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ABSTRACT

The fine grained resin ZGSPC106 was used to adsorb dimethylamine (DMA) from aqueous solution in
the present research. Batch experiments were performed to examine the effects of initial pH of solu-
tion and agitation time on the adsorption process. The thermodynamics and kinetics of adsorption
were also analyzed. The maximum adsorption was found at natural pH of DMA solution and equilib-
rium could be attained within 12 min. The equilibrium adsorption data were conformed satisfactorily to
the Langmuir equation. The evaluation based on Langmuir isotherm gave the maximal static saturated
adsorption capacity of 138.89 mg/g at 293 K. Various thermodynamic parameters such as free energy
(AG®), enthalpy (AH°) and entropy (AS°) showed that the adsorption was spontaneous, endothermic
and feasible. DMA adsorption on ZGSPC106 fitted well to the pseudo-second-order kinetic model. Fur-
thermore, the adsorption mechanism was discussed by Fourier transform infrared spectroscopy (FT-IR)

analysis.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

N,N-dimethylformamide (DMF) is widely used as solvent during
the polyurethane (PU) synthetic leather production, and is gener-
ally sent to the distillation process for recovery [1]. However, it
can result in the generation of wastewater containing dimethy-
lamine (DMA) as much as several hundred or thousands milligrams
per liter in the top of distillation towers [2]. Apart from that, DMA
also occurs in wastewater coming from pesticides, pharmaceuticals
and rubber industries with DMA as their important raw material
[3]. Wastewater containing DMA produces pungent odor that may
cause serious pollution to the air and water resources if untreated.
Since environmental pollution is becoming increasingly serious
now, effective and economic removal of DMA from wastewater is
a crucial research topic.

In general, the most commonly employed methods to treat DMA
containing wastewaters are rectification and air rectification owing
to the low boiling point of DMA (only 6.9 °C at normal temperature
and pressure) [2,4]. However, both the methods primarily fit for
wastewater of extremely high concentration (usually tens of thou-
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sands milligrams per liter) and both need large investment and
high energy consumption. Other methods include complex extrac-
tion, liquid membrane separation, resin adsorption and so forth
[5-7].Inrecent years, the resin adsorption has received more atten-
tion and seems to be the most suitable option for the treatment of
DMA wastewater in case of not extremely high concentration on
account of its low cost and high efficiency [8]. Pan [9] investigated
the sorption of DMA on weak-acid cation exchange resin D113.
Results showed that the removal rate reached 91.5% and the regen-
eration rate was above 90% under the optimal conditions. Geng
[10] observed that a strong-acid cation exchange resin 001 x 7 had
a good sorption ability for DMA and the statically saturated sorp-
tion capacity was 107 mg/g. Informed researches focus on disposing
DMA wastewater of low-concentration (<500 mg/L), and the resins
mostly used have relatively large particles; whereas fine grained
resins with greater specific surface area will have higher absorp-
tion capacity [11,12] and can be expected to deal with wastewater
containing higher DMA concentrations.

The specific objective of the present study was to investigate
the potential of fine grained resin ZGSPC106 for DMA adsorp-
tion from aqueous solution in batch experiments. The adsorption
kinetics, thermodynamics and optimum reaction conditions were
alsoinvestigated. Furthermore, the adsorption mechanism was dis-
cussed by infrared spectroscopy.
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Table 1
Characteristics properties of the ZGSPC106 resin.
Type Strong acid cation resin
Matrix Styrene-divinylbenzene
Structure Gel type
Functional groups -SOsH
Particle size range (mm) 0.200-0.315
Moisture holding capacity (%) 52.0-57.0
Total exchange capacity (mmol/g) >4.50

2. Experimental
2.1. Materials

The resin used in the experiments was ZGSPC106 (provided
by the Hangzhou Zhengguang Resin Plant, China) and its physi-
cal properties were shown in Table 1. The 33% solution of DMA
(purchased from Shanghai SSS Reagent Co., Ltd, China) was diluted
as required to obtain DMA solutions containing 800-2200 mg/L.
Deionized water was used for all dilutions and the other reagents
including NaCl, HCl and NaOH (all purchased from Sinopharm
Chemical Reagent Co., Ltd, China) were of analytical reagent grade.

2.2. Analytical procedures

Concentration of DMA in solution was determined with UV-
2802 spectrophotometer (Unico Instrument Co., Ltd, China) at
Amax =585nm [13], and pH was measured by PHS-3B precise pH
meter (Shanghai Precision & Scientific Instrument Co., Ltd, China).
Ion exchange experiments were carried out in the HZ-9211K ther-
mostat shaker (Jiangsu Taicang Laboratorial Equipment Factory,
China), and Nicolet 6700 FT-IR spectrometer (Thermo Nicolet Sci-
entific LLC, America) was used for the adsorption mechanism
analysis.

2.3. Static equilibrium adsorption experiment

Prior to use, the resins should be sequentially dipped in double
volumes of 10% sodium chloride solution, 1 mol/L sodium hydrox-
ide and 1 mol/L hydrochloric acid for 24 h [14]. Then the resins were
washed with deionized water repeatedly and dried in vacuum oven
at 50 °Cto constant weight. The batch experiments were conducted
in air tight conical flasks. Each time, 0.5 g dry resin and 50 mL DMA
solution were added, and then shaken in a thermostat shaker at
160 rpm for a predetermined period.

Adsorption isotherm study was carried out with different initial

DMA concentrations (800-2200 mg/L) at different temperatures
(20, 40 and 60°C). The pH was not adjusted, and the equilib-
rium time was set as 30 min (found out from the kinetic studies).
Afterwards, samples were separated by filtration and the DMA
concentrations were analyzed by spectrophotometer. In pH stud-
ies, 1mol/L sodium hydroxide or 1 mol/L hydrochloric acid was
used to adjust sample pH with initial DMA concentrations of 800
and1000 mg/L. The adsorption capacity at equilibrium, Qe (mg/g)
was calculated by the following equation:
V(Co — Ce)
Q=—1—" (1)
where C, and Ce (mg/L) were the initial and equilibrium DMA con-
centrations in solution respectively; V (L) was the volume of the
solution, and W (g) was the weight of the adsorbent.

2.4. Kinetics experiment

Kinetic experiments were performed by using 50 mL DMA solu-
tion and 0.5 g dry resin at 20°C. The initial DMA concentration of

solution was 2000 mg/L without any pH adjustment. Samples were
taken at different intervals until the adsorption reached at equilib-
rium. The instantaneous adsorption capacity at time ¢, Q; (mg/g),
was obtained as follows:

V(G- C)
Q=0 @)

where C; (mg/L) was the DMA concentration in solution at time t.
2.5. Theory of adsorption

2.5.1. Adsorption isotherms

For further analysis of adsorption mechanism, two widely used
models, Langmuir and Freundlich [15,16] were applied to fit the
experimental data. Langmuir and Freundlich models are repre-
sented as under respectively:
Ce Ce 1

Q= n Kl ®

anezanf+%lnCe (4)

where Ce (mg/L)is the equilibrium adsorbate concentration in solu-
tion, Qe (mg/g) is the equilibrium adsorption capacity, Qm (mg/g) is
the maximal adsorption capacity,and K (L/mg)is a constantrelated
to the energy of adsorption. In Freundlich isothermal equation, K¢
and n are constants related to adsorption capacity and adsorption
intensity, respectively.

2.5.2. Adsorption thermodynamics

Thermodynamic parameters such as Gibbs free energy change
(AG®), enthalpy change (AH°) and entropy change (AS°) have been
determined according to the following equations:

AS°  AH°
and = R — RT (5)
AG® = AH® —T AS° (6)
(Go—CelV
Ky = W (7)

where R [8.314]/(mol K)] is the gas constant, T (K) is the absolute
temperature, and Ky (L/g) is the distribution coefficient. Values of
AH° and AS° can be calculated from the slope and the intercept of
the plot between In K4 versus 1/T.

2.5.3. Adsorption kinetics

In this study, the pseudo-first-order model and the pseudo-
second-order model, which are extensively used in kinetic studies,
were applied to fit with the kinetics data so as to clarify the DMA
adsorption kinetics onto ZGSPC106 resin.

The pseudo-first-order model can be expressed as [17]:

In(Qe — Q1) =InQe — Kyt (8)
The pseudo-second-order model can be expressed as [18]:

t 1 t
—= et — 9
QA KQ2 Qe ®)

where Kj is the first-order rate constant (1/min), and K is the
second-order rate constant [g/(mgmin)]. Plotting the left part of
each equation against “t” can obtain K, K, and Q. values from the
slope and intercept.

3. Results and discussion
3.1. FT-IR analysis

The FT-IR spectroscopy was used to study the adsorption mecha-
nism. Fig. 1 shows the IR spectra of ZGSPC106 resin before and after



Q. Hu et al. / Journal of Hazardous Materials 185 (2011) 677-681 679

48

Before adsorption

44

40

1180 1040

36
After adsorption

% Transmittance

32F

28t 1640 147‘})
sl 1600

20¢

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers(cm-!)

Fig. 1. FT-IR spectra of ZGSPC106 resin before and after adsorption of DMA.

DMA adsorption. The peaks observed at 1180 cm~! and 1040 cm™!
were due to the sulfonic acid group (-SO3H) of the adsorbent [19]
as a kind of strong-acid cation exchange resin. After adsorption, the
peaks at 1640 cm~! and 887 cm~! were attributed to flexure vibra-
tion and wagging vibration of -NH group while peaks at 1600 cm~!
might be assigned to the bending vibration of -NH,* group. Besides,
the peaks of stretching vibration of C-N group were observed at
1000cm~! and peaks at 1470 cm~! were attributed to the methyl
group (-CHs). Therefore, it was reasonable to consider that DMA
[(CH3),NH], or rather DMA cations [(CH3),NH,*] were introduced
to the surface of the ZGSPC106 resin [20,21]. Similar results were
reported for adsorption of DMA onto the 001 x 7 resin [10].

3.2. Effect of initial DMA concentration

Initial DMA concentration was adjusted in the ranges of
800-2200 mg/L for adsorption on the ZGSPC106 resin under natural
pH at 20°C for 30 min. As shown in Fig. 2, the adsorption capacity
increased with increasing initial DMA concentration, however, the
removal rate decreased. In the range of 800-1500 mg/L, the adsorp-
tion capacity of ZGSPC106 increased rapidly, while it increased
slowly with continued increase in the DMA concentration. At the
concentrations of 800 and 1000 mg/L, DMA in the solution would
interact with the binding sites and thus facilitated nearly 100%
adsorption for the adsorbent. With increasing concentration, there
was an increase in the amount of DMA adsorbed due to increasing
driving force towards the active sites on the adsorbents. At higher
concentrations, a slower increase in adsorption capacity followed
as the available adsorption sites gradually saturated, as a conse-
quence more DMA was left unadsorbed. Owing to the saturation of
binding sites, the adsorption capacity kept stable at about 135 mg/L
and the removal of DMA has dropped to 61.1%.
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Fig. 2. Effect of initial concentration on the adsorption of DMA by ZGSPC106.
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Fig. 3. Effect of pH on the DMA adsorption with the maximum adsorption occurred
at natural pH.

3.3. Effect of pH

The pH is one of the most important factors controlling the
adsorption process because of its effect on the surface charge of
the adsorbent as well as the degree of ionization of the adsorbate.
The effect of pH on the DMA adsorption by ZGSPC106 is shown in
Fig. 3 at fixed initial DMA concentrations of 800 and 1000 mg/L.
For DMA solution of different concentrations, the pH had basically
similar influence on the adsorption process and optimal uptake
of DMA was obtained at initial pH of 11.3 and 11.4, the natural
pH for DMA solution of 800 and 1000 mg/L, respectively. At ini-
tial pH lower than natural pH, a significant reduction in the DMA
adsorption might probably be due to the increase of H* leading to
competitive adsorption with DMA [22] or desorption of DMA from
resin [23]. The minimum adsorption (about half of the maximum)
occurred at initial pH value greater than natural pH indicating
sodium hydroxide had more severe effect than hydrochloric acid.
Similar results were obtained in the study of Geng [10]. Alow DMA
uptake at high pH of 12.2 probably owing to the fact that an excess of
hydroxyl ions moved the hydrolytic equilibrium of DMA [4] which
reduced the proportion of DMA in the available form. Furthermore,
the competitive adsorption caused by addition of Na* might also
account for the sharp decrease [18]. Considering the optimal uptake
of DMA in solution occurred at its natural pH, all experiments in the
present study were conducted without adding sodium hydroxide
or hydrochloric acid for pH adjustment.

3.4. Determination of equilibrium time

Fig. 4 shows the effect of contact time on the DMA adsorption
on ZGSPC106 at initial DMA concentration of 2000 mg/L. The DMA
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Fig. 4. Effect of contact time on the adsorption.
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Table 2
Langmuir and Freundlich parameters for the DMA adsorption on ZGSPC106 resin.

T(°C) Total exchange capacity (mg/g) Langmuir constants Freundlich constants

Qm (mg/g) Ki (L/mg) R? n Kr (L/mg) R?
20 >207.36 138.89 0.0906 0.9991 13.889 0.0849 0.9073
40 140.85 0.0908 0.9990 13.812 0.0860 0.9091
60 142.85 0.0958 0.9991 13.495 0.0863 0.8941
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Fig. 5. Isothermal curves of adsorption.

uptake increased with the lapse of time. High adsorption rates were
observed within the first 8 min, whereby over 85% of equilibrium
adsorption capacity was attained. This may be due to the existence
of adequate accessible resin sites available for the DMA adsorp-
tion. Further increase in contact time had a negligible effect on
adsorption after 12 min which could be presumed to represent the
equilibrium time. Such a short time period required to attain equi-
librium suggested an excellent affinity of the adsorbent to DMA in
aqueous solution. In order to ensure complete adsorption, all the
experiments were conducted for 30 min.

3.5. Adsorption isotherms

The adsorption isotherm indicates the relationship between
equilibrium adsorption capacity and equilibrium concentration of
DMA at constant temperature. Equilibrium studies for DMA were
performed by using various concentrations (800, 1000, 1200, 1500,
1700, 2000, 2200 mg/L). Fig. 5 presents the adsorption isotherms of
DMA on ZGSPC106 resin at 20, 40 and 60°C. It was observed that
the DMA adsorption was higher for greater initial concentration
and the equilibrium adsorption capacity increased with the rise of
temperature, indicating the process to be endergonic in nature.

The Langmuir and Freundlich adsorption constants evaluated
from isotherms and their correlation coefficients were presented
in Table 2. It was clear that the Langmuir isotherm model provided
preferable fit to the equilibrium adsorption data with correlation
coefficients all close to 0.999 at different temperatures. Moreover,
the values of Qn at three different temperatures were all close
to 140 mg/g, resulting in a total exchange capacity close to 70%.
Since the Langmuir model is based on assumption that uniform
adsorption energies distribute onto the surface and the maximum
adsorption depends on saturation level of monolayer [24,25], the

DMA adsorption on ZGSPC106 resin can be reckoned as mono-
layer adsorption. The essential feature of Langmuir isotherm can be
expressed in terms of a dimensionless separation factor, R, defined
as [26]:

1

k=1 T K.Co

(10)
The value of Ry indicated the shape of the isotherm to be unfa-
vorable (Ry > 1), linear (R_ =1), favorable (0 <Ry < 1), or irreversible
(R, =0). Ry values were found to be between 0 and 1 for all the
concentrations of DMA in this study, indicating favorable DMA
adsorption on ZGSPC106 resin.

3.6. Thermodynamics of DMA adsorption

The adsorption thermodynamics were studied to gain an insight
into the adsorption behavior. Thermodynamic parameters are
listed in Table 3. The positive AH° value indicated that the
adsorption process was endothermic and higher temperature was
conducive to the adsorption. Negative values of AG° revealed the
spontaneous nature of adsorption. The AS° value was positive
suggesting the increasing randomness at the solid/liquid interface
during the adsorption and reflected the affinity of the adsorbent for
DMA.

3.7. Kinetics of DMA adsorption

Information on the adsorption kinetics describing the solute
uptake rate, which in turn governs the residence time for adsorp-
tion reaction, is one of the important characteristics defining the
efficiency of adsorption. The half-adsorption time is the time
required to uptake half of the maximal amount of adsorbate at
equilibrium. It characterizes the adsorption rate as well. In case
of pseudo-second-order process, its value is given below [27]:

tij2= kzLQe (11)
The calculated results are presented in Table 4. The values of
correlation coefficient indicated a more satisfactory fit of pseudo-
second-order model with the experimental data compared to the
pseudo-first-order model. Additionally, the value of Qe calculated
from the second-order kinetic model was in better agreement with
the experimental value, and therefore the pseudo-first-order model
was applicable to the DMA adsorption process on ZGSPC106 resin.
This can be explained by the conclusion that the pseudo-second-
order model was suitable for the adsorption of lower molecular
weight adsorbates on small-sized adsorbent particles, which was
pointed out by Wu et al. [28].

Table 3
The adsorption thermodynamic parameters.
T(°C) Ky AG® (kJ/mol) AH° (k]/mol) AS° [J/(mol K)]
20 3.51 —8.55 7.95 56.30
40 3.72 -9.67
60 3.90 -10.80
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Table 4
Kinetic parameters for the adsorption of DMA on resin.

Pseudo-first-order

Pseudo-second-order

Ky (1/min) Qecat (Mg/g) R?

K> [g/(mgmin)]

Qe.ca] (mg/g)

ty2 (min) R?

0.1722 80.39 0.9275

0.0026

158.73 2423 0.9968

4. Conclusions

This study focused on the DMA adsorption onto ZGSPC106
cation exchange resin from aqueous solution. The adsorption was
found to be pH dependent and the optimum DMA adsorption
occurred at natural pH of DMA solution with a maximal static satu-
rated adsorption capacity of 138.89 mg/g (dry resin) at 20 °C. Under
the studied conditions, thermodynamic calculations showed the
feasibility, endothermic and spontaneous nature of the adsorption
and the equilibrium data could preferably be modeled with the
Langmuir isotherm. The kinetics of the adsorption followed the
pseudo-second-order model. The resin has high adsorption rate
for DMA since over 85% of the total adsorption was achieved dur-
ing the first 8 min and equilibrium was attained within 12 min.
The ZGSPC106 cation exchange resin has relatively efficient DMA
adsorption capability and can be expected to remove DMA from
aqueous solutions.
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