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ABSTRACT

The adsorptive removal of dimethyl amino ethyl azide (DMAZ) from aqueous solution by
hydrothermally synthesized ZSM-5 and NaY zeolites as well as commercial activated carbon
(AC) was studied. The effects of various parameters like the initial concentration of DMAZ,
contact time, and adsorbent dosage on the DMAZ sorption yield were examined and the
optimum experimental conditions were determined. The DMAZ adsorption efficiency of 60,
23, and 45% were obtained by ZSM-5, NaY zeolites, and AC, respectively. The experimental
equilibrium data were analyzed by Langmuir and Freundlich isotherms. The Langmuir iso-
therm represented equilibrium data for NaY and ZSM-5 zeolites with regression coefficients
(R? of 0.974 and 0.971, respectively. The Freundlich isotherm revealed a better correlation
for the commercial AC (R?=0.97). The experimental kinetic data were analyzed through
pseudo-second-order model. It was observed that 15.04, 50.75, and 41.35 g of DMAZ could
be removed by a unit mass of NaY zeolite, ZSM-5 zeolite, and AC, respectively.

Keywords: DMAZ adsorption; ZSM-5 and NaY zeolites; Parametric study; Kinetic model;

Isotherm study

1. Introduction

Adsorption, as a surface-based process, adheres
adsorbate (molecules, atoms, or ions from a fluid or
dissolved solid) to the surface of a highly porous
solid, namely, the adsorbent [1]. The difference
between adsorbate concentrations in solid and fluid
phase provides the driving force for its movement
towards the adsorbent surface. The movement of
adsorbate to the solid surface terminates as soon as
this driving force is vanished, leading to equilibrium
condition (adsorbent saturation). This process is exten-
sively run in many applications like water purification
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[2], wastewater treatment [3-9], and air conditioning
[10]. Zeolites are one of the most important collectives
of adsorbents. They are microporous, aluminosilicate/
silicate crystalline materials which have wide range of
practical and industrial applications in wastewater
treatment [11], fuel purification [12], gas storage [13],
ion exchange [14,15], membrane technology [16],
catalysis synthesis [17,18], the capture of carbon diox-
ide in fluidized bed systems [19], and catalytic crack-
ing of the gas oil [20].

In order to synthesize a specific type of zeolite, an
appropriate ratio of its ingredients should be applied
and special attention should be devoted to both tem-
perature and crystallization time [21]. The effect of
synthesis parameters on the particulate properties and
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crystallization pathway of the zeolite [22], the synthe-
sis method of zeolites [23], and activation mechanism
[24] are some of the most popular aspects of zeolites
in scientific literatures.

2-Dimethylaminoethylazide (DMAZ) is a new lig-
uid fuel which has contributed to significant progress
in the development of bi/mono propellant rocket
engines [25,26]. It is noncarcinogenic [27] but, toxic
[26,28] like most chemicals. The synthesis process
produces an aqueous phase containing this liquid
fuel [26]. It has been reported that water may have
undesirable effects on the performance of liquid fuel
DMAZ and increase its spontaneous explosion sig-
nificantly [26]; therefore, the separation of DMAZ
from aqueous solution seems to be the interesting
subject. Although there are proposals on oxidation
processes for amine wastewaters [29], it is important
to separate these groups by adsorption method
because of some next probable dangers. Adsorption
and membrane technologies [25,26,30] are some of
the appropriate processes to be run for the consid-
ered task.

2. Materials and methods

In this study, the NaY (105iO,-Al,03 4-6NayO-
180H20) and ZSM-5 (T102,025 A1203408102,744: TPA
(OH)-216H,0) zeolites were synthesized hydrother-
mally. Operating conditions and the molar ratio of the
consumed ingredients for zeolite synthesis are tabu-
lated in Table 1.

The source and specifications of the materials con-
sumed during hydrothermal synthesis of both ZSM-5
and NaY zeolites are tabulated in Table 2.

Table 1
Experimental procedure of synthesizing of the utilized zeo-
lites

Zeolite Property Value Unit

NaY SIOQ /A1203 10 -
NaQO/A1203 4.6 -
H,0/Si0, 18-42 -
Mixing temperature 80-110 C
Reaction time 5-12 h
Drying temperature 100 °C

ZSM-5 Si0,/Al,O3 160 -
H,0/Si0, 5.4 -
TPA(OH)/TiO, 7.44 h
Mixing temperature 120-170 C
Reaction time 1 h
Drying temperature 100 °C
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3. Results and discussion
3.1. Parametric study

The effects of some key parameters on the separa-
tion of DMAZ from aqueous solution are investigated
experimentally. Adsorbent type, initial concentrations
of DMAZ, adsorbent dosage, and contact time were
the parameters affected on the adsorption process.
The DMAZ reacts with acid and produces salt,
deactivates the adsorbent. Moreover, addition of a
base reagent (such as NaOH) to the solution removes
the N3 group from DMAZ and decomposes it. It is
obvious that the solution should be neutral. In all
experiments of this study, the solution pH was kept
in the range of 8-9.

3.1.1. The effect of initial concentrations of DMAZ

The experimental values of adsorbed DMAZ on
NaY and ZSM-5 zeolites as well as on the commercial
activated carbon (AC) at various initial concentrations
of DMAZ are illustrated in Fig. 1. It is clear that the
adsorption of DMAZ increases with the increase in its
initial concentration. Moreover, it is obvious that by
increasing the initial concentration of DMAZ, the
number of its free molecules increase, promoting their
availability for adsorption on the active surface of the
adsorbents.

The effect of adsorbent type on the DMAZ separa-
tion yield was investigated (Fig. 1). It is observed that
ZS5M-5 zeolite demonstrates the best performance for
the considered task with the highest adsorption capac-
ity. In this process, 50 mg of initial DMAZ is sepa-
rated by a unit mass of ZSM-5 zeolite. This can be
attributed to the surface characteristic of ZSM-5 zeolite
and the amount of available active sites in it for the
adsorption of DMAZ molecules.

3.1.2. The effect of adsorbent dosage

The influence of mass dosage of adsorbents on
DMAZ adsorption capacity was studied experimen-
tally. The amount of separated DMAZ from the aque-
ous solution by different mass ratios of adsorbents/
solution is presented in Fig. 2. That the amount of
adsorbed DMAZ is reduced by an increase in the
mass dosage of the adsorbents (adsorbent/solution
mass ratio) is implied in this figure. The complex
behavior of adsorbent particles, such as agglomeration
which reduces the total surface area and the number
of active adsorption sites of the adsorbent may be
responsible for the decrease in the amount of DMAZ
separation.
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Table 2
Source and purity of the consumed materials for synthesizing of zeolites
Material Chemical formula Purity (%) Company Country
Tetraethyl orthosilicate Si(OC,Hs), 99.9 Merck Germany
Sodium aluminate NayO-AlL,O5 99 Riedel Germany
Sodium silicate solution SiO, 28 Merck Germany
Sodium hydroxide NaOH 99.9 Merck Germany
Double distilled water H,O - Pars Tajhiz Iran
Aluminium isopropoxide Al(OC3Hy);3 99.95 Aldrich Germany
Erapropyl ammonium hydroxide TPAOH 40 Alfa Germany
Titanium tetra butoxide Ti(OC4Hy), 99.9 Alfa Germany
Isopropyl alcohol C;H,OH 99 Mokarrar Iran
Hydrochloric acid HCI 02N Merck Germany
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Fig. 2. Effect of adsorbents dosage on their capacity for
DMAZ adsorption.

That the DMAZ adsorption ability of the ZSM-5
zeolite is higher than those of the two other adsor-
bents in the entire operating conditions is clearly
demonstrated in Fig. 2.

has an influence on the amount of transferred adsor-
bate from fluid to solid. The capacity of different
adsorbents for the separation of DMAZ from aqueous
solution under various operating conditions is shown
in Fig. 3. It is observed that the amount of adsorbed
DMAZ on the considered adsorbents increases with
an increase in solid—fluid contact time. The excellent
early time capacity of the ZSM-5 zeolite for DMAZ
separation from aqueous solution is concluded in
Fig. 3.

The saturation time of various adsorbents can also
be observed in Fig. 3, where the AC is saturated after
60 min, while the saturation time of the ZSM-5 and
NaY zeolites occur after 50 and 30 min, respectively.
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Fig. 3. Effect of contact time on the adsorbents capacity for
DMAZ adsorption.
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3.2. Kinetics study

The analysis of kinetic data is very important for
the adsorption process. Various kinetic models have
been proposed for analyzing the various adsorbent-
fluid systems [4]. The parameters of the kinetic models
should be determined through the experimental data.
In this study, the best match for experimental data
was obtained by the pseudo-second-order kinetic
model [31]. The presented experimental data in Table 3
were utilized for the evaluation of the parameters of
this kinetic model. Kinetic experimental data (g,) is the
amount of the adsorbed DMAZ in the unit mass of
adsorbent (mg/g) in time ¢.

3.2.1. Pseudo-second-order kinetic model

The kinetic model of pseudo-second-order [31] is
expressed mathematically by Eq. (1):

t t 1

70 Ko M
where K and Q are the constants. It is clear that the
plot of t/q; vs. t is a straight line with a 1/Q slope and
a 1/KQ* intercept. Therefore, the values of the con-
stants for the kinetic model (K and Q) can be evalu-
ated in accordance with the slope and intercept of this
plot. The values of the coefficients for this kinetic
model in the considered adsorbent-DMAZ system are
tabulated in Table 4.

The kinetic experimental data as well as the data
which are estimated by the pseudo-second-order
kinetic model for all adsorbent-DMAZ systems are
presented in Fig. 4. The observed regression coeffi-
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cients (Rz), tabulated in Table 4, justify the good
agreement between the experimental and estimated
kinetic data.

3.3. Equilibrium study

The mathematical analysis of equilibrium behavior
for various adsorbent/adsobate systems is usually
accomplished through isotherms [32]. The isotherms
are special equations which correlate the amount of
the adsorbate in the adsorbent body to its dosage in
the fluid at constant temperature. Freundlich and
Langmuir are the most well-known isotherms [32].

The following experimental data are used to deter-
mine the coefficients of these isotherms for three dif-
ferent adsorbent-DMAZ systems. In Table 5, g. is an
equilibrium amount of adsorbed DMAZ in the unit
mass of adsorbent, and Ce is its equilibrium concentra-
tion in the fluid phase.

3.3.1. Freundlich isotherm

As the Freundlich isotherm was being developed,
the assumption was that the adsorbent materials are
not homogenous and have different adsorption capa-
bilities [31]. This isotherm can be expressed mathe-
matically as Eq. (2):

1
log g. = ~ X log C. + log K¢ 2

where n and K; are the coefficients of the Freundlich
isotherm.

The log-log plot of g vs. Ce leads to a straight line
with a 1/n slope and a log K intercept. Therefore, the

Table 3

Kinetic experimental data for various adsorbents

Time (min) 0 10 20 30 50 60 90 120
NaY zeolite q: (mg/g) 0 7.52 11.28 15.04 15.04 15.04 15.04 15.04
ZSM-5 Zeolite g: (mg/g) 0 22.56 37.59 45.11 50.75 50.75 50.75 50.75
Activated Carbone q: (mg/g) 0 15.04 26.32 33.84 37.59 41.35 41.35 41.35

Table 4

Developed pseudo-second-order kinetic model and value of its coefficient for various systems

Coefficients of kinetic model

Adsorbent type K Q R? Kinetic model

NaY zeolite 0.0132 15.625 0.986 q—i = 0.064t + 0.3103
ZSM-5 zeolite 0.0022 58.823 0.964 qi = 0.017t + 0.1314
Activated Carbon 0.0018 47.619 0.977 q—i = 0.021t + 0.2450
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Fig. 4. Kinetic experimental data and the estimated value
by pseudo-second-order kinetic model for various systems,
AC represents the activated carbon.

coefficients of the Freundlich isotherm (K; and #) can
be obtained from the slope and intercept of this
log-log plot. The developed Freundlich isotherm and
its coefficients for various adsorbent-DMAZ systems
are tabulated in Table 6.

The experimental equilibrium data as well as those
equilibrium values which are obtained by the devel-
oped Freundlich isotherms are illustrated in Fig. 5.
This figure and the calculated R* in Table 6 confirm
that the derived Freundlich isotherm is in a good
agreement with the experimental equilibrium data.

Table 5
Results of DMAZ adsorption by various adsorbents
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3.3.2. Langmuir isotherm

Langmuir is another well-known isotherm, often
employed to correlate the adsorbate dosage in solid
and fluid phases. This isotherm can be defined by the
following equation [32]:

1

e

1

o + 3)

Q|

1
ab

where a and b are the coefficients of the Langmuir iso-
therm often estimated from experimental data. The
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Fig. 5. Experimental data and estimated value by the Fre-
undlich isotherm for various systems.

NaY ZSM-5 Activated carbon

DMAZ/Solution (g/g) de (mg/g) Ce (mg/L) de (mg/g) Ce (mg/L) ge (mg/g) Ce (mg/L)
0.01 8.647 0.0083 16.165 0.0067 13.534 0.0073
0.02 14.661 0.0173 26.692 0.0147 21.053 0.0158
0.03 13.533 0.0271 40.977 0.0218 33.459 0.0233
0.0376 15.038 0.0346 50.752 0.0247 41.353 0.0293
Table 6
Developed Freundlich isotherm and the value of its coefficients for various systems

Coefficients of Freundlich

isotherm
Adsorbent type n K R? Freundlich isotherm
NaY zeolite 2.5387 60.223 0.911 log go =0.394 x logC, + 1.78
ZSM-5 zeolite 1.1818 1064.1 0.969 log g. =0.846 x logC, + 3.03
Activated Carbon 1.2424 673.0 0.970 log g¢ =0.805 x logC, + 2.83
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Table 7
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Developed Langmuir isotherm and the value of its coefficients for various systems

Coefficients of Langmuir

isotherm
Adsorbent type a (mg/g) b (L/mg) R? Langmuir isotherm
NaY zeolite 21.155 85.356 0.974 L=+ 0.0473
ZSM-5 zeolite 128.568 21.027 0.971 ql = oogﬂ + 0.0078
Activated Carbon 88.028 24.227 0.962 ql—e = % + 0.0114

0.12

A Experimental - NaY

- -

Langmuir isotherm - NaY
O  Experimental - ZSM-5

s Langmuir isotherm - ZSM-5
O Experimental - AC

----- Langmuir isotherm - AC

0 L
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1/C (L/mg)

Fig. 6. Experimental data and estimated value by the
Langmuir isotherm for various systems.

1/g. plot vs. 1/C, is a straight line with a slope of
1/ab and an intercept of 1/a. The coefficient of Lang-
muir isotherm (2 and b) can be estimated from the
slope and intercept of this plot for various adsorbent-
DMAZ systems. The derived Langmuir isotherm and
the value of its coefficients (2 and b) for all the consid-
ered adsorbent-DMAZ systems are tabulated in
Table 7.

Experimental equilibrium data as well as the pre-
dicted values by the developed Langmuir isotherm
are presented in Fig. 6, where a good agreement is
observed between the experimental data and the esti-
mated ones. The comparison of the presented R* val-
ues in Tables 6 and 7 make it clear that the Langmuir
isotherm demonstrates better performance for model-
ing the equilibrium data for NaY and ZSM-5 zeolites,
while the Freundlich isotherm shows better perfor-
mance for modeling the AC-DMAZ system.

4. Conclusions

The synthesized ZSM-5 and NaY zeolites as well
as commercial AC were studied experimentally for
adsorptive removal of DMAZ from aqueous solution.

The theoretical aspects of the considered adsorbent-
DMAZ systems were studied by equilibrium as well
as kinetic models. Results indicated that the amount
of DMAZ increases as its initial concentration
increases. The DMAZ sorption capacity of the consid-
ered adsorbents reduces as their dosages increase.
Moreover, the amount of the adsorbed DMAZ
increases when the contact time increases. Among the
adsorbents, ZSM-5 demonstrated the best efficiency
for DMAZ adsorption under different experimental
conditions. The pseudo-second-order model repre-
sented the kinetic experimental data better than the
other models. The Langmuir isotherm represented bet-
ter experimental equilibrium data for NaY and ZSM-5
zeolites than the Freundlich isotherm; while, Fre-
undlich isotherm presented better experimental equi-
librium data for the AC than the Langmuir isotherm.
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