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ABSTRACT

Powdered activated carbon (PAC)/iron oxide composite (MAC13) was prepared and was
characterized by surface area analyzer, powdered X-ray diffraction, and sigma bulk magne-
tization. The adsorptive parameters of the prepared adsorbent and PAC were determined
for Triton X-100, N-dodecylpyridinium chloride, and sodium dodecylbenzene sulfonate. The
equilibrium adsorption data matched well to Langmuir model in various concentration
ranges. The effects on contact time of adsorbates on adsorbents were determined. Both
adsorbents were used in hybrid manner in pilot plant with ultrafiltration membrane (UF)
system. The UF membrane parameters were determined for both PAC/UF and MAC13/UF
process. Although the percent retention for PAC/UF was high, was associated with some
secondary problems like cake formation over membrane and blacking of pipes. These sec-
ondary problems were not observed for MAC13, as MAC13 was removed from the slurry
after use through magnet. Improved permeate fluxes were observed for MAC13 as the
decline in permeate flux caused by cake formation was not encountered for magnetic adsor-
bent. The back wash time for PAC and MAC13 was compared and was found high for
PAC.
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1. Introduction

The use of surfactants have increased tremen-
dously from few decades. In the year 2000, its world
wide production was 17 million tons. Due to their
world wide use and strong resistance to biological
degradation, their concentration in water bodies has
drastically increased [1]. Surfactants are used in sev-
eral domains such as textiles, fibers, food, paints,
polymers, cosmetics, pharmaceuticals, microelectronic,
mining, oil recovery, and pulp-paper industries to

name just few. Surfactants are harmful to human
beings, fishes, and aquatic flora. They can cause path-
ological, physiological, and biochemical effect on
aquatic animals. In aquatic plants, they cause break-
up of the chlorophyll–protein complex, damage the
cell and other organelles membrane, and delay in
metabolism and growth [2]. They are also responsible
to cause foams in rivers and effluent treatment plants
and to reduce the quality of water [3]. Due to their
hazardous effects, surfactants should be removed
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from industrial effluents and other wastewater
emission systems. The removal of these materials
from industrial wastewaters is one of the major
environmental problems because of the difficulty
of treating such water by conventional treatment
methods.

The various methods employed for the removal
operations of surfactants from water are; chemical
and electrochemical oxidation [4,5], chemical precipi-
tation [6,7], photo catalytic degradation [8–10],
adsorption [11–13], biological methods [14–16], and
membrane technology [17–19]. Amongst these
employed methods, adsorption is the most success-
ful method for the removal of surfactants from
water. However, adsorption processes are not rapid
and one has to wait long for the settling of adsor-
bent. Membrane processes have been in use for a
few decades and have proved to be efficient in
drinking water production. However, fouling by
organic contaminants and concentration polarization
affects the efficiencies of these processes. To mini-
mize fouling pretreatment like coagulation followed
by sedimentation [20–22], coagulation followed by
dissolved air flotation [23], and activated carbon
adsorption [24,25] were performed. The pretreatment
with powdered activated carbon (PAC) is considered
the most effective method for foul control [26–29].
However, it is associated with some secondary prob-
lems like formation of cake over membrane, and
blackening of the pipes and other accessories of the
hybrid systems. The cake formation over membrane
causes a decline in permeate flux which in turn
leads to loss of water and electricity in back wash-
ing of the membrane and replacement of the black-
ened pipes and other accessories of the hybrid
system in premature period [30–33].

Keeping in view the problems associated with
adsorption–membrane hybrid processes, magnetic
activated carbon, which was an impregnated compos-
ite of PAC and iron oxide in 1:2 ratio, was prepared
by the method devised by Olivera [34] and was used
for fouling control in the hybrid processes in our pre-
vious work. However, due to low surface area of mag-
netic activated carbon (1:2), the permeate fluxes were
comparable to that PAC [33].

To get high surface area of PAC/iron oxide com-
posite and consequently high permeate flux than that
for PAC in hybrid processes, magnetic activated car-
bon in 1:3 ratio (MAC13) was prepared and was used
in combination with ultrafiltration (UF) membrane for
foul control. MAC13 and PAC were compared for foul
control and removal efficiencies of surfactants, Triton
X-100, N-dodecylpyridinium chloride, and sodium
dodecylbenzene sulfonate (SDBS).

2. Materials and methods

Triton X-100 was obtained from Merck while SDBS
and N-dodecylpyridinium chloride were obtained
from Sigma Aldrich. All the chemicals were of analyti-
cal grade. UF membranes (polyethersulfone) were
purchased from IMT, The Netherland. The characteris-
tic properties of the UF membrane are given in
Table 1. The PAC (surface area 1150m2 g�1) was
obtained from Norit. The physical parameters of PAC
are given in Table 2. The adsorbent MAC13 was pre-
pared by mixing 200mL of FeCl3 (28mmol) and
FeSO4 (14mmol) solutions and known quantity of
PAC was added to it. The suspension was stirred at
70 �C with dropwise addition of NaOH solution
(5mol L�1). The final product was washed with dis-
tilled water to attain a pH 6.5. It was filtered, and
dried in an oven at 100 �C for 6 h. The physical param-
eters of MAC13 were measured (Table 3). Pure iron
oxide was also produced from the same amounts of
FeCl3 (28mmol) and FeSO4 (14mmol) at 70 �C follow-
ing the same route as mentioned above for under-
standing the differences in the structure of PAC and
MAC13. The PAC, MAC13, and iron oxide were char-
acterized by XRD (Rigaku D/Max-2,200/PC). Iron
oxide and MAC13 composite were characterized by
bulk sigma magnetization (Vibrating Sample Magne-
tometer [VSM]). The BET surface area of PAC and
MAC13 were determined by a surface area analyzer
QS-7 by standard N2 adsorption at 77K.

The equilibrium adsorption experiments were car-
ried out by immersing 0.01 g PAC and MAC13 with
100mL of Triton X-100 (pH=7.5), SDBS (pH=8.3), and
N-dodecylpyridinium chloride (pH=4.5) solutions

Table 1
UF membrane parameters

Parameter Specification

Material Polyethersulfone

Type Capillary multibore� 7

Diameter bores ID 0.9mm

Diameter fibre OD 4.2mm

MWCO 100kD

Surface area 50m2

Maximum temperature 40 �C
Maximum pressure 7.5 bar

Membrane back wash pressure 0.5–1 bar

Maximum 2.5 bar

Operation pH range 3–10

Back wash pH range 1–13

Disinfection chemicals

Hypochlride (NaOCl) 50–200mgL�1

Hydrogen peroxide (H2O2) 100–200mgL�1
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containing various initial concentrations (10–
100mgL�1) of adsorbate and stirring at 250 rpm for
12 h in a thermostat cum shaking assembly at 25 �C.
The adsorbate solutions were separated from the
adsorbents by centrifugation and their concentrations
were determined by UV–Visible spectrophotometer
(Thermo Electron corporation Hecios c UV–Visible
spectrophotometer) at 275, 223.5, and 213.5 nm for

Triton X-100, SDBS, and N-dodecylpyridinium
chloride, respectively. The adsorption capacities of
adsorbates were calculated by the following equations:

q ¼ ðC0 � CÞ V=m

where q is equilibrium adsorption capacity (mgg�1),
C0 and C are the initial and equilibrium concentration
of adsorbate solution (mgL�1), V is volume of solu-
tion (L), and m is mass of adsorbent used. The extents
of adsorption by plastic bottles used in the experiment
were determined. No appreciable adsorption of the
adsorbates was observed at room temperature. How-
ever, at 50 �C and 13days contact time, the adsorption
was appreciable.

The adsorption kinetic experiments were per-
formed in a specially designed container of 12 L
capacity. Mixing was provided by a blade. A motor
was used to drive the impeller. The top surface of the
vessel was open to atmosphere. Experiments were
performed at the agitation rate of 250 rpm and 25 �C.
Samples were withdrawn at different time intervals
using syringe and were analyzed by UV–Visible spec-
trophotometer.

The membranes were initially rinsed with distilled
water for 1 h. Solutions of known concentration of the
Triton X-100, SDBS, and N-dodecylpyridinium chlo-
ride were prepared in distilled water. All samples
were equilibrated to room temperature and 1.0 bar
pressure was maintained throughout the experimental
cycle. The percent retention of the solute R was deter-
mined by using following formula:

R ¼ 100 1� Cp

Cb

� �

Table 2
Physical properties of PAC

Parameter Specification

BET surface area 1,150m2 g�1

Micropore volume 0.335 cm3 g�1

Mesopore volume 0.085 (cm3 g�1)

Apparent density 0.51 gmL�1

Particle size

d10 4lm
d50 24lm
d90 90lm

Ash 12% Max

Chloride (acid extracts) 0.1%

pH Alkaline

Table 3
Physical properties of MAC13 and iron oxide

Material Surface
area
(m2 g�1)

Micropore
volume
(cm3 g�1)

Mesopore
volume
(cm3 g�1)

Magnetic activated
carbon (1:3)

1,020 0.295 0.080

Iron oxide 64 0.07 –

Fig. 1. Diagram of UF system.
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where Cp is the concentration of solute in permeate
and Cb is the solute concentration in bulk.

Membrane flux averaged over time of filtration
was calculated as follow:

j ¼ 1

A

dV

dt

where A is the membrane area and V is the permeate
volume at time t.

Then, the membrane was used in combination
with continuous stirred reactor, where PAC and
MAC13 were added to the adsorbate solutions in a
single dose and were stirred for 1 h before feeding to
the membrane system. The UF membrane system was
operated in dead end mode. In case of MAC13, a spe-
cially designed container equipped with magnetic
arrangement was put in the assembly (Fig. 1).

3. Results and discussion

3.1. Characterization of adsorbents

3.1.1. Surface area of adsorbents

The iron oxide/PAC composite (1:2) reported in
our previous work has lower surface area as

compared to PAC [33]. The presence of iron oxide in
the composite structure affect the BET surface area
and micropore volume due to presence of 33% iron
contents, a drop in the surface area was observed. In
order to increase the surface area of iron oxide/PAC
composite, in this study a 1:3 iron oxide/PAC com-
posite was prepared. The surface areas of PAC and
MAC13 were determined by standard N2 adsorption
at 77K (Tables 2 and 3). It can be seen from Tables 2
and 3 that the magnetization process affects the sur-
face area and values of micro-pore structure of the
PAC. This is due to impregnation of iron oxide on
PAC particles and the resulting composite MAC13 has
low surface area as compared to PAC.

3.1.2. XRD analysis

PAC, MAC13, and iron oxide were characterized
by XRD. Four iron oxides are formed under reaction
condition, magnetite (Fe3O4), maghemite (c-Fe2O3),
hematite (a-Fe2O3), and goethite (a-FeO(OH)). To get
high surface area composite, the iron oxide contents
must be decreased. However, by decreasing the iron
oxide to PAC ratio caused a loss of magnetite and
maghemite took place by air oxidation. To prevent air
oxidation of MAC13 composite, the reaction was car-
ried out under inert atmosphere of nitrogen. The XRD

Fig. 2. X-ray patterns of PAC.
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patterns of PAC, MAC13, and iron oxide are given in
Figs. 2–4. Magnetite and maghemite are the iron
oxides attracted by magnet. The XRD pattern of
MAC13 shows the presence of maghemite.

3.1.3. Vibrating sample magnetometer analysis

According to Olivira et al. [34] an increase in the
iron oxide contents in the composite increases bulk
sigma magnetization. However, this increase is not
proportional to iron oxide contents. With the increase
in activated carbon contents, there is an increase in
non-magnetic oxide concentration. Our goal is to
prepare such a magnetic adsorbent having surface
area comparable to PAC and high magnetic oxide
contents. By carrying out the reaction under inert
atmosphere of nitrogen, the magnetic contents of the
composite can be improved. When the reaction was
carried out under atmospheric conditions, there were
no measureable magnetic oxide contents in the com-
posite. Fig. 5 shows bulk magnetization of iron oxide
sample while Fig. 6 indicates bulk magnetization
of MAC13 composite. From the given figures, the

magnetic values of iron oxide and MAC13 composite
are 77 and 68 emug�1, respectively. The lower magne-
tization of composite is probably due to the presence
of PAC in the MAC13 composite. The 1:4 and 1:5
composites were also prepared, but there magnetiza-
tion values were lower than 40 emug�1 and were not
attracted by the magnet.

3.1.4. Adsorption isotherms

The equilibrium data for the adsorption of Triton
X-100, SDBS, and N-dodecylpyridinium chloride on
PAC and MAC13 were analyzed by Langmuir and
Freundlich models [35,36]. The linear form of Lang-
muir adsorption isotherm is given as follow:

C

q
¼ C

Q0

� 1

Q0b

where q is the amount adsorbed (mgg�1) and C is the
equilibrium concentration of the adsorbate (mgL�1).
Q0 and b are Langmuir constants related to maximum

Fig. 3. X-ray patterns of iron oxide sample.
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adsorption capacity and energy of adsorption, respec-
tively. The adsorption constants were calculated from
slope and intercept of the C/q vs. C plot. The values

of adsorption constants are given in Table 4. The loga-
rithmic form of Freundlich adsorption isotherm is
given as

Fig. 4. X-ray patterns of MAC13.

Fig. 5. Bulk sigma magnetization for iron oxide. Fig. 6. Bulk sigma magnetization for MAC13 composite.
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ln q ¼ lnK þ 1

n
lnC

where C is the equilibrium concentration (mgL�1) and
q is the amount adsorbed (mgg�1). K and n are Fre-
undlich constants related to adsorption capacity and
adsorption intensity, respectively. The values of K and
n can be calculated from intercept and slope of ln q
vs. ln C plot.

The adsorption capacities of Triton X-100, SDBS,
and N-dodecylpyridinium chloride on MAC13
increase in the given order, Triton X-100< SDBS<N-
dodecylpyridinium chloride. The same trend was
observed for PAC. The adsorption capacities of these
surfactants for PAC were higher than MAC13. The
lower adsorption capacity of MAC13 is due to
impregnation of iron oxide in the micropores of PAC.
Iron oxide has low surface area, which decreases the
total surface area of the MAC13 as compared to PAC.
The values of n are within the expected range from 1
to 10 which signifies favorable adsorption.

3.1.5. Adsorption kinetics

The adsorption kinetics is important for determin-
ing the adsorption mechanism. A number of models
are used to analyze the adsorption kinetics data.
Amongst them, the pseudo-first-order and second-
order kinetics models are more frequently used
[37,38]. The pseudo-first-order model can be expressed
by following relation:

lnðqe � qÞ ¼ ln qe � Kat

where qe and q (mgg�1) are the amount of sorbed
adsorbate at equilibrium and time t, respectively, and

Ka (min�1) is the rate constant. This equation shows a
linear relationship between ln(qe� q) and t.

The pseudo-second-order equation is given as

t

qt
¼ 1

K2q2
þ 1

q

� �
t

where K2 (gmg�1min�1) is the rate constant of
adsorption, q (mgg�1) is the amount of adsorbate
adsorbed at equilibrium and qt at time t. The pseudo-
first-order and second-order rate constants and
co-relation constants for the adsorption of Triton X-
100, SDBS, and N-dodecylpyridinium chloride on
PAC and MAC13 are given in Table 5. The result in
table shows that the R2 values are high for pseudo-
second-order kinetic model as compared to the
pseudo-first-order kinetic model. This indicates that
the adsorption of Triton X-100, SDBS, and N-dod-
ecylpyridinium chloride onto PAC and MAC13 obeys
the pseudo-second-order kinetics model. From table, it
is also evident that the values of Ka and K2 are higher
for MAC13 as compared to PAC. It clearly indicates
that the impregnation of iron oxide increases the rate
of adsorption of Triton X-100, SDBS, and N-dod-
ecylpyridinium chloride on PAC and MAC13.

3.1.6. UF/adsorption

Concentration polarization and fouling by organic
substances affect the efficiencies of the ultra mem-
brane processes. The decline in flux due to concentra-
tion polarization occurs in a very short time and after
this rapid drop, the flux remains constant with the
passage of time. A gradual reduction in flux has been
observed in long-term applications due to fouling.
There are three major causes of fouling; cake
formation over the membrane surface, pore blocking,

Table 4
Isotherm parameters for adsorption of Triton X-100, SDBS, and N-dodecylpyridinium chloride on PAC and MAC13

Isotherm PAC MAC13

Triton X-100 SDBS N-dodecylpyridinium
chloride

Triton X-100 SDBS N-dodecylpyridinium
chloride

Langmuir

Q0 (mg g�1) 204.9 215.9 238.89 137.15 196.3 121.16

b (Lmg�1) 0.018 0.16 0.89 0.036 0.39 0.105

R2 0.976 0.99 0.999 0.98 0.998 0.99

Freundlich

K 8.9 67.6 71.8 11.5 88.78 22.9

1/n 0.596 0.265 0.128 0.519 0.2 0.388

R2 0.97 0.946 0.845 0.947 0.968 0.84
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and adsorption. The pore blocking may be complete
blocking, intermediate blocking, or standard blocking.
The first two blockages are due to molecules larger
than the size of the membrane pores or having a com-
parative size to that of the membrane pores while the
later blocking occurs due to the adsorption of smaller
molecules within the pores [32,39].

In PAC/UF hybrid processes, PAC enters into
membrane system forming cake over membrane sur-
face and causes a decline in permeate flux. Frequent
back washes are needed to restore membrane effi-
ciency which results in loss of water and electricity.
PAC also causes blackening of pipes and other acces-
sories of the membrane system which needs replace-
ment after some time. In our previous work, a
magnetic adsorbent MAC was prepared and used for
foul control in membrane processes. The prepared
adsorbent was an iron oxide and PAC composite in
1:2 ratio. The impregnation of iron oxide in the pores
of PAC results in low surface area of the composite.
Although improved flux and percent retention of
organic substances were observed when used in com-
bination with UF membrane. However, the decline in
flux due to cake formation by PAC was compensated
by its high surface area. As a result, improved fluxes
were observed for PAC in comparison to MAC [33].

To prepare MAC composite having high surface
area, the PAC to iron oxide ratio was raised to 1:3,
1:4, and 1:5. The magnetization value for 1:4 and 1:5
composite were lower than 40 emug�1 and were not
attracted by magnet. Thus, 1:3 was found to be the
optimal ratio. The 1:3 composite was used in combina-
tion with UF membrane. The various UF/adsorption
parameters are discussed in detail as below.

3.1.7. Retention of surfactants

The retention of the solute R by UF membrane
depends on its size and configuration relative to the

pore size. Chemical interactions of the solution and
membrane like adsorption, concentration polarization,
and fouling are also important [33]. The percent reten-
tion of Triton X-100, SDBS, and N-dodecylpyridinium
chloride by membrane alone is given in Fig. 7 while
with PAC/UF and MAC13/UF hybrid processes are
given in Figs. 8 and 9. The percent retention of Triton
X-100, SDBS, and N-dodecylpyridinium chloride by
membrane was lower as compared to PAC/UF and
MAC13/UF hybrid processes. The percent retention
was high for cationic surfactant N-dodecylpyridinium
chloride as compared to anionic surfactant SDBS and
Triton X-100.

3.1.8. Effects of adsorbents on permeate flux

The decline in the permeate flux in the initial
stages for water was due to the intrinsic membrane

Table 5
Kinetic parameters for the adsorption of surfactants onto PAC and MAC13 at 25 �C

Adsorbent Surfactant Pseudo first order
kinetic model

Pseudo second order kinetic
model

Ka (min�1) R2 K2 (min gmg�1) R2

PAC Triton X-100 0.025 0.987 8.3� 10�4 0.999

SDBS 0.022 0.884 4.3� 10�3 0.998

N-dodecylpyridinium chloride 0.025 0.758 8.0� 10�3 0.999

MAC13 Triton X-100 0.055 0.881 2.0� 10�3 0.98

SDBS 0.080 0.924 4.37� 10�3 0.996

N-dodecylpyridinium chloride 0.055 0.944 7.8� 10�3 0.997

Fig. 7. Retention of Triton X-100, SDBS, and N-
dodecylpyridinium chloride by UF membrane.
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resistance and interaction of the ions present in dis-
tilled water with membrane. The flow rate then
reached a steady state and was no longer affected
within the experimental cycle. The molecular weights
of these surfactants under study were smaller than the
molecular weight cut off (MWCO) of the membrane.
These substances were expected to pass freely from
the membrane and allow the permeate concentration
equal to that of the bulk concentration. However,

despite of low retention, flux reduction was observed
for these substances. This was due to adsorption of
these surfactants in the pores of the membrane that
causes gradual reduction in permeating flux. The
reduction in permeate flux was high for cationic sur-
factant N-dodecylpyridinium chloride as compared to
anionic surfactant SDBS. For non-ionic surfactant Tri-
ton X-100, the reduction in permeate flux was
minimum. This was due to high adsorption of
N-dodecylpyridinium chloride and SDBS on
membrane surface as compared to Triton X-100. The
adsorption of these substances over membranes
partially blocks the pores of membrane resulting in
low fluxes.

The influence of PAC and MAC13 on permeate
fluxes of Triton X-100, SDBS, and N-dodecylpyridini-
um chloride are shown in Figs. 10–12. Although
MAC13 has low surface area as compared to PAC,
improved permeate fluxes were observed for MAC13,
as PAC causes cake formation over the membrane
surface which reduces permeate flux. Thus, the lower
surface area of MAC13 was compensated by no cake
formation on membrane surface and improved fluxes
were observed.

3.1.9. Effect of adsorbents on back wash times

After each 30min cycle, cleaning with deionized
distilled water was practiced. For PAC, the back wash
time was high as compared to MAC13. This is due to
the complete removal of MAC13 from slurry in the
settling tank. For PAC, the complete removal was not
possible and as a result, cake formation took place

Fig. 8. Retention of Triton X-100, SDBS, and N-
dodecylpyridinium chloride in PAC/UF hybrid system.

Fig. 9. Retention of Triton X-100, SDBS, and N-
dodecylpyridinium chloride in MAC13/UF hybrid system.

Fig. 10. Influence of Triton X-100, SDBS, and N-
dodecylpyridinium chloride on permeate flux.
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over the membrane surface which lengthens the back
wash times. For PAC, blackening of the pipes and
flow meter of the membrane system were also
observed. From an economical point of view, the use
of PAC in the membrane systems is expensive as com-
pared to MAC13 as it reduces backwash times and
does not cause blackening of the pipes.

4. Conclusions

The MAC13 composite prepared in this study was
compared with PAC for its adsorptive capacities. The
PAC has high surface area as compared to MAC13
due to impregnation of iron oxide in the pores of
PAC. The equilibrium data fit well to Langmuir
adsorption isotherm rather than Freundlich adsorption
isotherm. The kinetics data fit well to pseudo-second-
order kinetic model. High percent retention of Triton
X-100, SDBS, and N-dodecylpyridinium chloride was
observed with PAC in PAC/UF process. It was due to
efficient absorptive capacities of PAC for adsorbates
under study. However, improved permeate fluxes
were observed for MAC13. It was due to the removal
of MAC13 from slurry by magnet and thus encounters
no cake formation on membrane surface, as was
observed for PAC.
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