¢/ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2020.25807

193 (2020) 381-391
July

Development of a novel method for sodium azide removal from aqueous
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ABSTRACT

In this work, the adsorption characteristics of amberlite IRA-900 chloride resin (amberlite) for
azide ions sorption were investigated. The elimination of azide ions from aqueous solution in the
batch and continuous (fixed-bed column) was performed. The optimum conditions in the batch
system were found, namely a pH of 6, an amberlite dose of 7 g/L, and a reaction time of 50 min.
The kinetics of the process was also investigated with four kinetic models including pseudo-first
and second-order, Elovich, and Morris-Weber. The pseudo-second-order model showed better fit-
ting with kinetic data. The Temkin, Dubinin—-Radushkevich (D-R), Langmuir, and Freundlich were
utilized for isotherm study. The Langmuir equation showed a better fitting of the equilibrium data.
amberlite indicated a high capacity for azide elimination from aqueous solutions at different con-
centrations. High desorption efficiency (for amberlite recovery and recycling) was also obtained
using 10% (w/w) NaCl. The recovered amberlite also indicated a high ability to remove the azide
ions. In the continuous system (fixed-bed column), the effects of key parameters, namely bed

heights and flow rates, were comprehensively studied.
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1. Introduction

The removal of hazardous materials (organic pollutants,
heavy metals, etc) from water and wastewater is an import-
ant issue for various types of industries [1,2]. The sodium
azide (NaN,) production has widely increased during the
past decades for application in the automotive industry
(such as airbag production). Some studies indicated the tox-
icity of sodium azide and sodium cyanide during ingestion
in the creatures’ bodies [3-5]. For the protection of human
life, airbag, as a necessary item, is widely utilized in new
motor vehicles to provide a safe situation for drivers and
passengers in case of an accident. Airbag was first used in the
late 1980s. Since then, airbag, as a safety device, has shown

* Corresponding authors.

considerable popularity in incorporating and is widely used
in all types of automobiles. The sodium azide, as the main
compound in the airbag system, plays a key role. In recent
years, based on motor-vehicle industry demand, the rate of
sodium azide production has reached over 5 million kg/y
[6-8], and this demand is anticipated to continue for the
predictable future. The rapid thermal decomposition of the
sodium azide is presented in Eq. (1) [8-10]:

NaN, ﬁNa-&-%Nz 1)

Other applications of sodium azide can be classified in
several main fields such as a replacement for methyl bromide
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in pesticides [11], chemical preservative in laboratories, clin-
ics, and hospitals [12,13], and its combination with metals
for the production of explosive metal-azide complexes [3].
It was found that in the aqueous phase (pKa = 4.65), the
azide ions convert to the hydrazoic acid (HN,). This volatile
acid is classified as a toxic and hazardous material [3,7,14].

Due to the high solubility of sodium azide, this material
has a high potential to migrate into streams, sewers, lakes,
and groundwater sources [3]. In the literature, it is rare to
find studies that present data about the azide components
removal from aqueous media. Several common processes
are widely applied to remove the azide components from
the aqueous phase. One of them is ozonation of hydrazoic
acid and the reactions, mechanisms, and kinetics of this
process have been widely studied in the literature. It was
found that the ozonation has the high potential to con-
vert hydrazoic acid into various nitrogenous compounds
such as N,, NO;, and NO; [15]. The ozonation is also used
to remove the alkali metal azides from aqueous media.
In this process, alkali metal azides convert to alkali metal
nitrate and nitrogen. However, this method (ozonation)
did not show high performance for the removal of sodium
azide ions from aqueous media in highly alkaline solutions
[8]. The mechanism of the hypochlorite/azide reaction in
aqueous media was investigated by Betterton et al. [3]. It
was found that hypochlorite is not suitable for the azide
ions removal from aqueous media due to the toxic chlo-
rine azide intermediate production in the acidic conditions
and the low rate under basic conditions [3]. Generally,
the application of the sorption process for the removal of
azide component from aqueous media can be defined as
a suitable and effective technology [2,15].

In the present paper, the elimination of the azide ions
by using resin (amberlite IRA-900 chloride), as a promising
technology, was investigated. The effects of pH, the dosage
of resin, and contact time were evaluated in detail and the
isotherm, kinetic, and thermodynamics of this process were
also studied. In addition, the effects of different parameters
such as bed depth and flow rate in the continuous system
(fixed-bed column) were comprehensively studied.

2. Materials and methods
2.1. Materials

The amberlite IRA-900 chloride and NaN, applied in
this study were purchased from Danesh Shimi Azma Co.
(Tehran, Iran). Table 1 presents the structure and properties
of this resin [16]. The azide ion concentration was measured
by a Dionex 500 Ion Chromatography System. The details of
the measurement were presented in the previous work [6].

2.2. Batch adsorption experiments

To obtain the maximum removal efficiency, the effect
of the experimental condition (initial concentration, contact
time, the dosage of resin, and pH) on the removal of azide
ions was evaluated. Isotherm thermodynamic, and kinet-
ics study was performed by the data obtained from batch
experiments. The experiments were performed by a flask
(the volume of solution was 100 mL) on a magnetic stirrer

Table 1
amberlite IRA-900 chloride

Matrix Styrene-divinylbenzene (macroreticular)

(strongly basic)
H
&, _
“—NZcH3
|

Chemical structure
CH3

55%—-65%

20-50 mesh (650-820 pum)

Maximum 65°C
0-14

Moisture

Particle size

Limit temperature
Operating pH

with a constant rotating speed of 200 rpm. All experiments
were done twice and the means of data were reported in
this study (the error was <4%). The removal efficiency of
azide ions was calculated based on Eq. (2):

%Removal =

C.-C
L /%100 ()
C

i

where C, and C, are the initial and final concentrations (mg/L)
of azide ions, respectively.

The sorption capacity at time ¢, g, (mg/g), was calculated
based on (Eq. 3):

C -C)V
=82S ®)

m

where C, (mg/L) is the concentration of azide ions at time ¢;
V and m are the solution volume and the mass of resin (g),
respectively.

The g, (sorption capacity at equilibrium) was obtained by

Eq. (4):

C.-C)V
A S 1 4)

m

where C, (mg/L) is the azide ion concentration at equilibrium.

2.3. Column experiments

The removal of azide ions in the continuous system
was carried out in a fixed-bed column (Plexiglas) with an
i.d. and length of 3 and 35 cm, respectively. The detailed
procedure for the column handling is presented elsewhere
[17,18]. To achieve the required bed height of the resin, a
specified amount of resin was placed in the column. A peri-
staltic pump (pp40, Miclins) was used to provide the desired
flow rate of azide ions solution at the column. Samples
collection was done at the exit of the column and then
samples were analyzed for azide ions concentration.

The details of the calculations of the M_ (total quantity of
azide ions mass sorbed in the column), M, (total amount of
azide ions sent to the column), and total azide removal were
completely described in our previous study [17-19].
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To perform the desorption process and regeneration of
resins, 10% (w/w) sodium chloride solution was pumped to
the column after being rinsed at the flow rate of 1 mL/min.
Other cycles of sorption—desorption and resin regeneration
processes were carried out in the same manner as mentioned
above.

3. Results and discussion
3.1. Batch adsorption study
3.1.1. Effect of pH

To study the effect of the initial pH on the azide ions con-
centration, some experiments were carried out with 100 mL
of a 1,000 mg/L sodium azide solution containing 0.7 g of
the dosage of sorbent (amberlite) (Fig. 1). As can be seen,
the azide ions concentration decreased by increasing the pH
value. It later reached a minimum value at pH 6 and then
increased at higher pH values [20,21].

3.1.2. Effect of contact time

In batch experiments, optimization of the contact time
as one of the important parameters that has a consider-
able effect on removal efficiency was carried out. The azide
ions concentration at various contact times is shown in
Fig. 2. During contact-time optimization experiments, ini-
tial azide ions concentration, and resin dose were selected
to be 1,000 mg/L and 0.7 g in 100 mL, respectively. As can
be seen, after 50 min of contact time, azide ions concentra-
tion was reduced to 341 ppm. Also, no considerable change
in azide ions concentration was observed [22]. Based on the
results, a contact time of 50 min was chosen as the optimum
contact time and was used for further experiments.

3.1.3. Kinetics of sorption

The physical and chemical characteristics of the sor-
bent have an important role in the mechanism of sorption.
To discuss the main controlling mechanism of azide ions sorp-
tion in the case of amberlite, several common sorption kinetic
models such as intra-particle diffusion, Elovich, pseudo-first-
order, and pseudo-second-order have been applied [21].

3.1.4. Morris—Weber Kinetic model

In batch sorption with stirring, a relationship exists
between the diffusive mass transfer and an apparent
diffusion coefficient, which will fit the experimental sorp-
tion-rate data. The Morris—Weber kinetic model is presented
in Eq. (5) [23]:

q,=K,(t)"+C )

where C and K, are the intercept and the rate constants
(mg/g min'?), respectively. The plot of g, vs. *° is indi-
cated in Fig. 3. As shown in the figure, the plot is linear
with a correlation factor of 0.981. The rate constant of the
Morris-Weber model, K,,, was calculated from the slope of
the linear plot (16.99 min™). Based on this model, the linear
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Fig. 1. Effect of the pH on the sorption of azide ions.
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Fig. 2. Effect of the contact time on the sorption of azide ions.
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Fig. 3. Morris—Weber plot of azide ions sorption onto amberlite.

plot of g, vs. t> showed that the intraparticle diffusion was
one of the mechanisms of adsorption process. It was found
that by passing the lines through the origin, the intrapar-
ticle diffusion should be considered as a rate-controlling
step. When the plots did not pass through the origin, this
phenomenon showed that the boundary layer could be an
effective parameter in the mechanisms of sorption. It also
showed that the intraparticle diffusion parameter is not
the only rate-limiting step. Other mechanisms should be
considered as an effective parameter for controlling the
rate of adsorption [21,23].
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The appearance of the linear portion in Fig. 3 clearly
indicated the intraparticle diffusion effects [24]. The sig-
nificant values of the correlation factor (R? were calcu-
lated using the data from azide ions sorption by resins,
demonstrating that the intraparticle diffusion plays a role
as a key parameter in the sorption of azide ions by resin.
Because of an intercept in the plot (Fig. 3), it was obvious
that another mechanism was also involved in the process of
sorption of azide ions onto amberlite [25].

3.1.5. Lagergren kinetic model

In 1898, a first-order rate equation was presented by
Lagergren for the description of liquid—solid-phase adsorp-
tion kinetics (oxalic acid and maleic acid onto charcoal).
Based on the adsorption capacity, this model was related
to the adsorption rate [26]. This kinetic model can be
presented by Eq. (6) [26]:

K
log (g, —q,)=logq, - [2303} 6)

where K is the Lagergren rate constant for the first-order
sorption. The K (rate constant) value was obtained by cal-
culation of the slope of the linear plot of log(q, - g,) vs. time
(Fig. 4) [26]. The calculated K value was equal to 0.103 min™*
with a correlation factor of 0.921. Based on a low correlation
coefficient (R* = 0.921), the Lagergren model did not show a
well-fitting to experimental data of azide ions sorption onto
the resin. The boundary layer or external resistance can be
described as the main reason for this poor data fitting [20,21].

3.1.6. Elovich kinetic model

The experimental data were analyzed by the Elovich
model [27] which is in linear form as expressed by Eq. (7):

q, :ln(aB)+[;}lnt 7)

where a (mg/g min) and {3 (g/mg) are defined as the ini-
tial rate constant and desorption constant, respectively;
[ is also related to the chemisorption activation energy.
The values of a and B were 6.81 and 0.027, respectively.
These values were obtained from the slope and intercept of
the plot of g, vs. Int (Fig. 5).

The good linearity (R*=0.967) can be discussed to under-
stand the fact that both the initial rate of the process and
the nature of sites are key parameters in the sorption pro-
cess. Two assumptions can be considered: First, the release
of energies based on the chemisorptions was related to the
extent of coverage. Second, the heterogeneity in the active
sites caused the variation in the activation energies during
chemisorptions [28].

3.1.7. Pseudo-second order kinetic model

For the first time, Blanchard et al. [29] presented a
pseudo-second-order kinetic model in which the sorption
capacity of the sorbents was considered as the main

2.5 4
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Fig. 4. Validation of Lagergren plot of azide ions sorption onto
amberlite.
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Fig. 5. Elovich plot of azide ions sorption onto amberlite.

parameter. The pseudo-second-order kinetic model is based
on the chemisorption and the rate-limiting step in this model
should be considered based on the valence forces through
sharing or exchanging the electrons between the adsorbent
and the adsorbate. The linear form of this model is presented
in Eq. (8) [30]:

t 1 t
1t 8
9, ka 4, ®

In this model, k, is the rate constant (g mg™ min™).
The constants can be calculated from the slope of the straight
line of plotting (t/g,) vs. t.

The kinetic study clearly showed a good harmony
between the kinetic data and the pseudo-second-order
kinetic model (Fig. 6). The assumption behind the pseu-
do-second-order model suggests that chemisorptions play
an important role in the azide ions sorption by resin [31].
Due to the high correlation factor (R?) of the Morris—Webber,
it can also be considered that both the intraparticle diffusion
and chemical sorption control the adsorption of azide ions
onto amberlite. The lower correlation factor of the intraparti-
cle kinetic model indicated that two important points should
be considered: First, the removal of azide ions from aqueous
solution is related to the number of azide ions in the solution.
Second, there is a relationship between the intraparticle
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Fig. 6. Pseudo-second-order plot of azide ions sorption onto
amberlite.

diffusivity and solid-phase concentration [32,33]. It was
also reported that the sorption process obeyed first-order and
pseudo-second-order kinetics at the high and low initial con-
centrations of adsorbates, respectively [34].

3.1.8. Effect of dosage of amberlite on azide sorption

The sorption of azide ions as a function of the dosage
of sorbent (amberlite) is shown in Fig. 7. The range of the
sorbent dosage was selected to be between 0.1 and 0.9 g
with an initial azide concentration of 1,000 mg/L at a tem-
perature of 25°C. By increasing the amberlite dose from 0.1
to 0.7 g, the removal of azide ions increased. At a higher
dosage of sorbent (greater than 0.7 g), no significant change
in the removal of azide ions was observed. It was obvi-
ous that a higher dosage of the sorbents provided more
available sorption sites. [35].

3.1.9. Effect of the initial concentration of azide on the
adsorption

The removal process of the azide ion at a different ini-
tial concentration (in the range of 1,000-2,100 mg/L) was
investigated at optimum sorbent dosage and contact time
(Fig. 8). The sorption capacity of amberlite increased from
94.04 to 150.36 mg/g when the initial azide ions concentra-
tion changed in the range of 1,000-1,800 mg/L. For the azide
ions concentration greater than 1,800 mg/L, no considerable
increase in sorption capacity was observed. The data of
different initial concentration (pH, contact time, volume of
solution, and amount of adsorbent were 6, 50 min, 100 mL,
and 0.7 g, respectively (Fig. 8)) were used to fit different iso-
therm models, such as Langmuir, Freundlich, Temkin, and
Dubinin-Radushkevich (D-R).

3.1.10. Isotherm model

To demonstrate a successful dynamic adsorptive pro-
cess for solutes to adsorb onto a sorbent, the equilibrium
between the two phases should be comprehensively
described. When the amount of solute sorption onto sorbent
and solute desorption from sorbent is equal, equilibrium is
established [36,37].
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Fig. 7. Effect of the dosage on the azide sorption.
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Fig. 8. Effect of the initial concentration on the sorption capacity.

3.1.11. Langmuir isotherm model

The Langmuir isotherm model is based on the mono-
layer adsorption and homogenous surface of the adsorbent
[38]. As the main point according to the Langmuir isotherm
model, when a site is occupied by a molecule, no further
adsorption can occur. It is also assumed that all adsorbents
have identical sites and the same energy. This isotherm is
presented in Eq. (9):

q(] LC[’
= AKC 9
e 1+K,C, ©)

In this equation, g, is the theoretical monolayer sorp-
tion capacity (mg g™). The linear form of the Langmuir is
presented below (Fig. 9):

g;i_;_lc

e (10)
9. 0K, q

The values g, and K, can be obtained from the slope (1/7,)
and intercept (K,/q,) of the C/q, vs. C, plot. The equilibrium
parameter R, (dimensionless constant for the characteristics
of the Langmuir) can be defined as Eq. (11):

1

R=— 11
" 1+K,C, )
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Fig. 9. Langmuir sorption isotherm of azide ions onto amberlite.

where K, is the Langmuir constant and R, is shown in
Table 2. The R, value between 0 and 1 shows a favor-
able sorption process [39]. For concentrations of azide
between 1,000 and 1,800 mg/L, the results are presented in
Table 3. The Langmuir isotherm showed good fitting with
the experimental data which may be due to homogenous
distribution of active sites on the amberlite.

3.1.12. Freundlich isotherm model

The Freundlich isotherm model, as an empirical equa-
tion, expresses sorption on a heterogeneous surface and
assumes a logarithmic decrease in the enthalpy of adsorption

Table 2
Description of type of isotherm by R,

Type of isotherm R,-value
Unfavorable R >1
Linear R, =1
Favorable 0<R, <1
Irreversible R, =0
Table 3
Isotherm constant for azide ions onto amberlite
Langmuir equation
K, 9, R?
328.07 175.43 0.978
Freundlich parameter
K, n R?
5.19 2.37 0.812
D-R parameter
D P R
174.16 0.009 0.954
Temkin parameters
B K, R?
64.58 0.01 0.824

with an increase in the fraction of the occupied sites. The
equation of the Freundlich isotherm model is presented by
Eq. (12) [40]:
9. =K.C" (12)

In this equation, K, and (1/n) are the Freundlich constants
related to adsorption capacity and the energy or intensity
of adsorption, respectively; (1/n) is a heterogeneity factor
characterization that makes Freundlich isotherm a suitable
model to describe heterogeneous systems [20,41]. To calcu-
late the constants of Freundlich model (K, and (1/n)), the
linear form (Eq. (13)) of this equation can be used to plot a
graph of log(q,) vs. log(C) (Fig. 10):

logg, =logK, + 1log C, (13)
n

The (1/n) and K, are obtained from the slope and the
intercept of the plot, respectively. Also, the data obtained
are presented in Table. 3. The n value indicates the favorabil-
ity of the adsorption process. Generally, 2 < n < 10 presents
good adsorption characteristics whereas 1 <n <2 and n <1
express moderately difficult and poor adsorption.

3.1.13. Temkin isotherm model

In the Temkin isotherm model, some indirect interactions
between adsorbate and adsorbent cause a variation on the
isotherm and adsorption process. Due to these interactions,
coverage causes a linear decrease in the adsorption heat of all
the molecules in the layer [42]. Eq. (14) presents the Temkin
model:

g, =BIn(K,C,) (14)

In this model, B = (RT/A,) and K, are Temkin constants.
A, (J/mol) is the variation of the adsorption energy between
two active sites. T (K) and R (kJ/mol K) are the adsorption
temperature and the universal gas constant, respectively.
Eq. (14) can be presented in its linear form as Eq. (15):

g, =BInK, +BInC, (15)
A plot of q, vs. InC, is used to calculate the constants A
and B (Fig. 11).
The main assumption in the Temkin model is that the
adsorption sites in the adsorbent are unequal. This has caused
differences in the adsorption energies for each active site [43].

3.1.14. Dubinin—Radushkevich isotherm model

The Dubinin—-Radushkevich isotherm model [44], as
an empirical isotherm that is initially applied to the sub-
critical vapors adsorption onto microporous materials, is
based on a pore filling strategy. This model is also used to
demonstrate the mechanism of adsorption [45] based on a
Gaussian energy distribution on heterogeneous surfaces
of adsorbents [46].
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Eq. (16) expresses the linear form of this model:

ln(qg) = ln(qm ) -Be* (16)

In this equation, q, and (3 are the monolayer capacity
and the activity coefficient (ascribed to sorption energy of
active sites), respectively; ¢ is the Polanyi potential presented
as Eq. (17):

€= RTln[l + 1]
CE

InEq. (17), R and T are the gas constant (8.314 J/mol K) and
absolute temperature (K), respectively. The slope and inter-
cept of the plots of Ing, vs. €? (Fig. 12) are used to determine the
values 3 and gq,. The isotherms constants are represented in
Table 3. The data of azide sorption onto amberlite show good
fitting with Langmuir model (based on the correlation factor),
although the D-R equation also shows a considerable cor-
relation factor. The main mechanism for the removal of azide
ions from aqueous media by resin is ion exchange, although
physical adsorption has also been reported in other literature.
Regarding the adsorption part, as the main mechanism for
the polyacrylic resins such as amberlite IRA-900, the aromatic
rings of the azide ions interacted with a matrix of the anion
exchanger. The ion exchange mechanism can be explained

(17)
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Fig. 12. D-R sorption isotherm of azide ions onto amberlite.

based on the formation of H-bonds between resin and nitro-
gen of the sodium. The bond formation between the oxygen
of the carbonyl group of the resin and the nitrogen of the
sodium azide can be introduced as another mechanism [47].

3.1.15. Effect of the other anions

To investigate the effect of the other ions on the azide
ions sorption by resin, some anions including NO;, F-, and
A~ (humic acid ions) were selected. Two different concentra-
tions of 50 and 100 ppm were selected for the concentration
of these anions in azide ion solution. The results are given
in Table 4. The presence of these ions had a negative effect
on the sorption of azide by resin. As a result, the amount
of azide ions sorbed by resin reduced dramatically. It was
also found that by increasing the concentration of NO;, F-,
and A~ in the aqueous phase, more reduction in azide ions
sorption by resin was observed. As shown previously, the
more negative effect of the A~ in comparison with NO; and
F~ on the azide sorption is clear. Maybe due to the larger
size of the A~ molecules, more sites on the resin structure
will be occupied. Thus, more reduction in azide sorption
will take place.

3.1.16. Effect of temperature on the azide ions sorption

The thermodynamics of the adsorption was studied
by varying the temperatures in the range of 15°C-35°C
(at optimum conditions). The removal efficiency percentage
increased with the rise in temperature from 15°C to 35°C.
By using the data obtained, the thermodynamic parame-
ters such as Gibbs free entropy change (AS°), energy change
(AG®), and enthalpy change (AH°) were calculated based
on Egs. (18)-(20). The parameters are presented in Table 5.

F

K =— 18

“T1-F (18)

logK, = _AH |45 (19)
2.303RT  2.303R

AG =-RTInK, (20)
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Table 4
Effect of the anions on the azide ions sorption on the resin
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Concentration of Final concentration of the azide

the anions (ppm) ion in the presence of the NO;

Final concentration of the azide
ion in the presence of the F-

Final concentration of the azide
ion in the presence of the A~

50 425 473 535
100 512 562 687
Table 5 within the column. The breakthrough curves of azide ions

Thermodynamic parameter for adsorption of sodium azide onto
amberlite IRA-900

AH® (KJ/mol)  AS° (kJ/molk) T (°C) AG® (kJ/mol) R?
11.98 0.046 15 -1.1049 0.9644
25 -1.698
35 -2.3291

where F is the fraction of azid ions sorbed at equilibrium.
The positive value of AS°® revealed increased randomness
at the solid-solution interface during the adsorption. The
positive values of AH° showed the endothermic nature of
the adsorption process. In addition, the negative values of
AG® indicated the spontaneous nature of the adsorption
of azide ions on the amberlite IRA-900.

3.1.17. Comparison of the azide ions adsorption capacities
using amberlite IRA-900

Table 6 presents the adsorption capacity of the vari-
ous adsorbents used for the elimination of azide ions from
aqueous media. In this study, the adsorption capacity of
amberlite IRA-900 was considerably higher than that of the
activated carbon magnetic nanocomposite, Laterite, acti-
vated carbon prepared from a walnut shell, NaY zeolite,
ZSM-5 zeolite, and activated carbon-commercial grade.
This comparison indicates that the amberlite IRA-900 has a
high capacity to be considered as a suitable adsorbent for
azid ions separation on a large scale.

3.2. Continuous adsorption study
3.2.1. Effect of bed height

Sorption of azide ions onto sorbents in the packed bed
column is strictly dependent on the quantity of sorbents

Table 6

sorption onto amberlite are presented in Fig. 13. The bed
heights varied from 10 to 20 cm at a flow rate of 5 mL/min,
and the initial azide ions concentration was 1,000 mg/L. As
can be seen, by increasing the bed height, an increase in the
sorption capacity values and percentage removal efficien-
cies are observed (Table 7). The same results were observed
in other studies [48]. The maximum sorption capacity
(117.78 mg/g) for azide ions sorption onto amberlite was
observed at a bed height of 20 cm. The improvement of the
removal efficiency and sorption capacity with an increase
in the bed height can be explained in this way that a lon-
ger bed height provided more adorbents (active sites) for
the sorption process. Meanwhile, a longer bed height also
provided more residence time into the column for azide
ions [49,50].

3.2.2. Effect of flow rate

On an industrial scale, the flow rate can be introduced
as one of the important parameters for the treatment of
water and wastewater in a continuous system [51]. The
flow rate in the range of 5-15 mL/min was chosen. In addi-
tion, the bed height in the column and the initial azide
ions concentration were 20 cm and 1,000 mg/L, respec-
tively. Fig. 14 indicates the effluent azide ions concentration
versus reaction time at different flow rates.

As can be seen, the column shows better perfor-
mance at a lower flow rate. In the first stage, because of the
availability and ability of the reaction sites to capture azide
ions inside the sites, the removal process was very fast at
a lower flow rate. In the next stage, based on the gradual
occupancy of these sites, the removal process became less
effective. By increasing the flow rate, the breakthrough
curve became steeper and breakpoint time and sorbed ions
concentration also decreased. The flow rate at a higher
value reduced the residence time such that the azide

Comparison of the azide ions adsorption capacities using amberlite IRA-900

Adsorbent Type of azide ions q, (mg/g) Reference
amberlite IRA-900 Sodium azide 175.43 This work
Activated carbon magnetic nanocomposite Sodium azide 22.22 [55]
Laterite Sodium azide 70 [56]
Activated carbon prepared from walnut shell Dimethyl aminoethyl azide 166.67 [52]
NaY zeolite Dimethyl aminoethyl azide 21.155 [57]
ZS5SM-5 zeolite Dimethyl aminoethyl azide 128.568 [57]
Activated carbon-commercial grade Dimethyl aminoethyl azide 88.028- [57]
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Fig. 13. Breakthrough curves for azide removal from amberlite at
different bed heights.

Table 7
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Fig. 14. Breakthrough curves for azide ions removal from amber-
lite at different flow rates.

Data obtained from continuous mode (fixed-bed column) at different bed heights

Bed height t, (min) t, (min) M, (mg) M_, (mg) q (mg/g) Removal efficiency (%)
10 cm 80 145 725 541 108.2 74.62
15 cm 125 195 975 774 96.75 79.38
20 cm 220 305 1,525 1,265 117.78 82.95
ions did not have enough time to reach equilibrium [49].  Table 8

The breakthrough and exhaustion time were dramatically
reduced by an increment in the flow rate (Table 8).

3.2.3. Regeneration

The regeneration and reusability of the sorbents are con-
sidered as two important parameters for application on an
industrial scale. To regenerate the amberlite after its appli-
cation in azide ions removal, desorption of sorbed azide
ions from the amberlite is the main process. It should be
noted that any damage or considerable effect on the uptake
capacity is not caused by the desorption process [52-54].
In this study, the regeneration process was performed and
the sorption—desorption cycle was carried out six times. For
this purpose, the column was packed with amberlite with a
bed height of 20 cm. A flow rate of 5 mL/min and an azide
concentration of 1,000 mg/L were used for the adsorption
process. After saturating the amberlite, the regeneration
process was performed by the strategy mentioned in the
Materials and Methods section.

The column data for all six cycles are presented in Table 9.
After the sixth cycle, weight loss of the sorbent was about 5%
(a reduction in the bed height was from 20 to 18.35 cm).

4. Conclusion

This study showed that the amberlite IRA-900 as an
anion-exchange resin indicated a considerable potential for
the removal of azide ions. The optimum adsorbent dose (g/L),
pH, and contact time (min) were 7, 6, and 50, respectively.
The equilibrium data were well-fitted by the Langmuir iso-
therm. By evaluating the kinetic data, controlling the sorp-
tion process was carried out by the pseudo-second-order

Data obtained from continuous mode (fixed-bed column) at
different flow rates

Flow rate t, (min) t (min)

5 mL/min 220 305

10 mL/min 125 195

15 mL/min 75 160
Table 9

Sorption and elution process parameters for six sorption—
desorption cycles

Cycleno. ¢t (h) ¢ (h) g¢(mg/g) Removal efficiency (%)
1 220 305 117.78 82.95
2 218 305 115.62 82.16
3 217 303 114.43 81.92
4 214 299 112.72 79.45
5 213 297  111.35 78.47
6 213 296  110.63 78.21

equation. By increasing the initial concentration, a reduction
in the removal efficiency was observed. The thermodynamic
study showed that the process was endothermic and spon-
taneous. The results from the column study indicated that
an increase in the bed height considerably increased the
sorption capacity (mg/g) and removal efficiency, although
increasing the flow rates reduced the removal efficiency.
Finally, desorption of azide ions from amberlite was studied
by using 10% (w/w) NaCl. After the desorption process, the
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reduction in the removal efficiency of azide ions by amber-
lite was negligible (less than 5%).
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