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ABSTRACT

In this paper, primary-secondary amino silica nanoparticle (PSASN) was synthesized, and
its dye removal ability from single and binary systems containing printing dyes was investi-
gated. The synthesized PSASN was characterized by means of Fourier transform infrared
(FTIR), scanning electron microscopy (SEM), and BET analyses. Acid blue 92 (AB92), Direct
Black 22 (DB22), Direct Red 31 (DR31), and Direct Red 80 (DR80) were used. The kinetics
and isotherm of dye adsorption were studied. The effects of PSASN dosage, pH, salt, and
initial dye concentration on dye removal were evaluated. Adsorption kinetic was found to
conform to pseudo-second-order kinetics. The maximum dye adsorption capacity (Qo) of
PSASN for AB92, DB22, DR31, and DR80 were 113.636, 37.453, 114.943, and 41.152mg/g,
respectively. It was found that dye adsorption on PSASN followed Langmuir isotherm. The
results showed that the PSASN as an adsorbent with dye adsorption capacity might be a

suitable alternative to remove dyes from colored printing wastewater.

Keywords: Primary—secondary amino silica nanoparticle; Synthesis; Dye removal; Binary

system; Printing wastewater

1. Introduction

Several industries such as printing, textile, paper,
etc. use dyes. About 15% of the total annual produc-
tion of dyes is lost during dyeing process which is
released in wastewaters [1-7].

Adsorption process as a physical treatment is
widely used to remove pollutants from wastewater
[8]. Some of adsorbents have some disadvantages such
as relatively limited adsorption capacity, poor
mechanical, and heat resistance [9]. Silica as an adsor-
bent is of particular interest because of its stability
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and possible reuse [10]. In addition silica is a modifi-
able material [11]. The modified silica has new surface
functional groups and is capable to adsorb various
organic compounds [12]. Several functional groups
have been introduced to silica [9,10,13-19]. However,
the synthesis procedures of the surface-modified
adsorbents (SMA) are much complex and expensive
[15]. Therefore, it is necessary to design a SMA by a
simple and cost-effective process.

A literature review showed that primary-second-
ary amino silica nanoparticle (PSASN) was not used
to remove dyes from binary system (Fig. 1). In this
paper, PSASN was synthesized, and its dye removal
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Fig. 1. The synthesis of PSASN and its dye removal ability from single and binary systems.

ability from single and binary systems containing
printing dyes was studied. Acid blue 92 (AB92),
Direct Black 22 (DB22), Direct Red 31 (DR31), and
Direct Red 80 (DR80) were used as model compounds.
The physical characteristics of PSASN were investi-
gated. The kinetic and isotherm of dye adsorption
were studied in details. The effects adsorbent dosage,
initial dye concentration, pH, and salt as operational
parameters on dye removal were evaluated.

2. Materials and methods
2.1. Chemicals

Acid blue 92 (AB92), Direct Black 22 (DB22), Direct
Red 31 (DR31), and Direct Red 80 (DR80) were
achieved from Ciba and used without further purifica-
tion. The chemical structure of dyes was shown in
Fig. 2. All other chemicals were of analytical grade
and obtained from Merck.

2.2. Synthesis of PSASN

The PSASN was synthesized by tetra ethyl ortho-
silicate (TEOS, 0.12mol, 25¢g) and N-(2-aminoethyl)-3-

aminopropyl trimethoxysilane (0.07mol, 15g) in iso-
propyl alcohol (60mL) as a solvent and water (5g) as
hydrolyzing agent at 45°C for 6h under N, inert gas.
Then, PSAS was filtered and dried at 90°C for 4h. The
weight of PSAS was 17 g (yield, 93%) (Fig. 1).

2.3. Characterization of PSASN

Fourjer transform infrared (FTIR) spectrum (Per-
kin-Elmer spectrophotometer spectrum one) of
PSASN in the range 4,000-450 cm~! was studied. The
morphological structure of the PSASN was examined
by scanning electron microscopy (SEM) using LEO
1455VP scanning microscope.

The specific surface area of PSASN was evaluated
through N, adsorption at 77K, using an Autosorbl-
Quantachrome instrument. The BET (Brunauer—
Emmet-Teller) model was applied.

The pH of PSASN point of zero charge (pHpzc)
was determined. To determine the pHpzc, 0.1g of
adsorbent was added to 100 mL of water with varying
pH from 2 to 11 and stirred for 24 h [20]. Final pH of
the solution was plotted against initial pH of the solu-
tion. pHpzc for PSASN is determined pH 6.0 (Fig. 3).
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Fig. 3. The pH of PSASN point of zero charge (pHpzc).
2.4. Adsorption procedure

The dye adsorption measurements were conducted
by mixing of PSASN and dye in jars containing
250mL of a dye solution (50mg/L). The solution pH

was adjusted by adding a small amount of H,SO, or
NaOH. The absorbance of all solution samples was
measured at certain time intervals during the adsorp-
tion process. At the end of the adsorption experi-
ments, the solution samples were centrifuged and the
dye concentration was determined.

UV-vis Perkin—Elmer Lambda 25 spectrophotome-
ter was used for absorbance measurement of samples.
The maximum wavelength (An.) used for
determination of residual concentration of AB92,
DB22, DR31, and DR80 at pH 2 in supernatant
solution using UV-vis spectrophotometer were 571,
470, 530, and 523 nm, respectively.

The effect of PSASN dosage (0.01-0.07g) on dye
removal was investigated by contacting 250 mL of dye
solution with initial dye concentration of 50 mg/L and
pH 2 using jar test at room temperature (25°C) for
60min at a constant stirring speed of 200 rpm.

The effect of pH (2, 5, 8, and 10) on dye removal
was investigated by contacting 250 mL of dye solution
with PSASN and initial dye concentration (50 mg/L)
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using jar test at room temperature (25°C) for 60 min at
a constant stirring speed of 200 rpm.

The effect of salt (0.02mol) on dye removal was
investigated by contacting 250mL of dye solution
(50mg/L) with PSASN and pH 2 using jar test at
room temperature (25°C) for 60 min at a constant stir-
ring speed of 200rpm. Different salts (NaHCOs;,
Nay,CO3, and Na,SO,) were used.

The effect of initial dye concentration (25, 50, 75,
and 100mg/L) on dye removal was investigated by
contacting 250mL of dye solution with PSASN and
pH 2 using jar test at room temperature (25°C) for
60 min at a constant stirring speed of 200 rpm.

Dye concentrations were calculated as follows. For
a binary system, components A and B were measured
at 4; and /,, respectively, to give optical densities of
dy and d, [4]:

Ca = (kpy x dy — kg x da)/ (ka1 X kpp — kao X kpy) (1)

Cp = (ka1 x do —kap x dv)/(kar X kgo — kap X kgo) (2)

where ka1, kg1, kan, and kg, are the calibration con-
stants for components A and B at the two wave-
lengths 4; and 4, respectively.

3. Results and discussion
3.1. Characterization of PSASN

The FTIR spectrum of the PSASN was shown in

Fig. 4. The N-H stretching vibration of primary and

secondary amines is as broad band at 3,400-3,200 cm L
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The C-H stretching vibration of CH, units in aminosi-
lane was in 2,940 cm ™' The N-H deformation vibration
of NH, groups was in 1,484 cm™'. Bending vibration of
CH, was in 1,484cm™!. The C-N stretching vibration
was between 1,321 and 1,150 cm ™. The Si-O stretching
vibration of silica was as a wide and strong absorption
in 1,046cm ', In addition, FTIR spectrum displays a
number of characteristic bands at 957cm™' and
801 cm ™ '. These bands are assigned to stretching vibra-
tion of uv(=5i-O-Si=) of siloxane backbone and
v(=Si-OH) of free silanol group and tetrahedron ring v
(SiOy), respectively [9,13,14,16,21,22]. The spectrum
also displays a strong band at 470cm ' which is
assigned to v(=5i-O-Si=) deformation [22].

SEM has been a primary tool for characterizing the
surface morphology and fundamental physical prop-
erties of the adsorbent surface. It is useful for
determining the particle shape and appropriate size
distribution of the adsorbent. Scanning electron micro-
graph of PSASN is shown in Fig. 5.

The surface area (Sggr) of the silica nanoparticle
and PSASN was 110 and 93 m*/g, respectively. Amine
functional group reduces the BET surface area of silica
nanoparticle.

3.2. Adsorption kinetic

The mechanism of pollutant adsorption onto an
adsorbent can be investigated using kinetic studies. In
order to investigate the mechanism of adsorption,
characteristic constants of adsorption were determined
using intraparticle diffusion [23-25], pseudo-first-order
equation [26], and pseudo-second-order equation [27].
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Fig. 4. FTIR spectrum of PSASN.
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Fig. 5. The SEM image of PSASN.

A linear form of pseudo-first-order model is:

log(qe — ¢:) = log(q.) — (ki /2.303)t (3)

where 4., q;, and k; are the amount of dye adsorbed
on PSASN at equilibrium (mg/g), the amount of dye
adsorbed at time t (mg/g), and the equilibrium rate
constant of pseudo-first-order kinetics (1/min), respec-
tively.

Linear form of pseudo-second-order model was
illustrated as:

tge=1/kag; + (1/g.)t (4)

where k; is the equilibrium rate constant of pseudo-
second order (g/mgmin).

The possibility of intraparticle diffusion resistance
affecting adsorption was explored by using the
intraparticle diffusion model as

g =kt +1 (5)

where k, and [ are the intraparticle diffusion rate
constant and intercept, respectively.

To understand the applicability of the pseudo-
first-order, pseudo-second-order, and intraparticle
diffusion models for the dye adsorption onto PSASN
at different adsorbent dosages, linear plots of log
(ge—q¢) vs. contact time (¢), t/q; vs. contact time (t),
and g; against t1/2 are plotted. The values of ki, k, k,,
I, R? (correlation coefficient), and the calculated e
((go)car) are shown in Table 1. The linearity of the
plots (R*) demonstrates that intraparticle diffusion
and pseudo-first-order kinetic models do not play a
significant role in the uptake of the dye by PSASN
(Table 1). The linear fit between the t/g; vs. contact
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time (f) and calculated correlation coefficients (R?) for
pseudo-second-order kinetics model show that the
dye removal kinetic can be approximated as pseudo-
second-order kinetics (Table 1). In addition, the exper-
imental g, ((.)gxp.) values agree with the calculated
ones ((ge)cai.), obtained from the linear plots of
pseudo-second-order kinetics (Table 1).

3.3. Adsorption isotherm

Several isotherms such as Langmuir, Freundlich,
and Tempkin models were investigated in details.

The Langmuir isotherm can be used to explain the
adsorption of dye onto adsorbent. A basic assumption
of the Langmuir theory is that adsorption takes place
at specific sites within the adsorbent [28-30]. The
Langmuir equation can be written as follows:

e = QOKLCe/l + KLCe (6)

where C,, K;, and Qp are the equilibrium concentra-
tion of dye solution (mg/L), Langmuir constant (L/g),

and the maximum adsorption capacity (mg/g),
respectively.

The linear form of Langmuir equation is:
Ce/qe = 1/I<L(20 + Ce/QO (7)

In addition, isotherm data were tested with
Freundlich isotherm that can be expressed by [31]:

q. = KeC}/" (8)

where Kr is adsorption capacity at unit concentration
and 1/n is adsorption intensity.

The 1/n values indicate the type of isotherm to be
irreversible (1/n=0), favorable (0<1/n<1), and unfa-
vorable (1/n>1). Eq. (8) can be rearranged to a linear
form:

log g, = log K¢ + (1/n)log C, 9)

Tempkin isotherm assumes that the heat of
adsorption of all the molecules in the layer decreases
linearly with coverage due to adsorbent-adsorbate
interactions. Also, the adsorption in Tempkin isotherm
is characterized by a uniform distribution of binding
energies, up to some maximum binding energy
[32,33]. The Tempkin isotherm is given as:

ge = RT/bIn(K7C,) (10)
which can be linearized as:
Je = Bl anT+B1 lnCe (11)
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Table 1
Linearized kinetic coefficient for dye adsorption onto PSASN at different adsorbent dosages from single and binary
systems
System Dosage  (g.) Pseudo-first order Pseudo-second order Intraparticle diffusion
® PP e kR G kR kI IS
Single AB92
0.050 100.750 45.793 0.046 0.979  104.167 0.002 0994 6493 51435 0.984
0.100 85300  26.693 0.042 0975 86207 0.005 0997  3.868 55.670 0.986
0.150 72.433 17.010 0.063 0.988 73.529 0.010 0.999 2.470 55.067 0.933
0.200 57.938 2.712 0.036  0.920 57.803 0.056  0.999 0.424 54.654 0917
DR31
0.050 98.650  40.059 0.049 0948 101.010 0.003 0.996 5422 57.337 0.985
0.100 80.600 23437 0.042 0984 81967 0.006 0998  3.300 54946 0.986
0.150 66.97 11.013 0.036 0.988 67.114 0.012 09991 1.616 54.195 0.986
0.200 57.163 2.752 0.054 0.936 57.143 0.065 1.000 0.410 54.199 0913
DR80
0.100 39.750 8.590 0.055 0.968 38.911 0.016 0.99 1126  29.864 0912
0.200 36.875 8.080  0.047 0809 37.037 0.018 0.998 1.061 28.602 0.945
0.300 31985  7.681  0.020 0914 31746  0.021 0.998 0794 25.186 0.963
0.400 30.094 5.711 0.027  0.944 30.675 0.017  0.999 1.154 21548 0.987
DB22
0.100 36.625  17.632 0.045 0960 38.023  0.006 0.981 2344 18274 0978
0.200 32.125 12.151 0.038 0.881 32.573 0.009 0.991 1.574 19220 0.967
0.300 28.917 11.647 0.079 0.947 29.851 0.014 0.998 1.328 19371 0.969
0.400 26.313 5.948 0.059 0.965 26.738 0.027  0.999 0929 19.795 0.895
Binary AB92 AB92
+DR31 0.050 48.863 21.208 0.043 0.966 50.251 0.005 0.995 3.169 24.867 0.951
0.100 43.279 20936 0.056 0.984 45.249 0.006  0.998 2976  21.732  0.963
0.150 33258  11.288 0.045 0981  33.898  0.011 0.998 1.614 20.873 0.975
0.200 27.319 4977 0.041 0.954 27.473 0.028 0.999 0.764 21515 0.946
DR31
0.050 44.250 32.374 0.044 0.9866 48.780 0.002 0.984 4.538 9.430 0.996
0.100 41.856 21.642 0.055 0.9946 44.903 0.005 0.997 3.043 19.655 0.975
0.150 33.500 11.574 0.052 09899 34274  0.011 0.999 1586 22.891 0.969
0.200 27697 5314  0.041 09790 27.855 0.026 0.999 0.790 21.658 0.978
DR80 DR80
+DB22 0.100 21.400 7.024 0.030  0.965 21.459 0.015 0.992 0.958 13291 0.958
0.200 19.794 6571  0.055 0.987 20202 0.019 0998 0952 12.656 0.974
0.300 16.610  3.045 0.062 0.993 16.807 0.057 0999 0434 13.538 0.938
0.400 14.419 1.931 0.054 0.929 14.514 0.081  0.999 0.248 12535 0.976
DB22
0.100 20.968 7.034 0.030 0.943 21.008 0.015 0.992 0948 12921 0.965
0.200 18.600 5.884 0.044 0.879 18.868 0.021  0.99 0.753 12.592 0.981
0.300 15.979 3.141 0.030 0.979 15.924 0.040 0.998 0471 12.141 0.973
0.400 13.989 2.967 0.057 0.789 14.104 0.054 0.999 0337 11.346 0.973
where binding constant (L/mol) corresponding to the maxi-
B, = RT/b (12) ~mum binding energy and constant B; is related to the

A plot of g, vs. InC, enables the determination of
the isotherm constants B; and Kr from the slope and
the intercept, respectively. Kr is the equilibrium

heat of adsorption.

To study the applicability of the Langmuir,
Freundlich, and Tempkin isotherms for the dye adsorp-
tion onto PSASN at different adsorbent dosage, linear
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plots of C./q, against C,, logg, vs. log C,, and g, vs. InC,
are plotted. The values of Qo, K;, K¢, 1/n, Kr, By, and R?
(correlation coefficient values of all isotherms models)
are shown in Table 2. The correlation coefficient values
(R?) show that the dye removal isotherm using PSASN
does not follow the Freundlich and Tempkin isotherms
(Table 2). The linear fit between the C,/g. vs. C, and cal-
culated correlation coefficients (R?) for Langmuir iso-
therm model show that the dye removal isotherm can
be approximated as Langmuir model (Table 2). This
means that the adsorption of dyes takes place at spe-
cific homogeneous sites and a one layer adsorption
onto PSASN surface.

3.4. Operational parameter effect on dye removal
3.4.1. PSASN dosage

Dye removal at different PSASN dosages (g) was
shown in Fig. 6. The increase in dye adsorption with
adsorbent dosage can be attributed to increased adsor-
bent surface and availability of more adsorption sites.
However, if the adsorption capacity was expressed in
mg adsorbed per gram of material, the capacity
decreased with the increasing amount of PSASN. It
can be attributed to overlapping or aggregation of
adsorption sites resulting in a decrease in total adsor-
bent surface area available to the dye and an increase
in diffusion path length [34].
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34.2. pH

The effect of pH on the adsorption of dyes onto
PSASN is shown in Fig. 7. The results showed that
the adsorption capacity increases when the pH is
decreased. Maximum adsorption of anionic dyes
occurs at acidic pH (pH 2). The electrostatic attraction
as well as the organic property and structure of dye
molecules and PSASN could play very important roles
in dye adsorption on PSASN. At pH 2, a significantly
high electrostatic attraction exists between the posi-
tively charged surfaces of the adsorbent, due to the
ionization of functional groups of adsorbent and nega-
tively charged anionic dye. As the pH of the system
increases, the number of positively charged sites
decreases. It does not favor the adsorption of anionic
dyes due to the decreasing of electrostatic attraction
[35]. The effective pH was 2 and it was used in fur-
ther studies.

3.4.3. Salt (inorganic ions)

The occurrence of different salts as dissolved inor-
ganic anions is rather common in different industrial
wastewaters [36,37]. These substances may compete for
the active sites on the adsorbent surface or deactivate
the adsorbent and, subsequently, decrease the dye
adsorption efficiency. A major drawback resulting from
the high reactivity and nonselectivity of adsorbent is
that it also reacts with non-target compounds present

Table 2
Linearized isotherm coefficient for dye adsorption onto PSASN at different adsorbent dosages from single and binary
systems
System Langmuir Freundlich Tempkin
Qo K; R? Kr 1/n R? Kt B, R?
Single AB92
113.636 0.256 0.987 41.143 0.279 0.974 4.096 21.516 0.967
DR31
114.943 0.169 0.981 37.111 0.277 0.975 3.117 20.818 0.945
DR80
41.152 0.529 0.992 27.689 0.0909 0.818 6063.242 3.119 0.800
DB22
37.453 0.379 0.982 23.174 0.102 0.789 1914.095 3.006 0.746
Binary AB92 + DR31 AB92
62.112 0.252 0.9931 18.226 0.380 0.944 2.241 14.199 0.951
DR31
51.020 0.433 0.966 21.399 0.280 0.926 16.379 8.073 0.919
DR80 + DB22 DR80
23.310 1.576 0.997 12.578 0.192 0.978 33.616 3.382 0.971
DB22
26.247 0.437 0.997 9.931 0.221 0.987 5329.432 1.455 0.970




Dye removal (%) Dye removal (%) Dye removal (%)

Dye removal (%)

N.M. Mahmoodi et al. | Desalination and Water Treatment 52 (2014) 7784-7796

100
80
60
40 x_______x_._-gc-'-x
T
20
0= : r : :
0 15 30 45 60
Adsorption time (min)
AB92 (sin)
100
80
60
40
20 Jpoocr T
0 - T T T T
0 15 30 45 60
Adsorption time (min)
DB22 (sin)
100
80
60
40
xx’x”*_"x"rx‘;x_-_-x
£
20
0= - . : .
0 15 30 45 60
Adsorption time (min)
DR31(sin)
100
804
60
B r.l‘k‘_‘,‘.’—-—r—"'-“
)o(x—x—)c-—-X'_X‘_K"’Fx
20
0 v T . T
0 15 30 45 60
Adsorption time (min)
DR80(sin)

Adsorbent
(9)

——0.05
—a—0.10
-2-0.15
—+—0.20

Adsorbent
(9

——0.1
—4—0.2
=03
——04
-o-05

Adsorbent
(@
—»—0.05
—4—0.10
—&-0.15
——0.20

Adsorbent
(@
——0.1
—4—0.2
=03

——04

Dye removal (%) Dye removal (%) Dye removal (%)

Dye removal (%)

7791

100
Adsorbent
80 (@)
60 —=—0.05
40 ——0.10
x_‘__x...-x———"‘ -=-0.15
20 o 020
0 - T T T T
0 15 30 45 60
Adsorption time (min)
DR31 (bin.:AB92+DR31)
100
Adsorbent
80+ (9)
60 ——0.05
40- ——0.10
—&-0.15
20 ——0.20
n - T T T T
0 15 30 45 60
Adsorption time (min)
AB92 (bin.:AB92+DR31)
100
80 Adsorbent
(9)
60 ——01
40 ——02
=03
20 ——04
0' T T T T
0 15 30 45 60
Adsorption time (min)
DR80 (bin.: DR80+DB22)
100
Adsorbent
o0 (@
60 0.1
40 02
=03
20 ——04
O - T T T T
0 15 30 45 60
Adsorption time (min)

DB22 (bin.:DB22+DR80)

Fig. 6. The effect of adsorbent dosage on dye removal by PSASN from single and binary systems.

in the background water matrix, i.e. dye auxiliaries
present in the exhausted reactive dye bath. It results
higher adsorbent dosage demand to accomplish the
desired degree of dye removal efficiency. Fig. 8 illus-

trates that dye removal capacity of PSASN decreases in
the presence of inorganic salts because these salts have
small molecules and compete with dyes in adsorption
by PSASN.
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Fig. 7. The effect of pH on dye removal by PSASN from single and binary systems.
344 Dye concentration was assessed. The results are shown in Fig. 9. It is
The influence of varying the initial dye concentra- obvious that the higher the initial dye concentration,

tion of dyes on adsorption efficiencies onto PSASN the lower the percentage of dye adsorbed.
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Fig. 8. The effect of salt on dye removal by PSASN from single and binary systems.

The amount of the dye adsorbed onto PSASN
increases with an increase in the initial dye concentra-
tion of solution if the amount of adsorbent is kept

unchanged due to the increase in the driving force of
the concentration gradient with the higher initial dye
concentration. The adsorption of dye by PSASN is
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Fig. 9. The effect of dye concentration on dye removal by PSASN from single and binary systems.

very intense and reaches equilibrium very quickly at
low initial concentration. At a fixed PSASN dosage,
the amount of dye adsorbed increased with increasing
concentration of solution, but the percentage of

adsorption decreased. In other words, the residual
dye concentration will be higher for higher initial dye
concentrations. In the case of lower concentrations, the
ratio of initial number of dye moles to the available
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adsorption sites is low and subsequently the fractional
adsorption becomes independent of initial concentra-
tion [38—41].

4. Conclusion

PSASN was synthesized and its dye removal abil-
ity from single and binary systems was investigated.
The characteristics of PSASN were studied. Anionic
dyes were used as model dyes. Dye adsorption fol-
lowed Langmuir isotherm and pseudo-second-order
kinetics. The dye removal increases by increasing
PSASN dosage. Maximum dye adsorption occurs at
acidic pH due to the protonation of amino group of
adsorbent. Dye removal capacity decreases in the
presence of inorganic salts. The initial dye concentra-
tion affects on adsorption efficiency of PSASN. The
results showed that the PSASN as an adsorbent might
be a suitable alternative to remove dyes from colored
aqueous solutions.
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