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INTRODUCTION

The (HANs) are of the
compounds that exist in drinking water exclusively
as byproducts of disinfection. These compounds
arise when is treated by
chloramination. Human exposure occurs through
consumption of finished drinking water; oral and
dermal contact also occurs,
showering, swimming and other activities [1]. The
disinfection of drinking water reduces microbial
risks but increases chemical exposure to man.
Increasing of human health risks are due to the
formation of disinfection by-products (DBPs) in the
organic and inorganic precursors [2].
HANs generated during the disinfection process
consist of dichloroacetonitrile, (BCAN)
bromochloroacetonitrile, dibromoacetonitrile and
(TCAN) trichloroacetonitrile. Due to their potential
health effects, the World Health Organization has
suggested guideline values of 20 pg L-! for DCAN, 70
ug L-1 for DBAN and 1 pg L-! for TCAN [3]. Due to
their high cytotoxicity and genotoxicity require
more consideration, so various processes, such as
adsorption [4-7], membrane filtration [8-10] and
ozonation [11-13] have been employed to remove
the disinfection by-products (DBPs) from water.
Membrane separation process is being emerged as
an innovative wastewater treatment technology.
However, its use at present is limited due to its high
cost of installation and its long-term operational
difficulty.The membrane processes such as Micro or
Ultrafiltration is a cost-effective option, but they
cannot remove dissolved organic matter due to their
relatively larger pore sizes [14].
Recently, among membrane technology
nanofiltration and reverse osmosis have attracted a
great deal of attention for use in water softening and
the removal of various contaminants from drinking-
water sources. But these technologies have inherent
drawbacks: lower permeate flux in nanofiltration
and higher transmembrane pressure in reverse
osmosis, thus lower process efficiency and higher
cost of investment and operation. Recently, hybrid
membrane filtration systems are used as an

haloacetonitriles

surface water

and results from

Common

alternative way to achieve a high removal efficiency
of organic matter in a cost-effective manner [15].

For example, double membrane processes
combining porous membranes with reverse osmosis
followed by advanced oxidation represent the state
of the art in advanced water treatment for high-
quality water reuse. Although very effective for the
contaminants, the double
membrane process is associated with high capital
and operating cost, and involves the use of
chlorinated suppress
fouling. Furthermore, cost-efficient methods for the
treatment of RO concentrate containing salts,
nutrients, by-products
micropollutants are not yet available. Against this
backdrop, nanofiltration provides an interesting
alternative to reverse osmosis with a number of
advantages in particular less problematic
membrane concentrates [16-18].

The lower operating pressure leads to reduced
energy demands of 0.6 - 1.2 kWh/m?* compared to
1.5 - 2.5 kWh/m? with RO. To achieve a comparable
removal of pollutants, nanofiltration has to be
combined with additional separation processes such
as adsorption to activated carbon [19].

To the best of our knowledge, the removal of HANs
from aqueous solution by adsorption- nanofiltration
hybrid process has not been investigated. For a
better understanding of the adsorption mechanism,
the equilibrium data were fitted with adsorption
isotherm models, and the kinetic parameters were
calculated to determine the likely adsorption
mechanism. In addition, the effect of the solution pH
and the selective adsorption of five different HAN
compounds differing in halogen groups or numbers
were investigated as single and mixed solutes.
Finally, the effect of oxidized MWCNTs on poly
(butylene succinate) (PBS) membrane performance,
especially on removal rates of HANs by oxidized
MWCNTs-NF  process improvement of
membrane flux are investigated [20].

elimination of the
membrane

chemicals to

disinfection and

and

MATERIALS AND METHOD

Commercial standards including mono-
chloroacetonitrile (MCAN), monobromoacetonitrile
(MBAN), dichloroacetonitrile (DCAN),

dibromoacetonitrile (DBAN), trichloroacetonitrile
(TCAN) were purchased from Aldrich. Commercial
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MWCNTs were purchased from Hanwha nanotech
(MWCNT CM-95, Korea). Other chemicals used in
this study were of analytical grade and were
procured from Merck, India. Distilled water was
used throughout for solution preparations.

Preparation and characterization of biodegradable
PBS membrane

Asymmetric flat sheet membrane of PBS was
prepared using phase inversion method induced by
immersion precipitation. At first, PBS was dissolved
in  1-methyl-2  pyrrolidone (NMP)
concentration of total polymer was adjusted to be
17 %. The solution was stirred at 50 °C continuously
till completely transparent mixture was obtained.
After degassing, the casting solution
subsequently poured onto a glass plate, and spread
with a membrane applicator to be as thin as 250 um.
Then, the glass plate was immediately immersed in
distilled water bath at temperature of 50 °C for
immersion precipitation. Finally, the membrane was
dried using vacuum oven at 40 °C [20, 21]. Detailed
properties of the PBS membrane are presented in
Table 1.

while

was

Table 1. Properties of prepared PBS membrane.

Property Value
Porosity (%) 45
Contact angle(°) 76
Pure water permeability 18.3
(Lm2 h-tbart)
Average pore size(nm) 43
Tensile strength (MPa) 53.2

Oxidation of MWCNTs

For oxidation of MWCNTSs, at fist 2 g MWCNTSs
were placed in a flask and 300 ml nitric acid (65%)
was added. The mixture was stirred for 48 hours at
120° C and then cooled up to ambient temperature.
After that this mixture diluted with 500 ml DI water
and vacuum-filtered through filter paper. Until the
pH became washing was continued,
followed by drying in a vacuum oven at 100°C.

neutral

Process Design

Figure 1 presents the schematic of the MWCNTs/NF
process. O-multi-walled carbon nanotubes is dosed
to water sample including HANs molecules in a
completely stirred tank reactor (CSTR). The
suspension is then fed to the crossflow loop of a
nanofiltration unit. The PBS membrane was used for
solute rejection analyzing with an effective filtration
area of 52.24 cm2. The membrane was operated in
crossflow mode with a crossflow velocity of 1.2 m/s
and a recovery of 75%. Backflush with permeate
was applied for 1 min every 45 min. Contact time in
the O-MWCNTs reactor was 1 h.
develop a hybrid process for HANs removal,
following the adsorption process nanofiltration
technique incorporated instead of the
conventional centrifugal filtration. The permeate
flux was measured at applied pressure of 7 bars by
calculating the time required for collecting 20 mL
permeate solution. The collected permeate solution
was subsequently analyzed for residual HAN
concentration in terms of DOC and ultraviolet
absorbance at 254 nm (UV254). DOC was analyzed
in a TOC analyzer (Shimadzu TOC-VCPN). UV
absorbance was measured in an UV-visible
spectrophotometer.

The supernatant solution was analyzed by gas
chromatography equipped with electron capture
detector (GC/ECD) according to EPA method 551.1,
each experiment was performed in triplicate under
identical conditions.

In order to

was

HANs efffuent  ——
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Fig. 1. Schematic of the 0-MWCNTs/NF Process
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Adsorption Study

All experiments to study HANs adsorption using O-
MWCNTs were carried out at ambient temperature
(~25 °C). for this purpose, 0.025 gr of O-MWCNTSs
was added in water sample (30 ml) and stirred for 1
min rapid mixing at 100 rpm and 30 min slow
mixing at 30 rpm, and the ionic strength IS being
fixed at 10 m mol L-! using phosphate buffer. Then
water sample was filtrated by a 0.45 um filter.

HANs adsorption (%) at any instant of time was
determined by the following equation:

—-C
< 2% 100
7

Where, Cr and C, are the concentrations of HANs at
the initial time and at time t (ug L-1) respectively.
The amount of HAN sorbed (pg HAN/g adsorbent)
was calculated by the following mass balance
equation, and expressed as adsorption uptake (q):

q(g) (¢; mc)v

Where, V is the volume of HAN containing solution
and m is the mass (g) of adsorbent.

C
HANs adsorption (%) =

Adsorption isotherms and Kkinetics

In order to elucidate the mechanism of adsorption
and the potential rate controlling steps of processes
such as mass transport and chemical reaction,
kinetic models were applied to examine the
experimental data [23]. These included pseudo-first
order, pseudo-second order and intraparticle
diffusion models.

The pseudo first order model can be described
as follows:

In(q, —q,) = Ing, — k4t

The pseudo-second order kinetic rate equation is
expressed as:

t _ 1 4 t

Qr k! qa : qa
The Intraparticle diffusion model given by:
q: = kdtljz +C

In these equations ki (min'1), k, (g pg! min-t) and kg
(ng g1 min-1/2) are the rate constants of pseudo-first
order, pseudo-second order intraparticle
diffusion models. qe, q: (ug g1) are the adsorption
uptake at equilibrium and at time t (min). C in
Intraparticle diffusion model is a constant relating
to the boundary layer thickness.

The distribution of HANs between the liquid and
solid phases can be described by isotherm models
such as those of Langmuir and Freundlich. These
models describe how the amount of a substance
adsorbed onto a surface depends on its pressure (if
a gas) or its concentration (if in a solution), at a
constant temperature.

The Langmuir model assumes that the adsorption of
adsorbate occurs on a homogenous surface by
monolayer adsorption without any interaction
adsorbed particles. The Langmuir
adsorption isotherm is expressed by following

and

between

equation:
g = e K Co
® 14+KC,

Where gm is the maximum adsorption capacity (pg
g-1) and Ky is the Langmuir constant.

The Freundlich model assumes that the adsorption
of adsorbate occurs on a heterogeneous surface by
monolayer adsorption. This empirical equation
takes the form:

s = KFCEI Ln

Where Kr and n are the Freundlich constants.

RESULT AND DISCUSSION
FTIR Analysis of O-MWCNTs
Figure 2 shows the FTIR spectrum of oxidized
MWCNTs. this Fig indicates that the acid treatment
process introduces

new functional
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Fig. 2. FTIR spectrum of oxidized MWCNTs

The peak at 3462cm-1, 1534cm L, and 1611 cm-! is
attributed to the hydroxyl groups, carboxyl
groups and carbonyl groups.

A large number of chemical adsorption sites
created on the surface by these functional groups
and thereby the adsorption capacity can be
increased. (Fig. 3).

Sorption Experiment

In any adsorption process adsorbent dosage and
solution pH influence the adsorbate removal.
Hence, the effects of these parameters were
examined in detail for HANs.

Effect of adsorbent dosage on the adsorption
of HANs

Fig. 3 presents the effect of O-MWCNTs dosage
on the adsorption of HANs molecules. It can be
seen from the figure that an increase in the O-
MWCNTs amount more than 150 mg/L, increased
the percentage sorption and decreased
adsorption uptake. This is can be due to an
increase in the number of active sites with an
increase in the adsorbent amount. On the other
hand, decrease in the adsorption uptake is due to
unsaturated sites on the O-MWCNTs at a high
dosage. A maximum uptake of HANs molecules
was obtained using 150 mg/L of the adsorbent.

100 50
50 g O
80
70
60
50

40

40

0
30

Adsorption uptake (ug/g)
percentage sorption (%)

20 20
10 10
0

100 15 200 250

MWCNTs dosage (mg/L)

Fig. 3. Effect of 0-MWCNTSs dosage on the adsorption
of HANs

Effect of pH on DCAN adsorption

The effect of solution pH on DCAN adsorption by
0-MWCNTs is shown in Fig. 4. It reveals that the
percentage sorption of DCAN is high at the
solution pH from 7 to 9 and the removal
increased with an increase in the solution pH up
to 7. The maximum DCAN removal was observed
at PH 8. The DCAN gives positively charged ions
when dissolved in water. 0-MWCNTs had a more
negatively charged surface at pH 9 which was
electrically attracted by a high positive dipole of
the H atom in the DCAN molecules.. At pH<7 the
positively charged surface of sorbent tends to
oppose the adsorption of the cationic adsorbate.
When pH of DCAN solution is increased the
surface acquires a negative charge, there by
resulting in an increased adsorption of DCAN due
to an increase in the electrostatic attraction
between positively charged DCAN and negatively
charged adsorbent.

90 ©
820
70
60
S0
40

Adsorption (%)

30
20
10

Q
Q 2 1 O 8 10

PH of solution

Fig. 4. Effect of solution pH on DCAN adsorption
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O-MWCNTs had a more negatively charged
surface at pH 9 which was electrically attracted
by a high positive dipole of the H atom in the
DCAN molecules.

Selective Adsorption of HANSs in Solution
Results show that due to the high molecular
weight of tri-HAN and di-HANs, they could have
been more easily adsorbed than the smaller
mono-HANs, and the strength of the positive
dipole of di-HANs enhanced the adsorption
capacity via ion-dipole electrostatic interactions.
So in the single-solute solution, the order of
adsorption preference on O-MWCNTs was DBAN
> DCAN > TCAN= MBAN= MCAN (Fig. 5a).

The adsorption capacity of each HAN in the mixed
solute solution on O-MWCNTs was slightly less
than that in the single-solute solution. Generally,
the sorption of the organic solute was dominated
by the surface adsorption at low concentrations,
and the organic partition dominated at high
adsorbate concentration. Since the overall
concentration in mixed HANs solution is high, so
the obviously decreased adsorption capacity of
each HAN is taken Due to segregation of active
sites for HANS (Fig.5b).

Adsorption Kinetics

In order to define the adsorption kinetics of HANs
the kinetic parameters for the adsorption process
were studied for contact times ranging from 1 to
90 min. The data were then regressed against a
first-order kinetics equation and against a
pseudo-second-order kinetics
Comparison  between  the experimental
adsorption data and the theoretical values are
illustrated in Figs. 5 and 6 and the results are
listed in Table 2.

The theoretical g. values for second-order kinetic
models were higher than of pseudo-first order
kinetic models and the correlation coefficients

equation.

were higher also showing that adsorption of
HANs on to the adsorbent obeyed second-order
kinetic model.

0 : s (3]

w + DBAN
~ S0
g DCAN
2
~ %
-2 [CAN
30
" MCAN
RAN
10 MBAN
0
0 20 40 b0 30 100
Colug/l)
R
10 . . R ' (b"
60
= 50 . » DBAN
~
2 a0 » DCAN
~3
C 30 TCAN
20 . MBAN
0 » MCAN
(!
0 50 100 150 200 250
Clug/L)

Fig. 5. Adsorption isotherms of HANs (at :pH= 8, IS=
10 mmol L-1, and T =25°C)

a) in a single-solute solution,

b) in mixed-solute solution

Consistent with this notion is that Wu et al.
reported that the pseudo-second-order model
was suitable to explain the adsorption of low
molecular weight compounds on small adsorbent
particles. Also the initial adsorption rate on O-
MWCNTs is high.

The intraparticle diffusion model proposed by
Weber and Morris was adopted to verify the
mechanism controlling the HANs adsorption
process. Generally, the adsorption process over
any porous adsorbent involves three consecutive
mass transfer steps: film or external diffusion,
pore diffusion and adsorption at the site on the
adsorbent surface.

The data-fitting curves for intraparticle diffusion
model are shown in Fig. 8. As can be seen, the q;
vs. t05 relations for TCAN displays multi-linearity,
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indicating that multiple adsorption steps are
involved in the adsorption process.

The first regime represented the external mass
transfer in the boundary layer while the second
one was accounted for the diffusion of TCAN
molecules through the pores of the adsorbent
simultaneously with a gradual adsorption on the
surface.

Finally, the horizontal line at longer time points
illustrated attaining the adsorption equilibrium.
In the case of DBAN, DCAN, MCAN and MBAN
the external diffusion is not observed; the first
linear regime can be reasonably correlated to the
intraparticle diffusion. The adsorption of TCAN
on O-MWCNTs showed at least two phases but
did not plateau out.

This is consistent with the level of hydrophobicity
of the TCAN molecule, where this property might
increase the film resistance of water to mass
transfer surrounding the adsorbent particle.

The rate constant of the first regime corresponds
to the external mass transfer, where the larger
the value the faster the external diffusion. The
rate constant of this model are listed in Table 3,
where it can be seen that the order of the rate
constant was DBAN > DCAN >MCAN > MBAN >
TCAN. For TCAN the intraparticle diffusion rate
constant is determined from the slope of the
second regime.

Isotherm Models

In order to model the adsorption mechanism,
Langmuir and Freundlich isotherm models were
used to test the experimentally adsorption
process data for correlation. The results are
plotted in Fig. 8. The best fitting for HANs
adsorption on O-MWCNTs (Table 4), supported
by the R2 values for the two isotherms.

Tima (min)

DRAN

MNOAN

In{e,-q)

MCAN

TCAN

Fig. 6. Pseudo-first order adsorption kinetics of
HANs onto O-MWCNTSs adsorbent

100
0o ‘ »

ho ‘ 4 ------

70 V4 4T ———
a L p - n . * DBAN
¥ ’ -
? 4 g ) W OCAN
50 » s e
? | ¥ MBAN
a0 |
MCAN

0 o
20 I TCAN

10

0

8 (min®s)

Fig. 7. Pseudo-second order adsorption kinetics
of onto 0-MWCNTSs adsorbent

t/q,
\

L2 B
A A
EY

Time (min)
Fig. 8. Intraparticle diffusion model for the HANs
adsorption O-MWCNTs.

372|Page



Vaziri, M. et. ai / Prog. Chem. Biochem. Res. 2020, 3(4), 366-376

Table 2. The first and second order kinetic constants of HANs adsorption

First-order kinetic

Second-order Kinetic

HAN Qe ki , Qe k2 ,
(ug-g!)  (min?) (ngg?) (g pg'lmint)
DBAN 93.2 1.1 0.92 107.2 1.12 0.99
DCAN 90.2 0.88 0.96 99.4 1.09 0.99
MBAN 91.3 0.76 0.96 102.2 0.94 0.98
MCAN 70.2 0.64 0.96 78.12 0.9 0.99
TCAN 56.4 0.53 0.83 65.3 0.87 0.97

Table 3. Kinetic parameters of HANs adsorption onto the O-MWCNTs adsorbent using

the intraparticle diffusion model

HANs Ka1 C1 R2 Kaz Cz2 R2
DBAN 13.05 9.02 0.98
DCAN 10.69 8.17 0.97
MBAN 9.47 1.2 0.97
MCAN 7.7 0.5 0.99
TCAN 1.1 0.97 0.99 6.58 1.15 0.98
T
"E Sy
2 oao - * DEAN
# a0 ,/, Langmuir isotherm
20 - - - - Freundlich isotherm
o ! ' ' ' ' ' s
C, ( pes/L)
a0
80 Lyt B ;'
70 pe ke (b)
% 50 ‘,;""‘/::.
= a0 »
o * DCAN
e / Langmuir isotherm
20 * - Freundlich Isotherm
o v ' ' ' ' ' '
o 10 20 30 40 S0 60 70
C.(pg/L)
70 ¥
60 - --i AR (<)
% S0 :
. 40 e
& ao vid * MBAN
20 _,.";" Langmuir isotherm
3 g - = - Freundlich isotherm
o 10 20 :u:é. : ”:}:L) =0 &0 70

Fig. 9. Comparison of the predicted and experimental data for the equilibrium
adsorption of five HANs on O-MWCNTs, (a) DBAN, (b)DCAN, (c) MBAN
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Table 4. Isotherm parameters of HANs adsorption on O-MWCNTSs adsorbent

HANs

Isotherms = DBAN DCAN MBAN MCAN TCAN
Langmuir
qm(pg g1) 533.3 502.1 4913 3345 2982
Kv (Lpgh) 9.1 8.36 7.78 7.1 6.3

R? 0.99 0.98 0.99 0.98 0.97
Frendlich

1/n 0.65 0.49 0.48 0.45 0.42
Kr(pg gt) 620.2 6312 6023 6003 5933

R? 0.78 0.83 0.85 0.89 0.93

As can be seen, the exponent 1/n value for HANs
on O-MWCNTs was fairly close to unity, which
means that the form of the HANs adsorption
equilibrium on O-MWCNTs was more Langmuir
like than Freundlich. So the adsorption of HANs
molecules occurs on a homogenous surface by
monolayer adsorption without any interaction
between adsorbed particles.

Effect of O-MWCNTs pretreatment on PBS
Membrane Flux

In this study, the influences of the O-MWCNTSs
pretreatment on the permeation flux and
rejection of HANs is shown in Fig. 10. As can be
seen, the permeate flux of PBS membrane
reduces drastically with the time, which is rapid
during the first 5 min and then follow by a more
gradual This
behavior refers to concentration polarization and
fouling of the membranes. Obviously, the
permeation flux increases with usage of O-
MWCNTs. It is might be related to the nature of
the moderate hydrophilic HANs (except TCAN).
On the hand, O-MWCNTs particles
selectively adsorbed hydrophilic organic matter,
so the hydrophilic interaction between the O-
MWCNTs particles and HANs
increasing. In contrast, the surface of PBS
membrane is hydrophobic (contact angle: 76°),
Therefore hydrophobic adsorption between
waste water and PBS membrane is reduced and
then consequently cannot result in membrane
fouling. The membrane/adsorption configuration

decline to become constant.

other

molecules

that was introduced in this study could adsorb
the HANs and reduce the costs associated with
fouling in membrane unit.

uo

Nanofiltration with
PAC pretreatment

Flux (Lm %)

100 e NADOF LT AT ON
without PAL

50 pretreatment

Time (min)

Fig. 10. Effect of O-MWCNTs pretreatment on PBS
Membrane Flux

DOC and UV254 Removal Efficiencies of O-
MWCNTs and NF Process

After water sample adsorbed by O-MWCNTs
passing through NF membrane, the efficiencies of
DOC and UV3ss are shown in Fig. 10. From the
figure, O-MWCNTs has a high removal rate of DOC.
During O-MWCNTs dosage of 10-150 mg/L, DOC
removal rate increased from 2.0% to 55.3%.
When the NF membrane filtrated the water
sample after O-MWCNTSs adsorption, DOC removal
of permeate increased steadily from 19.1% to
98.2%. However, DOC removal by NF membrane
increased slightly with the increase of O-MWCNTs
dosage. Compared to DOC, a high removal rate of
UV3s4 was obtained. The UV absorbance removal
increased from 10.5% to 71.2% with the
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increment of O-MWCNTs dosage from 10 mg/L to
150 mg/L. Similar to the removal rate of DOC
after NF filtration, at higher O-MWCNTs dosage,
the higher the UV;ss4 removal by the NF
membrane was obtained (87/6%). It is likely that
O-MWCNTs obtained a high removal of DOC and
UV3s54 with high O-MWCNTs dosage (150 mg) and
few residual organic matters that can be

removed by the membrane.

1X)

o Refore NF

DOC Removal (%)

o After NF

0 50 100 150 200
MWCNTSs dosage (mg/L)

b}

=2 R R

UV, removal (%)

Atter NF

o S0 100 1% 200

dosage (mg/L)

Fig. 11. DOC and UV2s4 Removal efficiencies of O-
MWCNTSs /NF Process

CONCLUSION

HANs removal from aqueous solution was
investigated by a O-MWCNTs adsorption/ PBS
membrane hybrid process. HANs adsorption on
O-MWCNTs adsorbents followed a pseudo-
second order rate kinetics model and the
Langmuir isotherm can predict the equilibrium
adsorption of five HANs on O-MWCNTs. In
addition, DCAN highly pH
dependent, being favored at a high pH due to
having a higher negative surface charge density.
O-MWCNTs are used as pretreatment of NF
membrane process in order to remove HANs and

adsorption is

reduce membrane fouling. 0-MWCNTs improved
membrane flux slightly from 210 to 253 Lm-h-1.
O-MWCNTs offers higher DOC and UV254
removal rates on hybrid process. During 10-150
mg/L O-MWCNTSs dosage at hybrid process, DOC
removal rate of 19.1%-98.2% and UV254
removal rate up to 87.6% were obtained.
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