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ABSTRACT

Dimethyl amino ethyl azide (DMAZ) is a non-carcinogenic liquid fuel in space programs.
Low concentrations of DMAZ should be separated from dilute aqueous solution to prevent
the environmental pollution. Activated carbon, prepared from walnut shell through zinc
chloride activation, was characterized and assessed to remove DMAZ from dilute aqueous
solutions. At initial concentration of 500 ppm of DMAZ, the optimum conditions were
obtained as pH 10, agitation speed of 100 rpm, and adsorbent dosage of 0.29 g. Under the
optimized conditions, the removal percentage was obtained as 85.95%. Adsorption data for
DMAZ uptake by the activated carbon was analyzed according to Langmuir, Freundlich,
Tempkin, and Dubinin–Radushkevich (D–R) adsorption models. The results indicated that
the Freundlich model agreed well with the isotherm data. Among the pseudo-first-order,
pseudo-second-order, Elovich, and intraparticle diffusion kinetic models, the kinetic process
can be described by a pseudo-second-order rate equation very well. It was found that the
activated carbon prepared from walnut shell could be considered as an appropriate
adsorbent for DMAZ in dilute aqueous solution.
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1. Introduction

Liquid fuels have been consumed in rocket engines
in space industries since 1949. Among the liquid fuels,
hydrazine group (containing anhydrous hydrazine,
monomethyl hydrazine, and unsymmetrical dimethyl
hydrazine) has been consumed extensively. However,
all members of this group are carcinogenic [1,2]. Scien-
tists and engineers pursue safe and high-performance
liquid fuels; consequently, they have introduced
dimethyl amino ethyl azide (DMAZ) as an appropriate
replacement for hydrazine liquid fuels in space

industries [1,3,4]. DMAZ is a non-carcinogenic liquid
fuel, but it is toxic like almost chemicals [5].

DMAZ is colorless with a pungent odor. Moreover,
DMAZ is chemically classified in organic azide group,
that is, unstable and potentially explosive. However, it
is more stable than other organic azides due to its
semi-ring structure [6]. The structure of DMAZ is
shown in Fig. 1.

DMAZ is produced from the reaction between
dimethyl amino ethyl chloride and sodium azide [7,8].
The final product is concentrated through a zeolite
membrane. Water passes through the membrane (as
permeate) and DMAZ remains in the retentive phase
[9,10]. For low concentrations of DMAZ in the
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permeate phase (in ppm), the separation or recovery
of DMAZ is not economically feasible [11]. Thus, it is
wasted to surface waters. DMAZ, as almost all
synthetic chemicals, has unfavorable effects on the
environment and especially on surface waters. There-
fore, the removal of DMAZ in waste effluents is an
essential environmental issue of concern.

Very low concentrations of a pollutant may be
removed from wastewater through several methods
[12–15]. Among them, adsorption is very appropriate
since it is simple and easy to control [16–20]. Acti-
vated carbon in particular is the most conventional
adsorbent, in treating low concentrations of organic
pollutants [21,22]. Activated carbon has a high specific
surface area with high porosity. It is produced from
many carbon chemicals. However, the final properties
of this carbon significantly depend on the nature of
starting materials [23]. Consuming effective commer-
cial activated carbons based on relatively expensive
starting materials is not justified for most pollution
control applications; therefore, it is important to exam-
ine the feasibility of consuming cheaper raw materials
to prepare activated carbon. Numerous successful
attempts have been made to develop activated carbons
from various types of agricultural solid wastes such as
hen feather [24], rice husk [25], rubber-wood sawdust
[26], de-oiled soya [27], oil palm shell [28], coir pith
[29], coconut husk [30], and bottom ash [31].

Walnut is relatively expensive all over the world
and its shell has no value and is wasted. The out-
standing approach in this study is the conversion of
walnut shell into activated carbon for DMAZ removal
from very dilute solution. Here, walnut shell was cho-
sen as a source of activated carbon. DMAZ was
adsorbed on this activated carbon. Design of experi-
ments (DOE) method was used to study the effective
parameters on the adsorption efficiency and the
adsorption isotherms were studied to determine the
adsorbent capacity. The kinetic of DMAZ adsorption
on the activated carbon was studied as well. The
kinetic study will provide useful information for
scaling up the process.

2. Experimental

2.1. Chemicals

Walnut shell (Fig. 2), as a priceless starting mate-
rial, was collected from walnut gardens of Touiserkan
(Iran), washed with double distilled water four times
for dirt and dust particles removal and dried up to
110˚C for 2 h. Zinc chloride (ZnCl2) was added with
heating (up to 100˚C) to form a brown paste. The pro-
duced paste was then placed in an electrical furnace
and heated at 500˚C for 30 min, then cooled down
gradually, neutralized by a dilute solution of HCl, and
washed with distilled water and dried again at 110˚C.
The final product was ground and passed through a
No. 100 sieve. To avoid humidification, the activated
carbon was maintained in a desiccator.

DMAZ (purity >99.99 wt.%) was purchased from
3M Company (USA). The dilute aqueous solutions of
hydrochloric acid and sodium hydroxide were
consumed for pH adjustment.

Fig. 2. A photo of walnut shell (from gardens of Touiserkan, Iran)-left side; and the resultant activated carbon-right side.

Fig. 1. Semi-ring structure (left) and linear structure (right)
of DMAZ molecule [6].
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2.2. Characterization of the activated carbon

Surface characterization analyses were run by N2

adsorption at –196˚C using adsorption apparatus
(Covantocrom, model: NOVA 2000, USA). The BET
surface areas (SBET), micropore areas (Smicro), and total
micropore volumes (Vtotal) were calculated through N2

adsorption isotherms.
Surface morphology of the activated carbon was

studied by VEGA3 SEM (model TESCAN). Transmis-
sion electron microscope (model JEM 2010) was used
to examine the microstructure of the activated carbon.
For TEM measurement, the powder samples were dis-
persed in ethanol and dried on a carbon film with
multiple holes on a Cu grid for measurements.

The IR spectra (by Perkin–Elmer 1600 FT-IR
spectrophotometer) were obtained both before and
after DMAZ adsorption on this activated carbon.

2.3. Analysis

UV–visible spectrophotometer (Hitachi model
3101, Japan) was used to determine the DMAZ con-
centration in aqueous solution. For this purpose,
DMAZ solutions were prepared with various low
concentrations. The amounts of light absorption vs.
different DMAZ concentrations were recorded and a
calibration curve was prepared where, λmax was
283 nm for DMAZ.

The batch technique was applied in the adsorption
experiments. The weight of this activated carbon was
measured by a 0.001 g precision digital analytical bal-
ance (model WT2003N, Canada) and poured into the
Erlenmeyer flask. Next, various concentrations of
DMAZ solution were poured to the flask which was
then put in a shaker (Thermo Scientific, model: 420)
equipped with a water bath for temperature control.
Samples at different times were passed through a filter
paper and then analyzed.

2.4. Effective parameters and DOE

At constant particle size of the activated carbon and
constant initial concentration of DMAZ in feed, interac-
tion among the effective parameters and optimization
were assessed through DOE. DOE is an approach in
solving problems involved in collection of data that
would support valid, defensible, and supportable con-
clusions [32]. Design-Expert 7.1.3, as a proper software,
was used for this purpose. Preliminary tests indicated
that the adsorbent dosage, pH, and agitation speed
were the effective parameters. The adsorbent dosage
was assessed at two levels of 0.25–0.5 g. pH values were

studied at three levels of four (acid medium), 7 (neutral
medium), and 10 (basic medium). Agitation speed was
assessed at two levels of 50–100 rpm. The general facto-
rial method with three qualitative factors and one
answer or target (removal percentage) dictated 12
experiments. The removal percentage was calculated
through Eq. (1):

DMAZ adsorption ð%Þ ¼ ðAo � AÞ=Ao � 100 (1)

where Ao is the initial liquid-phase concentration of
DMAZ, A is the experimental concentration in the
solution at equilibrium state.

2.5. Adsorption isotherms

The four equilibrium models (Langmuir, Fre-
undlich, Tempkin, and Dubinin–Radushkevich (D–R))
were adopted here to assess the adsorption isotherms.

The Langmuir isotherm has been reported in most
of adsorption processes [33]. It considers that the
adsorption energy of each molecule is the same, inde-
pendent from the material surface. The adsorption
occurs on the same sites and there are no interactions
between the molecules. In other words, Langmuir iso-
therm is a single layer adsorption. The mathematical
form of Langmuir isotherm is [34]:

1

qe
¼ 1

bQmCe
þ 1

Qm
(2)

where Ce is the concentration of liquid phase at equi-
librium state, qe is the amount of sorbate adsorbed per
unit weight of adsorbent, Qm and b are the Langmuir
constants related to the monolayer sorption capacity
and equilibrium constant, respectively.

The Freundlich isotherm provides an empirical
model between sorption capacity and equilibrium con-
centration of the adsorbent. Unlike the Langmuir iso-
therm, the surface of adsorbent is non-homogeneous
and the active sites are of different energies. The Fre-
undlich isotherm is used more extensively than the
Langmuir relationship. However, it provides no infor-
mation on monolayer adsorption in comparison to
Langmuir. The Linear form of this model is [35]:

log qe ¼ logKF þ 1

n
logCe (3)

where qe is the amount of DMAZ adsorbed at equilib-
rium state, Ce is the equilibrium concentration of
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DMAZ in solution, and KF and 1/n are the Freundlich
constants which correspond to the adsorption capacity
and adsorption intensity, respectively.

Regarding Tempkin isotherm, assumed that a drop
in adsorption heat is linear rather than logarithmic as
implied in the Freundlich equation. The heat of
adsorption for all molecules at each layer would
decrease linearly with coverage due to adsorbate/
adsorbent interaction. The linear form of the Tempkin
isotherm is expressed as [36]:

qe ¼ KT lnAT þ KT lnCe (4)

where Ce is the concentration of DMAZ at equilibrium
state, qe is the amount of DMAZ adsorbed at equilib-
rium per unit weight of the adsorbent, KT is related to
the heat of adsorption, and AT is the equilibrium bind-
ing constant.

The Dubinin–Radushkevich (D–R) model was
applied in estimating the porosity, apparent free
energy, and characteristic of adsorption. In the D–R
isotherm, it is not assumed a homogeneous surface or
constant adsorption potential. The linear form of the
D–R isotherm is presented as [13,37]:

ln qe ¼ ln qs � BD�Re
2 (5)

where qe is the amount of DMAZ adsorbed at equilib-
rium, qs is the theoretical monolayer saturation capac-
ity, BD–R is the D–R model constant, and ε is the Polanyi
potential equal to ε = RT ln(1 + (1/Ce)) [13]. R is the uni-
versal gas constant, T is the temperature, and Ce is the
equilibrium concentration of DMAZ in solution.

2.6. Adsorption kinetics

Adsorption kinetics is important since it controls
the efficiency of the process. In kinetic models, the
adsorbate uptake rate is correlated to its bulk concen-
tration. Experiments were performed in order to
understand the kinetics of DMAZ removal by the
activated carbon. To analyze the sorption rate, the
kinetic data were modeled in pseudo-first-order,
pseudo-second-order equations, Elovich kinetic, and
intraparticle diffusion correlations [38–41]:

The pseudo-first-order:

dqt
dt

¼ k1ðqe � qtÞ (6)

For boundary conditions t = 0 to t = t and correspond-
ingly qt = 0 to qt = qt; the integrated form of this
equation is:

logðqe � qtÞ ¼ logðqeÞ � k1
2:303

t (7)

The pseudo-second-order equation:

dqt
dt

¼ k2ðqe � qtÞ2 (8)

Applying the boundary conditions as stated before,
the integrated form of this equation is:

t

qt
¼ 1

k2q2e
þ 1

qe
t (9)

where qt and qe are the amounts of DMAZ adsorbed
at time t and at equilibrium, respectively. k1 and k2 are
the rate constants of pseudo-first-order and pseudo-
second-order adsorptions kinetics, respectively.

The Elovich equation:

dqt
dt

¼ a expð�bqtÞ (10)

where α is the initial adsorption rate and β is the
adsorption constant related to the extent of the surface
coverage and activation energy for chemisorption. Eq.
(10) is simplified by assuming αβ > t and by applying
the boundary conditions t = 0 to t = t and correspond-
ingly qt = 0 to qt = qt, as presented by Eq. (11):

qt ¼ 1

b
ln ðabÞ þ 1

b
ln t (11)

Intraparticle diffusion model:
The intraparticle diffusion model is expressed as:

qt ¼ k3t
0:5 þ j (12)

where the plot of qt vs. t
0.5 will be a straight line if the

model is corrected by k3 slope.

3. Results and discussion

3.1. Characterization results

It is observed that the activated carbon has a struc-
ture of micromesoporous mixture with a significantly
high BET surface area of 1,480 m2 g−1; therefore, it can
be deduced that it may adsorb both small water mole-
cules and large DMAZ molecules (Table 1). The BET
surface area, pore volume, and average pore diameter
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for the activated carbon after adsorption are tabulated
in this table. The results reveal that adsorption of
DMAZ reduces BET surface area and pore volume,
causing the average pore diameter to become smaller.

Table 1
Characteristics of the activated carbon before and after
adsorption

Surface characteristics parameters
of the activated carbon

Before
adsorption

After
adsorption

BET surface area (m2 g−1)
SBET 1,480 1,453
Smicro 888 872
Smeso 592 581

Pore volume (cm3 g−1)
Vtotal 0.805 0.601
Vmicro 0.467 0.349
Vmeso 0.338 0.252
Average pore diameter (nm) 3.2 2.9

Fig. 3a. SEM image of activated carbon before the
adsorption of DMAZ.

Fig. 3b. SEM image of activated carbon after the
adsorption of DMAZ.

Fig. 4. TEM of the activated carbon prepared from walnut
shell before or after the adsorption process.

Fig. 5. The FT-IR spectra of activated carbon produced
from walnut shell (a) before DMAZ adsorption and (b)
after DMAZ adsorption.
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Surface morphology of the activated carbon is
shown in Figs. 3a and 3b. Fig. 3a is the surface of the
adsorbent before the adsorption and Fig. 3b after the
adsorption. Unsymmetrical distribution of pores is
observed in the adsorbent, as well as the porosity and
the adsorption of activated carbon.

In the TEM image in Fig. 4, the carbon frame in
the sample is visualized as black particles and the
pores are shown as white areas. Both the mesopores
and micropores are present in this activated carbon.
Since the adsorption process occurs at low tempera-
tures, there is no detectable difference in the activated
carbon in TEM image before and after the adsorption
process.

Characterization of the adsorbent was investigated
by FT-IR spectral (Fig. 5(a) and (b)). The functional
groups before (a) and after (b) adsorption on the acti-
vated carbon and the corresponding infrared absorp-
tion bands are tabulated in Table 2. In IR spectra

Table 2
The FT-IR spectral characteristics of activated carbon produced from walnut shell before and after DMAZ adsorption

IR peak Before adsorption (cm−1) After adsorption (cm−1) Assignment

1 – 3,650 –NH stretching from amine salt
2 3,406 3,274 Bonded –OH group, –NH stretching,
3 2,928 2,936 Aliphatic C–H group
4 – 2,398 –N3 group
5 1,635 1,662 C=C stretching
6 1,507 1,536 Secondary amine group
7 – 1,380 Tertiary amine group
8 1,421 1,372 Carboxyl group
9 1,317 1,320 Symmetric bending of CH3, –CN stretching
10 1,243 1,245 –CN stretching
11 1,140 1,144 C–O stretching of ether group
12 1,029 1,031 –C–C– group
13 873 895 –C–C– group

Fig. 6. The time dependency of DMAZ adsorption
percent on the activated carbon (C0,DMAZ = 500 ppm,
madsorbent = 0.25 g, ω = 50 rpm, pH 10).

Table 3
The results of design of experiments (DOE) for DMAZ removal from dilute aqueous solution with the activated carbon

Run (#) A: dosage of adsorbent (g) B: pH C: ω (rpm) Response: DMAZ removal (%)

1 0.25 4 50 86.5
2 0.5 4 50 95.65
3 0.25 7 50 79.5
4 0.5 7 50 95.2
5 0.25 10 50 85.05
6 0.5 10 50 95.5
7 0.25 4 100 77.25
8 0.5 4 100 85.6
9 0.25 7 100 84.5
10 0.5 7 100 99
11 0.25 10 100 84.3
12 0.5 10 100 89.4
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taken before and after DMAZ adsorption, it is clear
that the functional groups appeared approximately at
the same frequencies. There are more peaks in the
spectrum taken after DMAZ adsorption which refer to
DMAZ molecules. Hence, increasing transmittance
and extra peaks arising from DMAZ molecules that

have entered the structure indicate DMAZ adsorption
from aqueous solution by the activated carbon. After
adsorption, the peak at 3,650 cm−1 indicates the exis-
tence of –NH stretching from amine salts. The azide
type –N3 peak appears at 2,398 cm−1 in the spectrum
as well. Moreover, the peak at 1,380 cm−1 reveals the
existence of tertiary amine group in DMAZ.

Table 4
The results of ANOVA analysis for the design of experiments

Source Sum of squares df Mean squares F-value p-value prob. > F

Model 388.54 4 97.13 5.18 0.0293 Significant
A = dosage of adsorbent 333.38 1 333.38 17.77 0.0040
B = pH 10.70 1 10.70 0.57 0.4749
C = ω 25.09 1 25.09 1.34 0.2855
B × C 19.38 1 19.38 1.03 0.3433
Residual 131.33 7 18.76
Cor total 519.88 11

Fig. 7. Adsorption percentage vs. adsorbent dosage and
pH in 2-dimensional diagram (a) and 3-dimensional
diagram (b).

Fig. 8. Adsorption percentage vs. adsorbent dosage and
agitation speed in 2-dimensional diagram (a) and
3-dimensional diagram (b).
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3.2. The parameters’ optimization by DOE

The result of DMAZ adsorption on the activated
carbon as a function of contact time is presented in
Fig. 6. As observed, adsorption of DMAZ will become
constant after 30 min, and is considered as equilibrium
time to be applied in next experiments.

At equilibrium time of 30 min, DOE was con-
ducted in order to assess the changes and interaction
in parameters. In all experiments in optimization sec-
tion, the initial concentration of DMAZ, contact time,
the particle size of adsorbent, and the temperature
were maintained constant at 500 ppm, 30 min,
100 mesh, and 25˚C, respectively. Table 3 shows the
results for the DOE.

The analysis of variance (ANOVA) is tabulated in
Table 4 for the general factorial. In this model, the
interaction among the adsorbent dosage (A), pH (B),
and agitation speed (C) is not considered due to low
p-value. As observed in Table 4, the amount of 0.0293
for p-value is a good confirmation for the suggested

model (the p-value of the model should be less than
0.05 [42]). The following equation represents the
interactive effect:

Adsorption ð%Þ ¼ 84:8417þ 42:1667� A� 1:17083� B
� 0:20308� Cþ 0:2075� B� C

(13)

As observed here, dosage of adsorbent has the great-
est influence.

The removal percentage on the basis of pH and
the adsorbent dosage is shown in Fig. 7(a) and (b),
where the removal percentage increases with an
increase in the adsorbent dosage at constant pH and
an increase in pH at constant adsorbent dosage.

This system leads to an increase in adsorption per-
centage with an increase in adsorbent dosage at con-
stant agitation speed. It is also true for a reduction in
agitation speed at constant adsorbent dosage (Fig. 8(a)
and (b)).

As it is shown in Figs. 7 and 8, since the interac-
tion between adsorbent dosage and both pH and

Fig. 9. Interactive effects of pH and agitation speed on
adsorption at two levels of the adsorbent dosage (0.25 g (a)
and 0.5 g (b)) in a 2-dimensional form.

Fig. 10. Interactive effects of pH and agitation speed on
adsorption at two levels of the adsorbent dosage (0.25 g (a)
and 0.5 g (b)) in 3-dimensional form.
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agitation speed is ignored, the equivalent level lines
are straight. The interactive effect of pH and agitation
speed for constant adsorbent dosage at two levels
(0.25–0.5 g) is shown in Fig. 9. This interaction is
observed in upper and lower limits of the adsorbent
dosage. The equivalent level lines are the same for all
dosages, hence, an increase in pH and adsorbent
dosage enhances the removal percentage. At lower pH
values, an increase in agitation speed decreases the
removal percentage, while, at higher pH values, the
lines will remain relatively constant and an increase in
agitation speed would not have an effect on the
removal percentage. The three-dimensional illustra-
tions in Fig. 10 confirm this explanation.

An increase in the adsorbent dosage leads to a rise
in adsorption and this is due to an increase in active
sites available for adsorbed molecules of DMAZ. The
vigorous agitation leads to a reduction in the bound-
ary layer thickness around the adsorbent, therefore an
increase in the mass transfer or adsorption [27,43,44].
However, in this system, pH and agitation speed have
interactive effects. According to the Figs. 9 and 10, an
increase or a decrease in both pH and agitation speed
(specially increasing in both) leads to an increase in
removal percentage. This is due to the basicity of
DMAZ (pH for DMAZ is 9–10). The pH of solution is

decreased by HCl solution. At lower pH values, the
concentration of H+ ion is more than that of higher
pH values. Due to the smaller size of H+ and its
higher activity in relation to DMAZ molecules, agita-
tion speed is appropriate for H+, hence, the H+ ion is
adsorbed more than DMAZ. That is, the removal
percentage decreases. At higher pH values (pH > 9),
the equivalence level lines become flat and an increase
in agitation speed almost increases the removal
percentage.

In optimizing the effective parameters, the adsor-
bent dosage should be minimized. The energy con-
sumption for mixer is negligible at lab scale, therefore,
the agitation speed (ω) was considered in the studied
interval. The pH of the solution should be maximized
up to natural pH of DMAZ solution (pH 10). The
objective of optimization is to obtain the maximum
DMAZ removal from a given dilute solution. Accord-
ing to the software calculations, the optimum condi-
tions are: pH 10, ω = 100 rpm, and the adsorbent
dosage = 0.29 g. Under the optimized conditions, the
removal percentage was obtained as 85.95% (Fig. 11).
The experiments were run at the optimized condi-
tions, revealed an adsorption percentage of 85.12.

3.3. The adsorption isotherms

The isotherm parameters of Langmuir, Freundlich,
Tempkin, and D–R models for activated carbon pre-
pared from walnut shell are tabulated in Table 5 and
shown in Fig. 12. The value of correlation coefficient
(R2) was higher for Freundlich isotherm than that of
the Langmuir, Tempkin, and D–R isotherms. This rep-
resents the fact that Freundlich isotherm is useful in
explaining the adsorption from the solution on the
current adsorbent. In other words, DMAZ adsorption
occurs on the activated carbon in multilayer mode
with non-homogeneous heat of adsorption and as
internal bonds on non-homogeneous surface of the
adsorbent. The stronger adsorption sites are firstly
occupied until adsorption energy is reduced exponen-
tially and the adsorption process is completed.
Freundlich isotherm is used extensively in the
non-homogeneous active sites especially for organic

Adsorption%=85.9549

pH=10Dose of adsorbent=0.29

Rotate=100

Fig. 11. The optimized condition according to the software
calculations.

Table 5
Parameters of Langmuir, Freundlich, Tempkin, and Dubinin–Radushkevich (D–R) isotherm models

Isotherm Langmuir Freundlich D–R Tempkin

R2 0.8996 0.9627 0.5698 0.804
Constants b = 0.1019 n = 1.8744 BD–R = 0.0000009 Kt = 170.58

Qm = 166.67 Kf = 18.433 qs = 8.7373 At = 0.3481
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compounds [45–49]. The range of 0–1 for slope 1/n
represents the amount of adsorption or surface nonho-
mogenity. The 1/n approaching zero means higher
nonhomogenity, while 1/n approaching 1 indicates
the chemical adsorption [50].

3.4. Comparison of activated carbon from walnut shell with
other adsorbents

The value of adsorption capacity is of importance
in identifying the sorbent with the highest capacity
and useful in consideration scale-up. A comparison of
the adsorbent capacity of activated carbon from wal-
nut shell with other sorbents is difficult due to the
varying experimental conditions applied in such stud-
ies; however, the activated carbon from walnut shell
in this study has a good adsorption capacity in
comparison with other sorbent (Table 6).

3.5. Adsorption kinetics

The results of pseudo-first-order, pseudo-second-
order, and Elovich kinetic models with correlation
coefficients are tabulated in Table 7 and the related
diagrams in Fig. 13. The correlation coefficient (R2) for
the pseudo-second-order equation was 0.9993. This
coefficient strongly suggests that the sorption of
DMAZ on the activated carbon is represented by a
pseudo-second-order rate process in an appropriate
manner.

3.6. Breakthrough time curve

In a batch adsorption system, breakthrough time is
usually expressed in terms of DMAZ concentration in
solution at each time over initial concentration of
DMAZ ratio as a function of time at a given mass of
the adsorbent [52]. The area under the breakthrough
curve can be applied in finding the total adsorbed
DMAZ quantity. The results from batch adsorption
can be developed into an adsorption column [52]
which in turn can be applied in column design. The
breakthrough time is defined as the phenomenon
when DMAZ concentration in the batch is about 3–5%
of the initial concentration of DMAZ [53]. Under the
optimized conditions (pH 10, ω = 100 rpm, the adsor-
bent dosage = 0.29 g), the breakthrough time curve is
500 ppm of initial concentration of DMAZ (Fig. 14).
The effect of various initial concentrations of DMAZ
on the breakthrough curve was assessed as well.
Lower concentration of DMAZ will obviously reduce
the breakthrough time. At initial concentrations lower

Fig. 12. Adsorption isotherms for removal of DMAZ on
the activated carbon: Langmuir (a), Freundlich (b), Temp-
kin (c), and D–R (d).
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than 500 ppm, the breakthrough curve becomes stee-
per. Breakthrough time curve is in its equilibrium
state at 500 ppm of initial DMAZ solution, while it is
6–13 min for 100–200 ppm of initial DMAZ solute,
respectively.

3.7. Thermodynamic parameters

At initial DMAZ concentration of 500 ppm, the
adsorbent mesh No 100 and the optimized conditions
of adsorption (dosage adsorbent = 0.29 g, pH 10, agita-
tion speed = 100 rpm, and t = 30 min), the adsorption
tests were run at temperatures 15, 25, 35, and 45˚C.
Based on Eqs. (14) and (15) [54,55], ln Kc vs. 1/T was
plotted (Fig. 15). Then ΔH and ΔS values were calcu-
lated from the slope and intercept of the plot. ΔG
value was calculated through Eq. (16). The obtained
results are tabulated in Table 8:

lnKC ¼ DS
R

� DH
RT

(14)

qt
Ct

¼ KC (15)

DG ¼ DH � TDS (16)

The adsorption system of DMAZ-active carbon has
positive ΔH and ΔS values (Table 8). The positive
value of ΔH represents endothermic nature of the
adsorption process. This fact is supported by the
DMAZ adsorption increase on activated carbon and a
rise in temperature. At high temperatures, active sites

expand, leading to an increase in both active sites and
adsorption. However, the increase of ΔH in DMAZ-
activated carbon system by temperature is nearly neg-
ligible. Also, low value of ΔH indicates that the nature
of the adsorption is physical. Positive value of ΔS
shows more randomness of the system at solid–liquid
interface during DMAZ adsorption on the activated
cabon. In solution, DMAZ is surrounded with a
tightly bound hydration layer where water molecules
are more highly ordered than in the bulk water. When
DMAZ molecule comes into close interaction with the
hydration surface of carbon active, the ordered water
molecules in these two hydration layers are compelled
and disturbed, leads to an increase in water mole-
cules’ entropy. Although the DMAZ molecules
adsorption on activated carbone decreases their free-
dom degree, it is possible that positive entropy associ-
ated with the DMAZ adsorption on the activated
carbon be due to an increase in water molecules
entropy over weighing the entropy decrease of DMAZ
molecules [56–58]. Negative values of ΔG indicate that
the DMAZ adsorption on activated carbon is favorable
spontaneously and thermodynamically. In other
words, the values of ΔG decrease by an increase in
temperature, indicates more efficient adsorption at
higher temperature.

Surface treatment of the walnut shell with ZnCl2
(as mentioned in Section 2.1) leads to an increase in
hydrophobic surface and modification of porous struc-
tures, which in turn improves adsorption capacity
greatly. When the oxygen containing functional
groups was removed by the heating process, the car-
bon surface became more hydrophobic, providing
more active sites to adsorb DMAZ [59].

Table 6
The adsorptive capacities of various adsorbents for DMAZ

Adsorbent Qm (mg/g) Refs.

NaY zeolite 21.155 [51]
ZSM-5 zeolite 128.568 [51]
Activated carbon–commercial grade 88.028 [51]
Activated carbon-walnut shell 166.67 This study

Table 7
Kinetic parameters for pseudo-first-order, pseudo-second-order and Elovich kinetic models

Models

Pseudo-
first-order

Pseudo-
second-order Elovich model

Intraparticle
diffusion model

Experimental
k1 qe k2 qe α β k3 j qe,calc

Constant 0.1161 97.051 0.0059 181.818 0.0723 0.0257 18.448 56.98 181.288
R2 0.8489 0.9993 0.834 0.6833 –
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3.8. Regeneration of the adsorbent and recovery of DMAZ

Due to importance of the adsorbed DMAZ on the
activated carbon, it should be recovered. For this
purpose and regeneration of the adsorbent, the

Fig. 13. Adsorption kinetics for removal of DMAZ on the
activated carbon: Pseudo-first-order (a), Pseudo-second-
order (b), Intraparticle diffusion (c), and Elovich (d).

Fig. 14. Comparison of the experimental breakthrough
curves obtained at pH 10, ω = 100 rpm, adsorbent dosage
of 0.29 mg, and different initial concentration of DMAZ,
(-♦-: C0,DMAZ = 500 ppm, -■-: C0,DMAZ = 200 ppm, -▲-:
C0,DMAZ = 100 ppm).

Fig. 15. Thermodynamic plot for adsorption of DMAZ on
the activated carbon.

Table 8
Thermodynamic parameters for DMAZ adsorption on the
activated carbon

T (K) ΔH (kJ/mol) ΔS (kJ/mol K) ΔG (kJ/mol)

288 +7.539 +0.037 −3.088
298 −3.457
308 −3.826
318 −4.195
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adsorbent was first poured into beakers containing
different acidic eluants (like HCl, H2SO4, H3PO4);
next the beakers were shaken for 8 h, and decanted;
then, the adsorbents were washed with redistilled
boiling water. This process was repeated for six
times. Finally, the adsorbents were dried at 110˚C for
2 h. The results of adsorption process with the regen-
erated adsorbents indicated that eluant HCl provided
the highest adsorption. The results of adsorption with
regenerated adsorbents are tabulated in Table 9. In
this process, the adsorbed DMAZ was neutralized by
acid solution (i.g. C4H10N4 + HCl → C4H11ClN4 or
C4H10N4 + HCl → C4H10N4·HCl) where C4H11ClN4 or
C4H10N4·HCl is the neutralized form of DMAZ,
which is sent to the main DMAZ production process-
ing unit.

4. Conclusions

DMAZ is consumed in space industries. In purifi-
cation of DMAZ through pervaporation process, per-
meate phase (containing very low concentrations of
DMAZ) is released into the environment as waste.
Since the recovery of DMAZ is not economic, DMAZ
was removed by adsorption on the activated carbon.
The feasibility of using the activated carbon from the
walnut shell for this purpose has become evident
through successful attempts. The activated carbon was
prepared from walnut shell with zinc chloride (ZnCl2)
activation. The results indicated that the adsorption
capacity of the adsorbent was affected by solution pH,
adsorbent dosage, and agitation speed. At initial
500 ppm concentration of DMAZ, the optimum condi-
tions were obtained as pH 10, ω = 100 rpm, and the
adsorbent dosage = 0.29 g. Under the optimized condi-
tions, the obtained removal percentage was 85.95%.
The Langmuir, Freundlich, Tempkin, and D–R equa-
tions were applied express DMAZ adsorption phe-
nomenon. The equilibrium data were well described
by the Freundlich model. The pseudo-first-order,
pseudo-second-order, and Elovich models were evalu-
ated in kinetic data analysis for DMAZ adsorption on
the activated carbon. The results indicated that the
pseudo-second-order kinetic model provided a better
correlation for the kinetic data. It can be deduced that

the activated carbon from walnut shell is an appropri-
ate adsorbent for removal of DMAZ from dilute
aqueous solutions.

Table 9
The results of DMAZ adsorption with regenerated adsor-
bents using different eluants

Eluants Adsorption percentage (%)

HCl (0.1 M) 84.7
H2SO4 (0.1 M) 61
H3PO4 (0.1 M) 54

Nomenclature

Co — initial concentration of adsorbate
(mg/l or ppm)

madsorbent — mass of adsorbent (g)
ω — agitation speed of shaker (rpm)
t — time (min)
T — temperature (K)
R — universal gas constant (8.314 J/mol K)
AT — Tempkin isotherm equilibrium binding

constant (l/mg)
b — Langmuir isotherm constant (l/mg)
Qm — maximum monolayer coverage capacities

(mg/g) in Langmuir isotherm
KT — Tempkin isotherm constant related to heat

absorption (RT/b)
Ce — concentration of liquid phase at

equilibrium state (mg/l)
ε — Dubinin–Radushkevich isotherm constant

equal to RT ln(1 + (1/Ce))
BD–R — Dubinin–Radushkevich isotherm constant

(mol2/kJ2)
qs — theoretical isotherm monolayer saturation

capacity (mg/g) in Dubinin–Radushkevich
isotherm

KF — Freundlich isotherm constant (mg/g) (l/g)n

related to adsorption capacity
n — adsorption intensity in Freundlich isotherm
qe — amount of DMAZ absorbed on the

adsorbent at equilibrium per unit weight of
adsorbent (mg/g)

qt — amount of DMAZ adsorbed per unit
weight of adsorbent at time t (mg/g)

qe,calc — calculated adsorbate concentration at
equilibrium state (mg/g)

E — mean free energy (kJ/mol)
k1 — rate constants of pseudo-first-order

adsorptions kinetic equation (1/min)
k2 — rate constants of pseudo-second-order

adsorptions kinetic equation (g/mg min)
k3 — rate constants of intraparticle diffusion

adsorptions kinetic equation
j — constants of intraparticle diffusion

adsorptions kinetic equation related to the
thickness of the boundary layer

α — the initial adsorption rate of Elovich
adsorptions kinetic equation (mg/g min)

β — adsorption constant of Elovich adsorptions
kinetic equation related to the extent of the
surface coverage and activation energy for
chemisorption (g/mg)

ΔG — Gibbs energy change (kJ/mol)
ΔH — enthalpy change (kJ/mol)
ΔS — entropy change (kJ/mol K)
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