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ABSTRACT

In the present study, the potential use of humic acid (HA) covered alumina (ALHUM) as alterna-
tive and novel adsorbent material for the removal of methylene blue (MB) a basic dye, from aqueous
solution within a batch process, was investigated. The covering efficiency was assessed by comparing
the surface chemistry, the surface charge and the microstructure, of the natural and the HA covered
alumina samples, and by using various tools such as streaming induced potential measurements and
scanning electron microscopic analysis. The data indicate that increasing the coverage of the alumina
support by HA, leads to enhancement of the dye removal from water. Such cationic dye removal from
water was also found to increase by increasing either the aqueous phase pH or the temperature of the
adsorption medium. However, decreases in the MB adsorbed amount were observed upon the increase
of the divalent cation (Ca*, Ba* and Cu*) affinity toward the ALHUM and/or the aqueous solution
ionic strength. These features highlight the suitability of ALHUM adsorbent for the treatment of water
polluted with organic dyes. Three adsorption kinetic models (pseudo-first-order, pseudo-second-order
and intra-particle diffusion) were used to fit the experimental kinetic data. The kinetic of MB adsorp-
tion was found to follow pseudo-first-order model. In addition, the adsorption data at the equilibrium
were fitted to various theoretical predictions, and good agreements were found with the Dubinin—
Radushkevich isotherm models, as compared with, the Langmuir and the Freundlich theoretical
isotherms. The removal efficiency of ALHUM was above 75% indicating that the ALHUM can be used
as efficient adsorbent for cationic dye removal and for clean and ecofriendly processes.
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1. Introduction

Organic dyes are widely used in textile, tanning the
leather, paper, plastic and other industries [1-4]. These
substances are divided into three categories: (i) anionic
(acids dyes), (ii) cationic (basic dyes) and (iii) non-ionic
(disperse dyes) dyes, and they represent one of the prob-
lematic pollutants in wastewater [5,6]. Dyes which usually

* Corresponding author.

have a synthetic origin are generally characterized by com-
plex aromatic molecular structures which resist to environ-
mental conditions such as light and microbial attack [7].
Most dyes have toxic as well as carcinogenic, mutagenic
and teratogenic effects [8], on environment and also on
humans and animals health [9,10]. At higher concentra-
tion, the methylene blue (MB) dye is an example of dyes
causing enormous damage to humans and animals health
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such as eyes burns, respiratory problems, nausea, vomit-
ing, profuse sweating and mental confusion [11]. In order
to preserve the human’s health and environment, notably
hydrosphere, the treatment of effluent containing such dye
is of great concern.

Removal techniques of dyes may be included in three
categories: physical, chemical and biological [12]. However,
biological wastewater treatment processes were found to
be ineffective in the removal of the dyes [13,14] because of
their low biodegradability [15]. Among the physical meth-
ods available, adsorption process has proven to be effective
in the removal of colour from wastewater, and it is one of
the powerful and low cost treatment processes [16]. Many
adsorbents are used to reduce dye concentration from aque-
ous solutions. Activated carbon is regarded as an effective
but expensive adsorbent due to its high cost of manufac-
turing and regeneration [17]. Hence, there is a need for an
effective and cheaper material as an alternative adsorbent
for removing the dyes from water. Hence, some natural
adsorbents including quartz [18], kaolinite [19], montmo-
rillonite modified with chitosan [20], clay minerals, and
some natural biomass and polymeric resin have also been
reported [21,22]. For these natural adsorbent, a considerable
amount of work has been reported in the literature, regard-
ing the adsorption of some dyes on their surfaces. However,
very few studies have dealt with the use of oxides miner-
als modified with humic acid (HA) as natural adsorbent for
dyes removal from water. Indeed, in natural environment,
most inorganic particles surfaces are coated with adsorbed
natural organic matter such as humic substance [23]. Such
organic coatings are known to alter the surface charge and
aggregation behaviour of mineral particles. The aim of
the present study is to assess the potentiality of oxide alu-
minium (alumina) modified with HA as adsorbent for the
removal of MB dye from aqueous solution. For this purpose,
humic-coated alumina (ALHUM) particles were first pre-
pared and characterized. Thereafter, adsorption kinetics and
isotherms were investigated as a function of contact time,
pH, ionic strength, temperature and the nature of divalent
cations present in the aqueous solution. Finally, the equilib-
rium data were analyzed using Langmuir, Freundlich and
Dubinin—-Radushkevich isotherm models.

2. Experimental
2.1. Materials
2.1.1. Cationic dye

The MB used in this study was purchased from Merck.
The properties of MB are given in Table 1.
The chemical structure of dye is given in Fig. 1.

2.1.2. Humic acid

The HA used in the study (sodium humate) was
purchased from Aldrich-Chimie (France). It was used
as-received without further purification. Characteristics
of HA, such as its molecular weight, which is around
2,000 g/mol, and its elemental analysis which gives
C (38.02%), H (3.76%), N (0.52%), O (57.4%) and S (<0.3%),
were described elsewhere [24].

Table 1
Selected physical and chemical characteristics of methylene
blue (MB)

Compound Methylene blue
Class Thiazin
Chemical formula C, H,N.CIS
C.I. name Basic blue
Molecular weight (g/mol) 319.86
Water solubility (g/L) 50 (20°C)
: Sy Sy
P
{CH3I2N N{CH3)2
cl”

Fig. 1. Chemical structure of methylene blue.

2.1.3. Alumina

Commercial oxide aluminium ALO, (alumina) mineral
particles was supplied by Merck (Morocco), and used with-
out further purification. The zeta potential measurements of
alumina have shown that the point of zero charge (pH,, ) is
about 9 [25].

PZC

2.2. Reagents

All chemical reagents employed in this work were puriss
p-a., ACS reagent, and the aqueous solutions were prepared
using all instances by distilled water. The ionic strength was
fixed by using sodium chloride (NaCl) as salt. The pH of the
solution was adjusted to the desired values by using solu-
tions of HCl or NaOH (0.1 M). Aqueous solutions of calcium
chloride (CaCl,)), copper chloride (CuCl,) and barium chlo-
ride (BaCl,) were prepared and used to study the nature’s
effect of divalent cation on adsorption of MB onto humic-cov-
ered alumina (ALHUM).

2.3. Preparation of humic coated-alumina

For the preparation of HA coated alumina, 50 mg of
alumina was placed in stoppered bottle and 50 mL of NaCl
102 M containing 50 mg/L of HA was added. The pHs sus-
pension was adjusted to 5 and agitated at 20°C for 24 h, then
centrifuged at ambient temperature for 30 min at 4,000 rpm
to settle HA-covered alumina particles. These particles were
dried at 40°C for 12 h. The coating HA-covered alumina
formed is characterized by different techniques.

2.4. Solid characterization

The solid samples (the simple alumina and the HA-coated
alumina) were analyzed by scanning electron microscopic
(SEM) in order to get further insight into HA-coated alumina
structure and morphology. The particles surface charges were
assessed by titration of the solid samples with aqueous cat-
ionic surfactant solutions made of cetyltrimethylammonium
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chloride (CTACL), and by using a potential measuring device
(particle charge detection, PCD, Miiteck Instrument), as
described elsewhere [24].

2.5. Adsorption experiments

Tostudy the effects of various parameters (pH, ionic strength,
temperature and nature of divalent cation) on the adsorption of
MB dye onto ALHUM, various series of ALHUM-dye aqueous
dispersions were prepared. An aqueous MB solution with a
concentration of 1 g/l was prepared as stock solution, being
used for preparing the rest of the solutions by dilution.

All adsorption tests were carried out in stoppered bottles
immersed in a thermostatic bath at a constant agitation speed.

The kinetic study was carried out by adding amount of
60 mg of HA-coated alumina into 60 mL of dye solutions
with a concentration of 50 mg/L at pH = 6 and 10 M of NaCl.
The mixtures were placed under a constant agitation time
ranging from 10 to 500 nm.

In the subsequent series dealing with the effects of pH,
ionic strength and nature of divalent cation, a weighed
amount of ALHUM solid (60 mg) was placed in stoppered
bottles and known volumes (60 mL) of salt solutions (mon-
ovalent or divalent cation) aqueous solutions containing var-
ious amounts of dye (initial dye concentration, C, ., ranging
from 10 to 150 mg/L) were added. The effect of pH was inves-
tigated by adjusting the dyes — HA-coated alumina aqueous
dispersions to desired pH values (pH = 4, 6, 8 and 10) in
102 M of NaCl solution.

To study the effect of ionic strength, dispersion contain-
ing various NaCl concentrations (10~ to 10" M) at pH 6 were
prepared. The effect of divalent cation nature was studied by
adding various salts (CuCl,, BaCl, and CaCl,) to the disper-
sions at fixed salt concentration of 102 M at pH = 6. The con-
trol of the temperature was carried out by a thermostatic bath
regulated at temperatures ranging from 293 to 323 K. For this
purpose, dispersions containing 60 mg of HA-coated alu-
mina mixture with 50 mg/L of dye were prepared in 60 mL
of NaCl salt (10 M). These dispersions were agitated for a
contact time varying from 10 to 500 min.

Once the experiments were finished, the adsorbent
was separated from the liquid phase by centrifugation at
4,000 rpm for 30 min. The residual concentration of the super-
natant was measured by a spectrophotometer at 665 nm.

The adsorbed amount, Q_,, as expressed in milligram of
dye per gram of the solid, was determined from the differ-
ence between the initial concentration (C. .. ) and the resid-

initial
ual concentration (C according to the equation:

cquilibrium)’
Q = (Ciniﬁal - ch)/ms (1)

where m_is the amount of the ALHUM adsorbent (g/L),
C and C_ are initial and residual dye concentrations,

initial
respectively (}ng/L).
3. Theoretical

3.1. Adsorption isotherm

All adsorbent/adsorbate systems are not behaving the
same way. The adsorption phenomena are often addressed

by their isotherm behaviour. Isotherms describe the existing
relationship between the adsorbed amount and the solute
concentration at equilibrium and at constant temperature.
These isotherms were studied using a several well-known
isotherm models such as Langmuir, Freundlich and Dubinin—
Radushkevich (D-R) models.

3.1.1. Langmuir model

Langmuir isotherm assumes that adsorption take place
on a homogeneous adsorbent surface of identical sites that are
equally available and energetically equivalent [26]. Further,
this model is applicable to monolayer chemisorption [27].

The mathematical expression of Langmuir model, and its
linearized form are given by Egs. (2) and (3), respectively:

4. __KkC

qmax 1 + KLCC (2)
1 1 1 1

—=—x +— 3)

qe Ce qmax KL qmax

where g, is the amount of solute adsorbed per links of adsorbent
(mg/g); C, is the concentration of solute remaining in solution
at equilibrium (g/L); C_ is the equilibrium dye concentration in
aqueous phase (mg/L), K, is the Langmuir equilibrium constant
(L/mg) and g, is the maximum adsorption capacity (mg/g).

3.1.2. Freundlich model

Freundlich isotherm is widely used to describe adsorp-
tion on a surface having heterogeneous energy distribution.
This energy varies as a function of surface coverage [28]. A
mathematical expression of the Freundlich model is:

7. =Ky xC} (4)

logg, =logK, + nlogC, )

where K, and n are Freundlich constants. One of the
Freundlich constants K, indicates the adsorption capacity of
the adsorbent. The other Freundlich constant 7 is a measure
of the deviation from linearity of the adsorption. The magni-
tude of the exponent n values will indicate if the adsorption
is favourable or not. Thus, a value of n > 1 indicates a favour-
able adsorption. However, when 7 is between 0 and 1, the
adsorption is unfavourable [11].

3.1.3. Dubinin—Radushkevich model

The Dubinin—-Radushkevich isotherm model assumes
that the adsorption potential is variable and that the free
enthalpy of adsorption is related to the pore filling degree,
unlike the Langmuir model [29]. The D-R expression is rep-
resented by the following equations:

9.=4,0" ©)
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g = RTIn(l + é) %)

e

where g, is the maximum adsorption capacity (mg/g), ¢ is
the Polanyi potential, 8 is a constant related to the adsorption
energy, E (k]/mg), by the following equation:

E=—5 (8)
The linear form of Dubinin—Radushkevich model is:

Ing, =Ing,, —BRTln[l+g] )

e

3.2. Kinetics of adsorption

In order to gain a better understanding of the kinetics
and the rate determining step of adsorption processes, the
pseudo-first-order [30], the pseudo-second-order [31] and
the intra-particle diffusion models [32] were employed.

¢ The pseudo-first-order model is given by equation:

40 g (g, -q(t)

" (10a)

where g(t) and g, are respectively the amounts adsorbed per
unit mass of the adsorbent (both in mg/g) at any time and
at equilibrium, and K| is the pseudo-first-order rate constant
of adsorption (min™). The linearized form of Eq. (10a) is
expressed by the following equation:

In(g,—q,) =Ing, - K (t) (10b)
® The pseudo-second-order model is expressed as:

dq(t

B0 _ kg, -q(0 (11a)

where K is the rate constant of pseudo-second-order adsorp-
tion. Integration of this Eq. (11a) gives Eq. (11b):

2
=t L

1+ K,g,t (11b)

e Intra-particle diffusion model:

The transfer of the solute from the aqueous phase to
the surface of the adsorbent involves multistep such as
external diffusion and internal diffusion, pore diffusion,
surface diffusion and adsorption into the pore surface. The
intra-particle diffusion model used to study the diffusion in
adsorption system is originated from Fick’s second law and
is written as [33,34]:

q(t) = Kt + Cste (12)
where K, is the intra-particle diffusion rate constant
(mg/g min®%) and Cste (mg/g) is a constant.

4. Results and discussion
4.1. Characterization of the HA-coated alumina

The isoelectrical point (IEP) of the solid samples (the nat-
ural AL O, particles, and the HA covered Al,O, particles) were
evaluated by titration of the solid aqueous dispersions with
CTACL which is a cationic surfactant, and using a potential
measuring device (PCD, Miiteck Instrument). Fig. 2 shows
the titration curves of the natural and the HA covered Al,O,
particles, by CTACL.

As can be seen in Fig. 2, the adsorption of HA onto alu-
mina particles, leads to a significant reduction of the solid’s
IEP from 8.025 x 10-* mmol of CTACL for the natural alumina,
to 4.900 x 10® mmol of CTACL for the HA covered alumina,
that is, a solid IEP decrease of about 61%. Such solid sample
IEP decrease results from the solid surface charge decrease
which is due to the screening of the alumina surface charge
by HA particles.

Fig. 3 shows the SEM pictures of the natural and the HA
covered alumina particles. As can be seen in this figure, the
HA adsorption from water onto alumina particles leads to
an increase in the solid particle size, as resulting from the

T T T
[-A—Titration of the bare ALO (20,2 mg) by CTACI
pH=9,9 +/- 0.1

1,0

- A
— —A—A
> 0,5 A/A/‘/A
A

A/A/A

0,0 a

A

Normalized SIP (a.u
AN
N

054/ i
0.5 4 8,025 10® moles of CTACI
A
-1,04 B
T T T T T
0 1x107  2x107  3x107  4x107  5x107  6x107
Moles of CTACI
1,0 : : :
[-O- Titration of the HA covered Al,0, (20.4 mg) by CTACI
0,8 {[pH=9.180.1 -
0,6 /Q~O/O~O i
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o
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0,0 ¢
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/
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0,640 i
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Moles of CTACI

Fig. 2. Titration curves of the natural ALO, particles (top), and
the humic acid covered Al O, particles (bottom), by CTACL
([solid] =2 g/L, temperature T = 20°).
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solid surface charge screening and/or flocculation of alumina
particles by HA.

4.2. Effect of humic acid on adsorption of MB dye by alumina

To investigate the influence of HA on adsorption of MB
dye, a series of adsorption experiments of dye on simple
alumina alone and alumina modified by different HA con-
centrations (50 and 100 mg/L) was carried out at ambient
temperature (T = 20°C). The adsorption isotherms of MB by
alumina are shown in Fig. 4. As can be seen, the presence of
HA coated to alumina, exhibited a rather pronounced effect
on the adsorption of MB. Consequently, coating alumina
surface with a large amount of HA improves the removal of
MB from aqueous solution. Indeed, the adsorption of HA on
surface of alumina causes modification of surface charge; this
latter would become negative. This promotes the attraction
between the cationic dye (MB) and the alumina coated with
HA (ALHUM) via electrostatic interaction. This result is con-
sistent with the reported work of Almeida et al. [35]. These
authors reported higher adsorption MB on montmorillonite
clay has a negatively charged surface similar to that observed
on ALHUM particles.

In another work, Zermane et al. [36] have found that HA
affects favourably the adsorption of basic yellow 28 dye on
iron oxides. This result explained by the fact that the adsor-
bent surface become more negative after the immobiliza-
tion of HA and this promoted to adsorb positive charged
cationic dye via electrostatic interaction by Vinod and
Anirhudan [37].

Fig. 3. SEM pictures of the natural Al,O, particles (top) and the
humic acid covered Al,O, particles (bottom).
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Other authors have shown that the presence of HA con-
trols the mobility of cationic dyes in environment [38-40].
This effect was attributed to the binding between basic dyes
and HA by different interactions types such as electrostatic,
donor—acceptor and hydrophobic interactions [32].

In what follows, we will work with alumina particles
mixed with 50 mg/L of HA (ALHUM).

4.3. Effect of contact time

In order to determine the required time to reach equilib-
rium, an adsorption experiment of MB at a fixed concentra-
tion on ALHUM as a function of contact time was studied. The
result obtained is presented in Fig. 5. As can be in Fig. 5, the
equilibrium adsorption of MB dye onto ALHUM is reached
after 2 h of contact time. After this time, the adsorbed amount
remains constant despite the increase in contact time. In addi-
tion, it is noted that almost 50% of dye has been removed in

70

® Omgl
® 50 mg/l of HA
4 100 mgl of HA

60

Q, (mg/g)

CE (mg/1)

Fig. 4. Effect of amount of humic acid on adsorption of MB by
alumina ([solid] =1 g/L, I=102M, pH = 6, ambient temperature,
T =20°C).

50

40 +

[ ]
[=1
1

Qads (mg/g)

T T T T T T T T
0 100 200 300 400
Contact time (min)
Fig. 5. Effect of contact time on the adsorption of MB onto

HA-coated alumina solid ((MB] =50 mg/L, pH=6, [solid] =1 g/L,
I=102M NaCl, ambient temperature, T =20°C).
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less than 50 min. However, in the remainder of the adsorp-
tion experiments, we will fix the contact time at 3 h.

The experimental kinetic data for MB adsorption on
HA-coated aluminasolid arefitted with the pseudo-first-order,
the pseudo-second-order and the intra-particle diffusion
models and presented in Figs. 6(A)—(C), respectively.

18
1,6 (a)
1,4
—~ 1,2
o
@ 1.0
g 0,8
0,6
0,4
0,2
0,0
0

50 100 150 200 250
Times (min)

0 50 100 150 200
Times (min)

0 T T T T T T T
0 2 4 6 8 10 12 14 16

Times*0.5 (min)

Fig. 6. (A) Pseudo-first-order kinetic plots for MB adsorption
onto ALHUM, (B) pseudo-second-order kinetic plots for MB
adsorption onto ALHUM and (C) intra-particle diffusion kinetic
plots for MB adsorption onto ALHUM.

Table 2
Kinetic constants of MB adsorption on HA-coating alumina

R. Ait Akbour et al. / Desalination and Water Treatment 112 (2018) 207-217

As shown in Fig. 6(A), the adsorption kinetics data fit
the pseudo-first-order model very well. The correlation coef-
ficient, r, was 0.996. Furthermore, the adsorption system of
MB followed the intra-particle diffusion model, with the
correlation coefficients, r value of 0.988. However, estimated
adsorbed amount at equilibrium g, is reasonably close to
experimental g, value in the case of pseudo-first-order model.
The adsorption of MB can be fit by the pseudo-second-order
kinetic equation, and the regression correlation coefficients,
r, was 0.948. This result shows that the adsorption process
of MB onto ALHUM particles may be controlled by the com-
bined effect of surface adsorption and intra-particle diffusion.

This result is consistent with the reported work of
Yan et al. [41]. These authors suggested that the adsorp-
tion rate of dyes onto organo-bentonite was dominated by
similar effects such as surface adsorption, liquid diffusion
process and internal surface adsorption. In another work,
Zermane et al. [36] have reported that the adsorption rate
of basic yellow 28 dye onto HA modified iron oxides are
depicted properly by the pseudo-first-order kinetic model.

The kinetic constants, correlation coefficients and experi-
mental g, values obtained from the linear plots were recapit-
ulated in Table 2.

In literature, several authors have reported that
the MB adsorption on various adsorbents followed a
pseudo-first-order kinetic model [27,42]. The values of
the rate constant, K, of pseudo-first-order kinetic model
obtained in the present work is almost identical to that found
by Shawabkeh and Tutunji [43].

4.4. Effect of pH on the adsorption of dye

Fig. 7(A) shows the MB adsorption isotherms onto
the HA-coating alumina particles at ambient temperature
(T = 20°C) and at pH 4, 6, 8 and 10. It should be recalled
that the aqueous phase pH of the adsorbent preparation is
pH =5, at this pH, HA is negatively charged but alumina is
positively charged (IEP of Al,O, is around pH = 9). Note that
for this adsorbent prepared at pH = 5, no desorption of HA
was observed at higher pH values. The curves in Fig. 7(A)
indicate that the adsorption is strong at high pH. The MB
adsorbed amount increases from 35 to 79 mg/g when the pH
of the medium increases from 4 to 10. From these observa-
tions, it was suggested that the adsorption of MB is depen-
dent on the properties of the adsorbent surface. Further, the
percentage of dye removal efficiency increased from 39.2% to
74.42% as pH of dye aqueous solution increased from 4 to 10
(Fig. 7(B)). In addition, these behaviours can be attributed to
electrostatic interaction occurring between the ALHUM sur-
face groups charged negatively and the functional groups of
dye molecule charged positively. However, at basic pH, the
amplitude of ALHUM negative charge surface becomes very
high with increasing pH of aqueous solution, because of the

Pseudo-first-order Pseudo-second-order

Intra-particle diffusion

Qg(mg/g) K, (min™) 7 Q, (mg/g) Kz(g/mg min)

r K, (mg/g min®?) Cste (mg/g) r

41.05 0.014 0.996 41.69 1.55 x 1073

0.948 2.884 0.470 0.988
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Fig. 7. Adsorption isotherms of MB onto HA-coated alumina
particles (A) and percentages of dyes removal (B) at various pH

values of the aqueous phase ([solid] =1 g/L, I = 10> M NaCl,
ambient temperature, T =20°C).

carboxylic groups of HA are ionized. In another study, Ait
Akbour and Jada [44] have observed an increase of HA zeta
potential magnitude, from -30 to -50 mV with increasing the
pH value of the aqueous phase. These results were explained
by the ionization of HA acidic groups, mainly carboxylic
which occurs in the pH ranging from 3 to 10. Our results are
in a good agreement with similar effects previously reported
for adsorption of textile dyes by natural clays [45], and by
Umpuch and Sakaew [20] for adsorption of methyl orange by
chitosan intercalated montmorillonite.

Other authors have been studied the effect of pH on
the adsorption of cationic dyes on organoclay [46]. They
have shown that increasing the pH of the aqueous solution
improves the cationic dyes percentage removal via electro-
static attraction [47].

4.5. Effect of ionic strength

It should be noted that anionic dyes, such as reactive
dyes are usually used in the dying process of cellulosic
fibres, which are the most prevalent textile fibres. Since the
cellulosic fibre and the dye are negatively charged, repulsion
occurs leading to reduction in the fibre staining. To over-
come this problem, NaCl or other salt is added during the
dying process to reduce the repulsion occurring between the
fibre and the anionic dye and to enhance the fibre staining.
Therefore, due to the important influence of ionic strength
in the adsorption process [48], the effect of NaCl concentra-
tion on the MB adsorption capacity from aqueous solution
onto HA-coating alumina was examined. The amount of
MB adsorbed on the ALHUM particles as a function of ionic
strength is presented in Fig. 8.

It is found that MB adsorption onto ALHUM particles
increases by lowering the ionic strength. In fact, significant
decrease of the amount adsorbed from 61.33 to 35.50 mg/g as
the ionic strength increases from 10~ to 10 M. This result is
similar to earlier finding for the adsorption of organic cation
(MB) on quartz sand solid bearing negative surface charge as
to this found on HA-coating alumina particles [18]. Thus in
the present work, the presence of NaCl in the aqueous phase

70

= =10°M

Qe(mg/g)

o 2 4 e 8 10 120
Ce (mgl/l)
Fig. 8. Adsorption isotherms of MB onto HA-coated alumina

particles at various ionic strength of the aqueous phase
([solid] =1 g/L, pH = 6, ambient temperature, T =20°C).

may affect the electrostatic interaction that occurs between
the negatively charged ALHUM surface and the basic dye
(MB). The data indicate that increasing the inorganic cation
concentration (Na") in the solution competes with the organic
cation (MB) to be adsorbed on ALHUM surface. Therefore, it
is expected that the adsorbed MB amount should decrease
with an increase of NaCl concentration.

On the other hand, increasing ionic strength will promote
aggregation, resulting in less specific surface, and then less
dye removal.

Our results are in good agreement with similar effects
previously reported for adsorption of astrazon red violet
onto the montmorillonite [49]. These authors have found a
decrease in the adsorption capacity with increasing the NaCl
concentration. This result is explained by the presence of Na*
ions at the montmorillonite surface which screen the electro-
static interactions between charges, consequently leading to
less removal efficiency [50,51]. The increase of the positive
ions fixing the ionic strength in solution has the effect of
masking the negatively charged adsorbent surface, causing
to the reduction of electrostatic interaction which leads to
decrease of the cationic dye adsorption [47].

4.6. Effect of the nature of the divalent cation

In this experiment series, we examined the effect of diva-
lent metal ion on the adsorption isotherms of MB dye from
water onto HA-coating alumina solid. The divalent cations
used were in the form of chloride salts (CaCl, BaCl, and
CuCl,) at a fixed concentration 10> M. The obtained data
are presented in Fig. 9(A), and indicate that the adsorption
capacity of MB is a function and dependent on the nature of
divalent cation present in solution.

As it seen from Fig. 9(B), the MB adsorbed amount
decreases in the sequence: Cu*" > Ba® > Ca*. This behaviour
may be explained by the cation affinity toward the ALHUM
surface. Thus, the presence of divalent cation in the solu-
tion modifies and reduces the surface negative charge of
the HA-coating alumina, resulting in reduction of the elec-
trostatic attraction between the basic dye (MB) and the solid
surface. It has been shown that the divalent cation Cu?* form



214 R. Ait Akbour et al. / Desalination and Water Treatment 112 (2018) 207-217

0 1 1 1 L 1
0 20 40 60 80 100 120
Ce (mg/l)
40
B
35|
30 |
CLg e
E |
8 20
©
<]
15 |
10 |
5k
0
Ca2+ Ba2+ Cu2+

Divalent cations

Fig. 9. (A) Adsorption isotherms of MB onto HA-coated particles
in the presence of various divalent cations ([solid] =1 g/L, pH=6,
[Me?]=102M). (B) MB adsorbed amount as a function of various
divalent cation.

coordination complexes with the HA negatively charged
groups and is more efficient than Ba*" and Ca* in reducing
the HA charge [24,44]. In fact, the adsorption of divalent
cations such as Cu?, Ba?** and Ca* from bulk water onto the
HA-coating alumina surface reduce the thickness of ALHUM
colloids electrical double layer and/or the zeta potential [52].
Thus, the low adsorption of MB on HA-coating alumina par-
ticles in the presence of Cu* is attributed to strong reduc-
tion of the number of negative sites on the solid surface. This
behaviour is consistent with the reported work of Ait Akbour
and Jada [44]. These authors have found that the order of
divalent cation complexing capacity and affinity toward HA
macromolecules decrease in the sequence Cu* > Ba* > Ca*".

However, the higher MB adsorbed amount observed in
the presence of Ca* as compared with Ba*" or Cu* is likely
due to the weak adsorption of the Ca*" on the HA-coating
alumina surface resulting a low reduction of the global nega-
tive charge of ALHUM particles.

4.7. Effect of temperature

Fig. 10(A) shows the variation of MB adsorption on
ALHUM particles, vs. contact times, at 20°C, 30°C, 40°C and
50°C and at fixed pH and ionic strength values (pH = 6 and
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Fig. 10. Adsorption of MB onto HA-coated alumina

solid (A), and percentages of dyes removal at various temperature
(B) ([solid] =1 g/L, [MB] =50 mg/L, pH =6, [ = 102M NaCl).

[NaCl] = 102 M). The amount of MB adsorbed on ALHUM
solid as a function of temperature is presented in Table 2.
The obtained data indicate a slight increase in the adsorption
capacity of MB basic dye, from 25.17 to around 30.73 mg/g,
when increasing the solution temperature values from 20°C
to 50°C. Further, as can be seen in Fig. 10(B), the increase of
solution temperature causes increase of the removal percent-
age of MB dye from aqueous phase.

This behaviour proves that the adsorption of MB at
HA-coating alumina/aqueous solution interface is an endo-
thermic process. This result indicated an increase in feasibil-
ity of adsorption at higher temperature. Thus, the increase
in the MB adsorbed amount with increasing temperature
can be explained by the combination of two phenomena:
(i) the strong adsorptive forces between the actives sites of
ALHUM particles and MB molecule and (ii) a strong thermal
agitation resulting higher diffusion of MB molecules from the
aqueous phase to ALHUM particles surface. Several authors
have observed same effect of temperature on dye molecules
adsorption [53-55].

Several authors have been reported that the adsorption
of dyes on different adsorbent increases with temperature,
which indicates that the adsorption is endothermic process
[47,56,57]. These authors concluded that the temperature
affect hugely adsorption processes [46,58]. Recently, Wang
et al. [59] have also found that the adsorption of anionic azo
dyes on surfactant modified flax shives was endothermic.

The thermodynamic parameters for adsorption of MB
dye onto ALHUM were given by the following equation:
AG® =-RTIn(K) (13)
where AG® is the standard free energy change (J/mol), R is the
gas constant (8.314 J/mol K), T is the absolute temperature (K)
and K is the equilibrium constant given by equation:
In(K,) =-AH°/RT + AS°/R (14)

AH° and AS° are the enthalpy and entropy of adsorption
reaction, respectively. The values of AH° and AS° can be
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obtained from the intercept and slope of the plot of In(K)
against 1/T. The values of AH° and AS° concluded from
Eq. (14) and given in Table 3. As shown in Table 3, the
free energy values are negatives and vary from -188.44 to
-1,245.44 J/mol when the temperature increases from 298 to
323 K. The negative values of AG® indicate that the adsorption
process is a spontaneous reaction. It is also noted that the AH®
and AS° values are 12.411 kJ/mol and 42.28 J/K mol, respec-
tively. The positive values of enthalpy change confirm that
the adsorption of MB dye onto ALHUM is endothermic pro-
cess, which implies that the adsorption is favourable with the
increase of temperature. The positive values of AS® reflect an
increase in randomness at the solid-solution interface during
the adsorption of dye [60]. The same trend was reported by
Huang et al. [61] in the study of the adsorption of organic
pollutants of dye wastewater onto modified bentonite.

4.8. Adsorption modelling

Theadsorptionisotherms of MBbasicdye onto HA-coating
alumina at different experimental conditions were fitted
with as Langmuir, Freundlich and Dubinin-Radushkevich
models, Egs. (3), (5) and (6). The maximum adsorption
capacity, the model constant values and the correlation
coefficient are presented in Table 4.

Where g, is the maximum adsorption capacity (mg/g),
K, is the Langmuir equilibrium constant (L/mg), K, is the
Freundlich constant (mg'"/L"/g), B is the constant related
to the adsorption energy (mol/]), n is the heterogeneity factor
and r is the correlation coefficient.

Table 3
Thermodynamic parameters from the adsorption of MB dye by
HA-coating alumina

T (K) Q. K, AG® AH°® AS°
(mg/g) (L/g) (J/mol)  (kJ/mol) (J/K mol)

298 24.58 -0.033 -188.44 12.411 42.28

303 27.38 0.190 -399.84

313 29.11 0.331 -822.64

323 30.45 0.443  -1,245.44

Table 4
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The parameters appearing in equation for each model
were determined by non-linear regression analysis. The
calculated constants of the three isotherm equations are
given in Table 4. The regression correlation coefficient (r) is
also presented in Table 4. This table shows that for Langmuir
isotherm, the values of correlation coefficients, r, were above
0.990 at different experimental conditions. On the other
hand, a large difference between the experimental and cal-
culated, g, values have been found. This result suggests that
the adsorption process of MB on ALHUM particles was not
monolayer adsorption.

For Freundlich isotherm model, the value reached for the
regression correlation coefficient, r, is 0.980, and the values of
n are less than 1. These results indicate that the MB adsorp-
tion onto ALHUM is not favourable under experimental con-
ditions used in this study.

However, the Dubinin—-Radushkevich model is found
to better represent the experimental data with a value of the
regression correlation coefficient, r, of 0.995, and the calcu-
lated g, value obtained from this model is in good agreement
with experimental g, value. The Dubinin model is usually
used to calculate the energy of the adsorption process, as
mentioned in Egs. (6)—(9). In the present work (Table 4), we
have used this model to determine the constant 8, which is
related to the adsorption energy (E = 1/8%°) of the dye on the
solid surface. The data in Table 4 indicate that, as expected,
the adsorption energy increases with the increase of the
adsorbed maximum amount q__ . Further, the data reveal
heterogeneous surface adsorption of MB on HA covered alu-
mina solid. The Dubinin-Radushkevich model is better for
modelling the adsorption of MB dyes on the ALHUM parti-
cles. A similar result was found by Elmoubarki et al. [45] for
the adsorption of textile dyes on raw Moroccan clays.

5. Conclusions

This study investigated the adsorption characteristics
and the suitability of HA covered alumina (ALHUM) as
potential adsorbent for the removal of MB from aqueous
solutions and by using batch mode. The results reveal
that the adsorption was dependent on various param-
eters such as the aqueous phase pH, the ionic strength,

Isotherm models constants for MB adsorption onto HA-coating alumina

Langmuir Freundlich D-R
qmax KL r KF n r qmax [3 r
pH 4 114.4 6.1x10° 0.994 15 071 0973 40.2 3.41x10° 0.988
6 100.3 1.4x107 0.997 2.9 0.66 0971 51.3 3.47 <107 0.992
8 105.9 2.2x102 0.995 4.9 0.60 0976 68.3 2.13x 107 0.989
10 142.2 2.5x102 0.994 6.2 0.66  0.969 78.9 1.40 x 107 0.994
I™M) 107 1144 6.1x107 0.994 15 071 0973 40.2 3.41x10° 0.988
10 100.3 1.4 x107 0.997 2.9 0.66 0971 51.3 3.47 x 107 0.992
103 88.2 2.7 %1072 0.995 5.6 0.54 0972 60.9 1.96 x 107 0.988
Me*  Ca* 87.6 12x107 0.995 5.1 046  0.962 46.0 2.82x107 0.993
Ba* 157.7 42 %1073 0.990 3.5 052 0981 414 3.52x107 0.995
Cu* 68.9 8.3x107 0.997 1.8 0.61  0.969 29.6 3.10x 107 0.988
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the temperature and the nature of the divalent cation. Thus,
the MB adsorbed amount onto the ALHUM was found
to increase by increasing either the aqueous phase pH or
the temperature of the adsorption medium. However,
decreases in the MB adsorbed amount were observed upon
the increase of the divalent cation (Ca*, Ba** and Cu?*) affin-
ity toward the ALHUM and/or the aqueous solution ionic
strength. The adsorption isotherms were well fitted by the
Dubinin—-Radushkevich adsorption model, and followed the
pseudo-first-order kinetic model.

Finally, the overall data suggested that ALHUM is a
potential adsorbent for the reduction of dye accumulations
normally found in various industrial effluents.
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Symbols

R —  Gas constant

T —  Temperature

t —  Contact time adsorbate—adsorbent

q(t) —  Amount of adsorbate in the adsorbent at any
time ¢

q, — Amount of adsorbate in the adsorbent at
equilibrium

Q Q. — Adsorbed amount of the solute (the dye) on
the solid surface

ol —  Initial concentration of the solute (the dye)
v Co  — Residual concentration of the solute

(the dye)

Cste —  Constant

m, —  Amount of the adsorbent solid

9o 9, —  Maximum adsorption capacity

K, —  Langmuir equilibrium constant

K, —  Freundlich constant

K, —  Pseudo-first-order rate constant of adsorption

K, —  Pseudo-second-order rate constant of
adsorption

K —  Particle diffusion constant

n —  Freundlich constant

E —  Adsorption energy

B —  Constant related to the adsorption energy

€ —  Polanyi potential
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