateaus. The maximum adsorption
of Orange II based on the Langmuir isotherm is
53.78mgg ' for B-NHTPB and 33.79mgg ' for B-MTPB.
The regression coefficients are higher from the Langmuir
model, which suggests a best fitting of the Langmuir iso-
therm and that the adsorption occurs in the interlayer pores
(Mittal et al., 2007).

The Redlich-Peterson isotherm was developed to improve
the fitting between the Langmuir and the Freundlich
equations. The value of parameter  shows whether the
Langmuir isotherm (f=1) or the Freundlich isotherm
(f=0) is preferable for the system. The value of 0.99 (close
to 1) found for f indicates that the Langmuir isotherm is
more appropriate.

=+ =) A0

0 20 40 6 8 100 10 4 160 180 200
(efmg])
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Fig. 11. Adsorption isotherms for Orange II onto (a) B-NHTPB and (b) B-MTPB at various temperatures.
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Table IV. Freundlich, Langmuir, and Redlich-Peterson isotherm constants for the adsorption of Orange II by B-NHTPB and
B-MTPB
Langmuir Freundlich Redlich-Peterson
Models
TCC) Gexp (ME/2) Gmax (mg/g) b(L/e) R. R* Kp(mg/g) n R kp(L/mg) ag(L/mg) f R
B-NHTPB 20 53.78 55.01 0.326 0.02 0.988 29.215 0.132 0.964 22.72 0.484  0.966 0.991
40 46.20 47.66 0.269 0.02 0.997 25.76 0.185 0.969 13.41 0.291  0.992 0.997
60 38.49 39.17 0.462 0.01 0.999 25.16 0.130 0.984  20.394 0.554  0.986 0.998
B-MTPB 20 33.79 41.71 0.041 0.13 0.973 9.164 0.26 0.931 1.007 4.27 1.331 0.986
40 23.06 27.65 3.643 0.001 0.992 5.373  0.296 0.984 1.117 5.031  0.959 0.991
60 15.29 18.55 0.032 0.17 0.983 3.645 0.287 0.971 0.593 3.159  1.002 0.984
miewdich  Alangmir  eRedichPetesn @ epeimentd 40 eepeimertd  mfeundich  Alangmur e RedichPeterson
% % 301
B k)
13 E %]
[ [
v T
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The Freundlich exponent n gives information about
surface heterogeneity and surface affinity for the solute.
The Freundlich exponent n between 0.130 and 0.296 indi-
cates favorable adsorption. Since the degree of favorability
increases as n approaches zero,

Table V shows the maximum adsorption capacity (¢.) for
various adsorbents found in the literature. Several authors
present this value in the experimental form or as the

maximum adsorption capacity of the monolayer obtained
from the Langmuir isotherm.

Adsorption Thermodynamics

The spontaneity of a reaction is given by the well-known
equation AG=AH — TAS, where AG is the free energy
change (kJ/mol), AH the adsorption enthalpy (kJ/mol),

Table V. Maximum adsorption capacity of the Orange II dyes by some adsorbents

Adsorbants gqm (mg/g) References
Sludge adsorbent (SA) 350.00 (Chiang et al., 2009)
Commercial activated carbon fibers 230.00 (Chiang et al., 2009)
Titania aerogel 420.00 (Abramian and El-Rassy, 2009)
HDTMA-montmorillonite 58.20 (Bae et al., 2000)
Cetylperidinium-montmorillonite 16.96 (Shin, 2008)
DMDOA-palygorskite 38.61 (Binoy et al., 2011)
Calcined hydrotalcite 1520 (Géraud et al., 2007)
Fly ash 82.80 (Janos et al., 2003)
Bottom ash 13.24 (Gupta et al., 2006)
Chitosan 116 (Uzun and Giizel, 2005)
Modified peat resin 71.43 (Sun and Yang, 2007)
Sludge from biological waste water plant 350 (Chiang et al., 2009)
De-oiled soya 9.58 (Gupta et al., 2006)
N-HTPB-montmorillonite 53.00 this study
MTPB-montmorillonite 33.51 this study

activated carbon 84.3 (Araceli et al. 2009)
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Fig. 13. Determination of standard enthalpy change for the
adsorption of Orange II by B-NHTPB and B-MTPB.

Table VI. Thermodynamic parameters for the adsorption of
Orange II by B-NHTPB and B-MTPB

Organo T AG® AH® AS°
clay °C) (kImol™) (kJmol™)) (mol 'K
B-NHTPB 20 —1.59 —~10.98 —32.03
40 —0.95
60 —0.31
B-MTPB 20 3.54 —~19.58 —78.96
40 5.12
60 6.70

and AS the entropy change (J mol 'K™!). In the present
case, the values of AH and AS are given by:

AS AH

1@:2—2 (13)

K, being the Langmuir constant.

The values of AH and AS were obtained from the slope
and intercept of the linear plot of /nK,; versus lT (Figure 13),
and are given in Table VI. In the case of B-NHTPB, AG is
negative, indicating that the process is spontaneous.
However, in the case of B-MTPB positive AG values were
observed at all three temperatures, indicating that sponta-
neity is not favored at this temperature (Hameed et al.,
2009). In all cases, the adsorption happens as an exothermal
process and with a decrease of the entropy of the systems.

Conclusion

In this study, two phosphonium organo-montmorillonites
were selected as adsorbents for the removal of Orange II from
aqueous solutions. FTIR and XRD data gave evidence on
the intercalation of the alkyl-phosphonium cations onto the
montmorillonite interlayer. Measurements of the d-spacing
of the (001) peak increase in basal spacing was due to the
introduction of phosphonium products in the bentonite

531

interlayer; the intercalation with NHTPB was more
important than that with MTPB. The IR spectroscopic
analysis of the unmodified clay (B-Na) and the modified clay
B-NHTPB and B-MTPB revealed that the incorporation of
the phenyl ring attached to the phosphonium atom displayed
an unusually sharp and relatively strong vibration band at
1435cm ! in the clay galleries of B-Na during ion exchange
reaction. Analysis of the kinetic and rate data, at different
conditions (temperature and concentrations) using the
pseudo-first-order, pseudo-second-order, and intra-particle
diffusion models revealed that the pseudo-second-order
sorption mechanism is predominant and the correlation
coefficients are higher than 0.998.

The Langmuir model showed a better fit to adsorption
data than the Freundlich one, the maximum capacity at
20°C and pH 6.5 was 53.78 and 33.79mg/g for B-NHTPB
and B-MTPB, respectively, The R values showed that
B-NHTPB and B-MTPB were favorable for the adsorption
of Orange II. Values of enthalpy change (AH®) and entropy
change (AS°) were found at about —10.98 (kJ mol™') and
—32.03 (J mol ' K™Y, respectively, for the B-NHTPB and
—19.58 (kJmol™") and(—78.96Jmol 'K™"), respectively,
for the B-MTPB.

The small positive value of the activation energy indicated
low potential barriers and confirmed the physical mechanism
of Orange II adsorption. The adsorption was exothermic
and happened with a decrease of the entropy of the systems,
the process being spontaneous for one of the adsorbents and
non-spontaneous for the other.
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