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ABSTRACT

The effects of equilibrium time, solution pH, and sorption temperature of cationic methylene
blue (MB) adsorption on nanoporous metallosilicoaluminophosphate ZnAPSO-34 were studied
using a batch equilibration method. UV–Vis spectroscopy was used to obtain the adsorption
isotherms at 20˚C. The optimum period for adsorption was 300min. In fact, MB removal
increased from 82 to 95% when we double the amount of adsorbent from 0.05 to 0.1 g l�1. The
equilibrium adsorption data were analyzed using Langmuir, Freundlich, and Temkin isotherm
models. Langmuir isotherm was found to be the best-fitting model and the process followed
pseudo-second-order kinetics. The results showed that ZnAPSO-34 could be employed as an
alternative for the removal of dyes and colorants from aqueous solutions.
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1. Introduction

The growth of the world population in the last
century, in addition to economic growth, the
development of various industries and the use of fertil-
izers and pesticides in modern agriculture, has gener-
ated a significant quantity of hazardous waste, which is
reflected in a considerable rise in both fresh water
consumption and wastewater production. The effluents
of wastewater in some industries such as dyestuff, tex-
tiles, leather, paper, and plastics contain various kinds
of synthetic dyestuffs [1]. The textile industry, which is
one of the largest water consumers in the world,
produces wastewater comprising various recalcitrant
agents such as dye, sizing agents, and dying aid.
Removal of emerging contaminants of concern is now

as ever important in the production of safe drinking
water and the environmentally responsible release of
wastewater. There are many conventional methods that
can remove colored dyes from wastewater: chemical
coagulation–flocculation, membrane technology, bio-
logical methods such as anaerobic/aerobic sequential
processes, oxidative degradation by using chlorine or
ozone, photo-degradation, and adsorption [2–6]. Hence,
treatment of colored wastewater requires new adsor-
bents that are economical, easily available, and effec-
tive. There are several types of adsorbents being
applied in industrial wastewater such as activated
carbon, silica gel, and alumina [7–18]. Molecular sieves
like aluminosilicate or aluminophosphate materials
containing tiny pores of precise and uniform size, are
used as adsorbents, catalyst carriers, desiccants, and so
on [19–22].*Corresponding author.

1944-3994/1944-3986 � 2013 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment
www.deswater.com

doi: 10.1080/19443994.2013.836991

52 (2014) 7766–7775

December



Zeolites, which are aluminosilicate members of the
family of microporous solids known as “molecular
sieves,” have already found many applications
because of its high cation-exchange capacity and sur-
face area, etc. In recent years, synthetic and natural
zeolites have become increasingly important due to
the wide range of their chemical and physical proper-
ties and have been studied for the liquid adsorption
of dissolved pollutants in water and/or wastewater. A
lot of studies have focused on the adsorption of meth-
ylene blue a cationic dye by synthesized and natural
zeolites [23–33]. The results showed that the
adsorption kinetics and isotherms could be well
described by the pseudo-second-order model and the
two-parameter model (i.e. the Langmuir and Freund-
lich), respectively.

Among the AlPOs, the metalloaluminophosphates
and metallosilicoaluminophosphates (MAPSOs) mate-
rials encompass the characteristics of both zeolites and
aluminophosphates, which results in their unique
catalytic, ion-exchange, and adsorbent properties
[6,34–37].

To our knowledge, no previous reports have been
made to investigate the adsorption performance of
dyes on the synthetic MAPSOs.

For the purpose of serving it as an effective
decolorizing adsorbent, ZnAPSO-34, a synthetic
aluminophosphate material with the chabazite (CHA)
structure[38], was prepared using hydrothermal
synthesis in the present study and was also used as
adsorbent for the adsorption of cationic dye in
aqueous solution. The pore structure comprises eight
member rings with 0.38 nm opening into large
ellipsoidal cavities of 0.67–1.0 nm.

In this work, initial dye concentration, contact
time, adsorbent dosage, pH, and kinetic studies were
carried out to evaluate the adsorption capacity
ZnAPSO-34 nanoporous material for the removal of
MB from aqueous solutions.

2. Materials and methods

2.1. Preparation of zeotype for laboratory experiments

ZnAPSO-34 was synthesized by following previ-
ously reported procedure [39]. The typical synthesis
gels with a molar composition of 0.8SiO2:0.8Al2O3:
1-P2O5:1TEAOH:0.4Zn:225H2O were prepared in
120-ml Teflon-lined autoclave. Isopropoxyde of
alumina (Fluka) and ortho-phosphoric acid (Merck
85%) were used as aluminum and phosphorus
sources, respectively; the divalent metal was
introduced as acetate (zinc acetate, Fluka p.a.), other

reactants were fumed silica (Aerosil 200, Serva), tet-
raethylammonium hydroxide (20% aqueous solution
TEAOH, Fluka), and deionized water.

In order to obtain the final gel solution, isopro-
poxyde of alumina was slowly added to an aqueous
solution containing ortho-phosphoric acid and the
metal salt, while maintaining the mixture under mag-
netic stirring for 1 h. Then, the TEAOH solution is
added, followed by the required amount of silica. The
whole mixture is mixed by stirring for 2 h. The crys-
tallization occurred under static conditions in an oven
at 180–200˚C for 24 h. The autoclaves were cooled
down to room temperature under running water, and
the products were recovered by centrifugation,
washed, and dried at 80˚C overnight.

The final product was a white powder. Finally, the
product was calcined at 550˚C for 5 h at the rate of
1˚C/min to remove the organic templates.

2.2. Preparation of basic dye solution

Methylene blue used was of analytical reagent
grade and supplied by BIOCHEM Chemopharma
(MW=319.86 g, Absorption max (water):663–667 nm).
Stock solutions of the test reagent were made by
dissolving methylene blue, (3,9-bis dimethyl-amin-
ophenazo thionium chloride), in distilled water. The
structure of this dye is shown in Fig. 1.

All the other chemicals used were of analytical
reagent grade and were purchased from Merck
(Germany).

2.3. Batch sorption studies

2.3.1. Adsorption studies

The adsorption was performed by batch experi-
ments. Kinetic experiments were carried out by stir-
ring 250ml of dye solution of known initial dye
concentration with 0.05 g of ZnAPSO-34 at room tem-
perature (20˚C) at 400 rpm in different 500-ml PE
flasks. At different time intervals, samples have been
drawn out and then centrifuged at 3,500 rpm for
10min. The concentration in the supernatant solution

Fig. 1. Structure of methylene blue.
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was analyzed using a UV spectrophotometer SHIMADZU
1800 by measuring absorbance at k max=664nm and
pH=6. Adsorption isotherms were carried out by
contacting 0.05 g of ZnAPSO-34 with 250ml of methy-
lene blue over the concentration ranging from 2 to
10mg l�1.

The effect of pH was observed by studying the
adsorption of dye over a pH range of 2–10. The initial
pH of the dye solution was adjusted by the addition
of 0.1N solution of hydrogen chloride (HCl) or
sodium hydroxide (NaOH).

The amount of dye adsorbed per unit weight of
adsorbent; qt (mgg 1�1) was calculated using the mass
balance equation given by:

qt ¼ ðC0 � CtÞV
m

ð1Þ

where C0 (mg/l) is the initial dye concentration, Ct

(mg/l) is the liquid-phase concentrations of dye at
any time, V is the volume of the solution (l), and m is
the mass of dry adsorbent used (g).

The dye removal percentage can be calculated as
follows:

Rð%Þt ¼
ðC0 � CtÞ

C0

� 100 ð2Þ

2.3.2. Error analysis

Due to the inherent bias resulting from the lineari-
zation of the isotherm and kinetic models, four differ-
ent error functions of the nonlinear regression basin
were employed as criteria for the quality of fitting [40].

2.3.2.1. The root mean square error. The root mean
square error (RMSE) has been used by a number of
researchers in the field to test the adequacy and accu-
racy of the model fit with the experimental data:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� 2

Xn

1

ðqi � qieÞ2
s

ð3Þ

where qi is the experimental sorption capacity from
the batch experiment i, qie, is the sorption capacity
estimated from the sorption model for corresponding
qi and n is the number of observations in the batch
experiment.

2.3.2.2. The chi-squared test. The chi-squared test
statistic is basically the sum of the squares of the
differences between the experimental data and data
obtained by calculating from models, with each
squared difference divided by the corresponding data

obtained by calculating from models. The chi-squared
test has some similarity with the RMSE and is given
as:

v2 ¼
Xn

i¼1

ðqi � qieÞ2
qie

ð4Þ

2.3.2.3. The sum of the absolute errors. The sum of
the absolute errors (SAEs) is given as:

SAE ¼
Xn

i¼1

����qt � qie

���� ð5Þ

The isotherm parameters determined by this
method provide a better fit as the magnitude of the
errors increases, biasing the fit toward the high
concentration data.

2.3.2.4. The average relative error. The average rela-
tive error (ARE) is defined as:

ARE ¼ 100

n

Xn

i¼1

qt � qie
qt

����
���� ð6Þ

This error function attempts to minimize the frac-
tional error distribution across the entire concentration
range.

2.4. Characterization of the adsorbent

The as-synthesized product was characterized ini-
tially by X-ray powder diffraction using a diffractome-
ter (Miniflex2, RIGAKU) equipped with a linear
position sensitive detector (CuKa1 radiation,
k= 1.5406 Å). The morphology and average size of the
crystals were determined by scanning electron micros-
copy (SEM) using a HITACHI S4800 microscope.

Elemental composition of the products (Al, P, Si,
and Zn) was determined by using JEOL 5800 SEM
with energy dispersive X-ray analyzer attachment
(EDX).

3. Results and discussion

3.1. Characterization of the adsorbent

The crystallinity of the sample and the phase iden-
tification were evaluated from XRD patterns (Fig. 2).
Examination of the powder data of the sample
revealed that only one phase was identified, which
corresponds to CHA structure [41].
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We have examined the sample by SEM, looking
for the morphology of the crystals. SEM images of the
calcined samples are provided in Fig. 3. The sample
prepared shows the typical CHA morphology:
Cubic crystals are well developed in the size range of
3–10lm.

The EDX analysis (Fig. 4) identified the characteris-
tic peaks of all the elements present in the respective
compositions (see Table 1).

3.2. Effect of various parameters on the MB adsorption

3.2.1. Effect of contact time and initial dye concentration

Equilibration time is an important parameter for
economical wastewater treatment. The effects of con-
tact time and initial dye concentration on removal are
shown in Fig. 5. The results showed that kinetics of
adsorption of MB consisted of two phases: an initial
rapid phase where adsorption was fast and contrib-
uted significant to equilibrium uptake and a slower
second phase whose contribution to the total MB
adsorption was relatively small. The first phase was
the instantaneous adsorption stage or external surface

Fig. 2. X-ray powder diffraction of as calcined sample at 500˚C.

Fig. 3. SEM image of characteristic ZnAPO-34 crystals.

Fig. 4. EDX results in the analysis of ZnAPSO-34.

Table 1
Elemental composition (Wt %) of ZnAPSO-34

Element O K Al K Si K P K K K Zn K

Wt% 17.87 16.60 06.68 21.50 0.091 21.19

Fig. 5. Effect of initial dye concentration and contact time
on the adsorption of methylene blue onto ZnAPSO-34.
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adsorption. The second phase was the gradual
adsorption stage, and finally, the MB uptake reached
equilibrium. Equilibrium adsorption was established
within 300min for all concentrations.

These results show that the contact time required
for maximum uptake of the dye by ZnAPSO-34 was
strongly dependent on initial methylene blue concen-
tration. The results also show that the amount of
methylene blue adsorbed increased with an increase
in initial dye concentration.

3.2.2. Effect of adsorbent dose

The effects of adsorbent dosage on MB removal
are presented in Fig. 6. Removal efficiency increased
from 85 to 94% with an increase in the dosage from
0.05 to 0.1 g l�1 and then remained almost constant.
This was caused by the fact that, with increasing
adsorbent dosage, more adsorption sites are avail-
able. However, increasing the sites had little effect
on removal efficiency at high adsorbent dosage
because of the establishment of equilibrium at an
extremely low adsorbate concentration in the solu-
tion before reaching saturation. It can also be seen
from Fig. 6 that the MB removal efficiency changed
slightly from 85 to 97% with an increase in adsor-
bent dosage from 0.1 to 0.25 g l�1. This result is
mainly because the adsorption sites were more or
less saturated by MB at low adsorbent doses
(<0.1 g l�1), but unsaturated at high doses
(>0.25 g l�1). The adsorbent dosage was fixed at
0.05 g l�1 for the remaining experiments.

3.2.3. Effect of pH

The pH is one of the most important factors con-
trolling the adsorption of dye on to adsorbent. Change

of the pH affects the adsorptive process through
dissociation of functional groups on the adsorbent
surface active sites. The pH of dye solution may also
change the molecular structure of dye, and therefore,
the removal of ionic dye can be influenced greatly.

The effect of pH on the adsorption of methylene
blue by ZnAPSO-34 is shown in Fig. 7.

The dye uptake was found to increase with
increasing pH, and it increased from 1.68 to 9.31mg/g
for an increase in pH from 2 to 9. The methylene blue
adsorption by ZnAPSO-34 was significantly affected
over the pH range of 2–4. At higher pH values (5–9),
the adsorbed amount of MB almost kept constant.
This can be explained by considering the electrostatic
attraction that exists between the negatively charged
surface of the adsorbent and MB, a cationic dye. The
surface of ZnAPSO-34 may contain a large number of
active sites, and the solute (dye ions) uptake can be
related to the active sites and also to the chemistry of
the solute in the solution. The results may be attrib-
uted to the following factors. At lower pH values,
hydrogen ion competes with MB cation, and most of
the carboxyl of adsorbent exists in the form of
–COOH, which reduce the adsorbed amounts for MB.
At higher pH values, more hydroxyls and –COO�

occur, which may enhance electrostatic attraction and
the adsorption capacity of adsorbent for MB. Similar
phenomena were reported by many researchers
[24,42,43].

3.2.4. Adsorption kinetics

It is important to be able to predict the rate at
which contamination is removed from aqueous
solutions in order to design an adsorption treatment
plant. In order to investigate the adsorption processes
MB dyes on ZnAPSO-34, two kinetic models were

Fig. 6. Effect of adsorbent dosage on the adsorption of
methylene blue onto ZnAPSO-34 (dye concentration:
2mgl�1 temperature: 293K; contact time: 300min) pH: 6.

Fig. 7. Effect of pH on the adsorption of MB on ZnAPSO-
34 (Initial dye concentration: 2mg/L).
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used: Lagergren first-order model [44] and Ho’
pseudo-second-order model [45]. These models are
most commonly used to describe the sorption of dyes
as well as other pollutants (heavy metals) on solid
sorbents. Parameters of the kinetic models were
estimated from the experimental data with the aid of
the nonlinear curve-fitting procedure.

The following expressions were used to describe
two models, respectively:

lnðqe � qtÞ ¼ ln qe � k1t ð7Þ

t

qt
¼ 1

k2q2e
þ t

qe
ð8Þ

where qt and qe are the amount of MB adsorbed on
the adsorbents (mgg�1) at time t and at equilibrium,
respectively, k1 (min�1) and k2 (gmg�1min�1) are the
rate constants of first order and second order,
respectively.

All the parameters of kinetics models are listed in
Table 2. As can be seen in Table 2, the correlation
coefficient, R2 of pseudo-second-order kinetic model
was greater than 0.99 for both MB solutions.
Therefore, the calculated qe values agreed with the
experimental qe values, implying that the adsorption
kinetic of MB is well described by pseudo-second-
order model.

From Table 2, it can be seen that the pseudo-
second-order kinetic rate constants decreased with the
increasing of initial MB concentrations. This is due to
the competition for the adsorbent active sites are
increased at higher concentration, and consequently,
the adsorption rate will become slower.

Intraparticle diffusion model is an empirical func-
tional relationship, assuming that the adsorption
capacity varies almost proportionally with t0.5 [41]:

qt ¼ kdift
0:5 þ C ð9Þ

where kdif was the intraparticle diffusion rate constant
(mol s�1/2 g�1), and C was the intercept of the plot of
qt vs.

p
t.

The adsorbate transport from the solution to the
surface of the adsorbent occurs in several steps. This
phenomenon may be controlled by one or more steps
such as film or external diffusion, pore diffusion,
surface diffusion and adsorption on the pore surface,
or a combination of more than one step through the
adsorption process. It can be seen from Fig. 8 that the
sorption process tended to follow two distinct phases.

Table 2
Kinetic parameters for the adsorption of MB on ZnAPSO-34

Models Parameters [BM]initial = 2mg/l [BM]initial = 4mg/l [BM]initial = 6mg/l [BM]initial = 8mg/l

Pseudo-second order R2 0.995 0.997 0.981 0.999

k2(gmg�1min�1) 5.97� 10�3 5.88� 10�3 4.18� 10�3 5.06� 10�3

qecal (mgg�1) 8.775 11.728 13.101 14.238

qe exp(mgg�1) 8.75 11.66 13.73 13.78

v2 0.023 0.053 0.203

RMSE 0.197 0.400 0.876

Pseudo-first order R2 0.980 0.976 0.960 0.972

k1(gmg�1min�1) 0.028 0.039 0.054 0.066

qe cal (mgg�1) 8.75 11.66 13.73 13.78

v2 7.438 6.356 5.782 8.505

RMSE 1.089 1.326 2.618 3.131

Fig. 8. Intraparticle diffusion model for the adsorption of
MB onto ZnAPSO-34 at different initial concentrations.
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The diffusion rate constant for the second step was
much smaller than that of the first step. The first
sharper step was the external surface adsorption
(migration of dye from bulk of the solution to the
surface of the adsorbent), and the second step was the
gradual adsorption.

In addition, the pore size could also play a role in
adsorption [29]. During adsorption process, MB can
be adsorbed on the surface of aluminophosphate or
move through the pores of the aluminophosphate
mass. Diffusion was faster through the pores and was
retarded when MB molecules moved through the
smaller diameter channels. MB is an organic
compound having a larger molecular size (17.0� 7.6�
3.25 Å), thus making it difficult to diffuse into pores of
the aluminophosphate (ZnAPSO-34).

3.2.5. Adsorption isotherms

Adsorption isotherms are critical in optimizing the
use of adsorbents and describe how adsorbate inter-
acts with adsorbent. The analysis of the isotherm data
with either theoretical or empirical equations is
important to develop an equation which accurately
represents the results and which could be used for
design [42–44]. Several isotherms equations are
available. Three of them have been selected in this
study: Langmuir, Temkin, and Freundlich isotherms.

3.2.5.1. Langmuir isotherm. The Langmuir adsorp-
tion isotherm has been successfully applied to many
pollutants adsorption processes and has been the most
widely used sorption isotherm for the sorption of a
solute from a liquid solution [42]. The saturated
monolayer isotherm can be represented as

qe ¼ qmKLCe

1þ KLCe

ð10Þ

The above equation can be rearranged to the
common linear form:

1

qe
¼ 1

KLqm
� 1

Ce

þ 1

qm
ð11Þ

where Ce is the equilibrium concentration (mg l�1); qe
is the amount of MB adsorbed per unit mass of zeolite
(mgg�1); qm is qe for a complete monolayer (mgg�1),
a constant related to sorption capacity; and KL is a
constant related to the affinity of the binding sites and
energy of adsorption (lmg�1).

3.2.5.2. Temkin isotherm. The derivation of the Tem-
kin isotherm assumes that the fall in the heat of

adsorption is linear rather than logarithmic, as
implied in the Freundlich equation. The Temkin iso-
therm [43]:

qe ¼ Aþ B lnCe ð12Þ

where A and B are isotherm constants.

3.2.5.3. Freundlich isotherm. Freundlich isotherm is
an empirical equation describing adsorption onto a
heterogeneous surface. The Freundlich isotherm is
commonly presented as [44]:

qe ¼ KFC
1=n
e ð13Þ

where KF and n are the Freundlich constants related

Table 3
Isotherm parameters for the adsorption of methylene blue
on ZnAPSO-34

Models Langmuir Temkin Freundlich

Parameters

v2 0.1749 6.978 0.0457

R2 0.997 0.960 0.975

qmax (mgg�1) 14,492 – –

b (lmg�1) 4.059 1.867 –

RL 0.046

Kf (mg1–1/n g�1 l1/n) – – 10.804

1/n – – 0.168

KT (lmg�1) – 6.646� 10�4 –

SAE 2.1558 21.827 1.2108

ARE 0.8481 5.0877 0.3693

RMSE 0.9307 7.808 0.5538

Fig. 9. Equilibrium isotherm of methylene blue onto
ZnAPSO-34.
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to the adsorption capacity and adsorption intensity of
the sorbent respectively. Eq. (12) can be linearized by
taking logarithms:

ln qe ¼ lnKF þ 1

n
lnCe ð14Þ

From Table 3, it can be observed that the calcu-
lated isotherm parameters and their corresponding
RMSE, ARE, SAE, and w2 values vary for the three
linearized types of isotherms. It can be seen that the
Freundlich model yields a better fit than the Langmuir
and Temkin model, as reflected by a RMSE and v2

values. Freundlich isotherm showed better fit followed
by Langmuir isotherms.

Correlation coefficient (R2) shows that the Lang-
muir model is better than the Freundlich model in
simulation of the adsorption isotherm. The agreement
of the Langmuir model with the experimental results
suggests that a monolayer coverage of MB on the
outer surface of the adsorbent.

The essential feature of the Langmuir isotherm can
be expressed by means of “RL”, a dimensionless con-
stant referred to as separation factor or equilibrium
parameter. RL is calculated using the following
equation [12,45]:

RL ¼ 1

1þ KLC0

ð15Þ

where C0 is the highest initial dye concentration
(mgL�1). The value of RL calculated as above
equation is incorporated in Table 3. The value of RL

indicated the type of isotherm to be irreversible
(RL = 0), favorable (0 <RL < 1), linear (RL = 1), or unfa-
vorable (RL > 1). Further, the RL value for MB onto
ZnAPSO-34 at 20˚C is 0.046, and therefore, its adsorp-
tion is favorable.

The adsorption isotherm of methylene blue onto
ZnAPSO-34 is presented in Fig. 9. The isotherm shows
the “L” type-2 shape according to the classification of

Giles [46], which indicate the great affinity of the MB
toward the solid adsorbent. Furthermore, the shape of
this isotherm is consistent with type I isotherm
characterizes microporous adsorbents in the case of a
gas-phase process as reported by Brunauer, Deming,
Deming, and Teller [47], suggesting that the adsorp-
tion occurs on specific sites forming a monolayer.
Type I isotherm correspond to nonporous or micropo-
rous solids with corresponding pore of diameters
lower than 20 Å.

The L or Langmuir shape of the isotherms also
means that there is no strong competition between the
solvent and the adsorbate to occupy the adsorbent sites.

Table 4 compares the adsorption capacity
ZnAPSO-34 with other adsorbents reported before
[22,48–51]. As seen activated carbon generally has a
high adsorption capacity for MB. ZnAPSO-34 shows a
higher adsorption capacity than natural and synthesis
zeolites and comparable capacity to wheat shells fly
ash-derived zeolites.

4. Conclusion

This study indicated that ZnAPSO-34 has the
potential to act as adsorbents for the removal of MB
cationic dye from aqueous solutions. The analysis by
SEM and EDX showed that the adsorbent material has
a microporous structure, and it consists mainly of Al,
P, Si, and Zn. The equilibrium adsorption isotherms
have been validated in detail by Langmuir and Fre-
undlich and Temkin models. The conditioning time of
3 h was found to be sufficient for reaching equilib-
rium. The rate of adsorption was found to conform to
pseudo-second-order kinetics with a good correlation.
Equilibrium data fitted very well in the Langmuir iso-
therm equation, confirming the monolayer adsorption
capacity of methylene blue onto ZnAPSO-34 with a
monolayer adsorption capacity of 14.49mg/g. The
dimensionless separation factor (RL) showed that
ZnAPSO-34 can be used for removal of methylene
blue from aqueous solutions.

Table 4
Comparison of the adsorption capacities of various adsorbents for methylene blue dye

Dye Adsorbent qmax (mgg�1) References

Fly ash-derived zeolites Methylene blue 12.64 [48]

Clinoptilolite Methylene blue 19.9 [49]

ZSM-5 zeolite Methylene blue 6.41 22

ZnAPSO-34 Methylene blue 14.49 This work

Wheat shells Methylene blue 16.56–21.50 51

Activated carbon Methylene blue 435 52
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