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ABSTRACT

In this research work, the removal of ofloxacin (OFL) from industrial effluents were carried out
through batch and membrane hybrid process using magnetic carbon nanocomposite (MCN) pre-
pared from waste biomass (Dalbergia sissoo sawdust). The novel adsorbent was characterized by
EDX (Energy dispersive x-ray), SEM (scanning electron microscopy), XRD (X-ray diffraction), FTIR
(Fourier transform infrared), and TG/DTA (Thermal gravimetric/Differential thermal analysis).
The deposited Fe,O, (iron oxide) on the composite surface was confirmed through XRD, SEM, and
FTIR. Batch adsorption experiments were performed in order to determine the optimal condition of
adsorption and effect of various experimental parameters likes pH, contact time, adsorbent dosage,
initial OFL concentration and temperature on the sorption process. Langmuir, Freundlich, Temkin,
Jovanovic and Harkins-Jura models were used to determine different adsorption parameters. The
kinetics data were analyzed using pseudo-first and second order, power function, Natarajan and
Khalaf, and intraparticle diffusion models. The best fit was obtained with the pseudo-second order
kinetic model. The value of AH® and AS® were found to be —27.948 and 110.17 kJ/mol indicating the
exothermic and spontaneous nature of the process. An increase in adsorption with increase in tem-
perature is evident from the values of AG®: -32.31, -33.41, -34.51 and -35.61 kJ/mol corresponding
to 20, 30, 40, 50 and 60°C. To evaluate the effect of MCN on membrane parameters, the continuous
stirred reactor was connected with UF, NF, and RO membranes. Higher % retention and improved
permeate flux were obtained for MCN/UF, MCN/NF, and MCN/RO processes. The percent reten-
tion of OFL observed for MCN/UF, MCN/NE, and MCN/RO hybrid processes were 57.8, 98.9 and

99.57 respectively.
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1. Introduction

Pharmaceutical products like antibiotics are used
worldwide for the treatment of human and veterinary dis-
eases from last 70 years [1-4]. Most antibiotics are poorly
metabolized by humans and animals after injection and
usually 25-75% may leave from the body in unaltered form
after administration into the living bodies [5-7]. Moreover,

*Corresponding author.

antibiotics mixed with animal feeds are directly or sprayed
on fruits and crops are released into the environment [8].
These discharged antibiotics remain biologically active
for specified duration of time depending on their half life
cycles and ends up in different environmental compart-
ments [9-11]. Antibiotics like ofloxacin (OFL) degrade very
slowly and remains active in soil for about 30-80 d at a tem-
perature ranging from 20 to 30°C [12]. The main sources of
OFL contamination in water bodies are industrial effluents
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and fecal contamination. The presence of antibiotics in the
environment in the environment is a threat which enhances
the drug resistance of microorganism towards this antibi-
otic [13,14].

A number techniques like photo catalytic degrada-
tion, catalytic degradation, biodegradation, ozonation,
advanced oxidation, biomembranes, biological filtration,
and ion exchange have been applied to remove antibiot-
ics from waste waters [15-18]. However, most of these
methods have low efficiencies and produces a large
amount of sludge which limit the effectiveness of them
[19-21]. Amongst them, adsorption is a simple, superior,
low cost and environment-friendly method that is widely
used for such type of applications [22,23]. A number of
adsorbents such as silica gel, zeolites, clay, and activated
carbon have been used for the removal of antibiotics
from wastewater [24]. The adsorption processes involv-
ing activated carbon are superior as the fine particles of
carbon materials offer a large surface area for the adsorp-
tive removal of environmental contaminants. However,
activated carbons have the difficulty of regeneration and
have long settling times which limits their uses in contin-
uous stirred reactors [25,26]. To overcome these problems
activated carbons are now a days converted into mag-
netic nanocomposites (having magnetic character and
comparable surface area) which can easily be collected
from slurry after use through the application of magnet
[27,28].

Membrane technology is a modern technique that has
been used to remove antibiotics from wastewater [29]. Dif-
ferent membranes like ultra filtration (UF), reverse osmosis
(RO) and nanofiltration (NF) have been utilized to prepare
portable waters [30]. The transport of neutral compounds
through membranes is controlled by the sieving mechanism
and in the case of charge compounds, the charge exclusion
plays an important role in the rejection of that particular
substance by membrane. The sieving mechanism is based
on molecular weight cut off (MWCO) data [31]. The pol-
lutants present in wastewater also affect the performance
of membrane processes. Based on the effect produced by
contaminants on membranes, they are classified into two
groups: (i) the pollutants capable of destroying the mem-
brane and (ii) the pollutants having the ability to form scal-
ing on membrane (fouling). Membrane fouling negatively
affect the membrane efficiency. Their cleaning through
various chemicals is loss of economy as well. In order to
improve pollutants removal efficiencies of membranes and
decrease fouling, activated carbon in combination with the
UE RO, and NF have been applied by number of research-
ers [32,33]. Primarily, it was considered that the activated
carbon would form a spongy cake on the membrane system
and will not effects the permeate flux. However, later on, it
was found that this spongy cake also negatively affect the
permeate flux [34]. To overcome these drawback magnetic
carbon nanocomposite (MCN) have been used in combi-
nation with the membrane system by a number of authors
[26-28].

MCN due to its magnetic character can easily be
removed from slurry after use and thus its entry into the
membrane system could be easily stopped. Thus, spongy
layer formation on the membrane system would be mini-
mized. The objectives of this research work was to prepare
magnetic carbon nanocomposite, characterize and use it

for the effective removal of OFL from industrial effluents
through adsorption/membrane hybrid processes.

2. Experimental

The ofloxacin antibiotic (purity = 99.5%, chemicals for-
mula (C H, FN,O,), molecular weight = 361.368 g/mol,
maximum wavelength (A__) = 294 nm) was obtained from
Medi Craft industry Hayat Abad Peshawar, Pakistan. The
waste effluents were also collected from the drainage line
of this industry. The chemical structure of OFL is shown in
Fig. 1. All the other chemicals were of analytical grade and
obtained from BDH, Fisher, and Merck.

2.1. Preparation of magnetic carbon nanocomposite

Magnetic carbon nanocomposite was prepared from the
sawdust of Dalbergia sissoo collected from District Bajaur,
Pakistan. The dried sawdust was added to a 100 ml alco-
holic solution containing ferric chloride (FeCl,) and ferrous
sulfate (FeSO,) in 2:1 ratio. After 24 h, NaOH was added
drop wise to the mixture at 70°C. The sawdust was then
separated from mixture using Whattman 42 filter paper
and dried in electric oven. The treated, dried sawdust was
then charred and ignited in a specially designed chamber
containing an electric heater, wire gauze, an inlet for N, gas
and outlet for exhaust gases. The prepared product was
then washed with HC1 (0.1 M) solution and double distilled
water for many times to attain neutral pH. The resulting
product was dried at 70°C in an electric oven.

2.2. Characterization of MCN

MCN was characterized by EDS X-sight instrument, to
study the elemental compositions. The surface texture was
analyzed by scanning electron microscope (SEM) at set up
voltage of 10 KV. For functional group determination, Fou-
rier Transformed Infrared FTIR (Perkin Elmer FTIR) was
used (ranging from 450 to 4,000 cm™). The thermogravimet-
ric and differential thermal analysis (TG/DTA) was carried
out with diamond series (Perkin Elmer, US) analyzer using
alumina as a standard. X-ray diffraction (using Nickel filter
CuKa monochromatic radiations having wavelength 1.5418)
analysis was performed at room temperature, current of 30
mA and voltage of 40 KV. The scanning range was 20/6 while
scanning speed was 10 min™. Surface area and pore distribu-
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Fig. 1. Structure of ofloxacin.



M. Wahab et al. / Desalination and Water Treatment 165 (2019) 83-96 85

tion of MCN was measured using Quantachrome pore sur-
face area and size analyzer (NOVA, 2200e, USA).

2.3. Batch adsorption experiment

The effect of various physicochemical parameters like
pH, contact time, initial OFL concentration, adsorbent dose,
and temperature on OFL adsorption on MCN were evalu-
ated using batch experiments. Working standard OFL solu-
tions of different concentrations were prepared by diluting
OFL stock solution with double distilled water. The solution
pH was adjusted using 0.1 M HCl and NaOH solutions. In
250 ml Erlenmeyer flasks containing 50 ml solutions of the
required concentrations were contacted with 0.1 g adsor-
bent (except for the investigation of adsorbent dose) in all
experiments and kept in a rotary shaker at 170 rpm for a
specific interval of time. All the experiments were carried
out in triplicate and their mean values are presented. The
MCN was removed from solution through a bar magnet
and then through Whattman no 42 filter paper. Filtered
samples were analyzed by UV visible T-60 spectrophotom-
eter for ofloxacin remaining concentrations at 298 nm.

The amount of OFL adsorbed g, (mg/g) and percent
removal (% R) was calculated using the following equations
[35-37].

1%
9.=(Ci=Cr)x— (1)

(¢
% R = ~——+x100 2)
Ci
where C,is initial OFL concentration in mg/L, Cf is final
OFL concentration in mg/L, V volume of OFL solution in L
and m is mass of adsorbent in g.

2.4. Adsorption kinetics

For the determination of kinetics parameters of OFL
adsorption on MCN, a specified amount of adsorbent (0.1
g) was mixed with known volumes of 30 and 80 mg/L OFL
solutions. The solutions were shaken for 240 min at a speed
of 170 rpm. Pseudo-first and second order, Elovich, Power
function, Natarajan and Khalaf, and intraparticle diffusion
models were applied to analyze the kinetics experiment
data.

2.5. Isothermal studies

The effect of OFL concentration on MCN was studied
at room temperature. Known volumes (50 mL) of speci-
fied concentration (20 to 200 mg/L) solutions of OFL were
contacted with 0.1 g of adsorbent. Their g, values were
determined from Eq. (1) and plotted against equilibrium
concentration. Langmuir, Freundlich, Temkin, Jovanovic
and Harkin-Jura models were applied to analyze the
adsorption equilibrium data.

2.6. Thermodynamic study

The effect of temperature on OFL adsorption on MCN
was studied at 20, 30, 40, 50 and 60°C keeping other param-

eters constant (volume = 50 mL, concentration = 80 mg/L,
adsorbent dose = 0.1 g, pH = 6, shaking time = 2 h, shaking
speed = 170 rpm). For every temperature, 50 mL OFL solu-
tion (80 mg/L) was contacted with 0.1 g of adsorbent and
shaken at 170 rpm for two hours. The remaining amount of
OFL left in solution after adsorption were determined using
UV /visible T-60 spectrophotometer.

2.7. Effect of pH and adsorbent dose

The effect of pH on OFL adsorption was studied in the
range of 2-12. The solution pH was adjusted by using 0.1 M
HCI, and NaOH solutions. Different pH solutions contain-
ing specified amount of OFL were contacted with 0.1 g of
adsorbent in flasks for 2 h and shaken at 170 rpm. The OFL
concentration after adsorption were determined using UV/
visible T-60 spectrophotometer.

The effect of adsorbent dosage on OFL adsorption was
studied from 0.01 to 0.15 g. Other parameters were similar
as mentioned above. To different flasks containing 50 mL of
OFL solutions different amount of adsorbent (0.01-0.15 g)
were added and shaken for 2 h at 170 rpm. The remaining
concentration of OFL in the supernatant were determined
using UV /visible T-60 spectrophotometer.

2.8. Removal of OFL by membrane technology

Three different membranes; UF, RO and NF were used
to filter industrial wastewater effluents containing OFL. The
percent retention of OFL by the selected membranes were
determined from the concentration differences between the
bulks and permeate (determined through UV /visible T-60
spectrophotometer). The effect of OFL on permeate fluxes
through the membranes were determined from the differ-
ences of flow meters installed at the in and out of the mem-
brane pilot plant.

The percent retention was determined using the for-
mula:

b

C
%R:[l— C—*’wao 3)

where Cp and C, (mg/L) are concentrations of OFL in per-
meate and bulk feed respectively. The permeate flux (J) was
calculated using the equation:

1 _do

_1 v 4
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where A is the surface area of the membrane (m?), V volume
of permeate (L) and ¢ is filtration time (h). The backwashing
of each membrane was performed after each experimental
cycle.

The characteristics of the membranes used in this study
are listed in Tables 1-3. Membranes were initially washed
with double distilled water according to manufacturer pro-
vided information. A solution of 80 mg/L was prepared
in double distilled water. All the required samples were
retained to room temperature, neutral pH and transmem-
brane pressure was 1 bar in all experiments. The % rejection
of OFL and the consequent decrease in the permeate flux
were determined as mentioned above.
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Table 1
UF membrane parameters
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Parameters

Specification

Membrane polymer
Membrane type

Diameter bore ID, mm

Polyether sulfone

Capillary multi bore x 7

09

Fiber inside diameter range, mm 4.2

MWCO, kD
Membrane area, m?

Maximum operating
temperature, °C

Maximum pressure, bar

100
50
40

75

Membrane backwash pressure, 0.5-1

bar
pH operating range

3-10

Back wash pH operating range ~ 1-13

Disinfection chemicals

Hypochloride (NaOCl), mg/L 50-200
Hydrogen per oxide (H,0,), 100-200
mg/L

Table 2

RO membrane parameters
Parameters Specification
Manufacture Dow Film Tech
Model RO (270-2540)
MWCO 200
Membrane Thin film composite
Permeate flow rate 850 gal/D (3.2 m?)
Membrane surface area 28 ft* (3.2 m?)
Maximum operating pressure 1.0 bar
Stabilized salt rejection 99.5%
pH operating range 3-10
pH range short term cleaning ~ 1-12

Table 3

NF membrane parameters
Parameters Specifications
Manufacturer Dow Film Tech
Model NF 270-2540
MWCO 200-300
Permeate flow rate 850 gal/D (3.2 m?/d)
Membrane surface area 28 ft?> (3.2 m?)
Applied pressure 4.8 bar
Stabilized salt rejection >97%

2.9. Adsorption/Membrane hybrid processes

In order to enhance the membrane efficiencies, the
adsorption and membrane processes were combined in a
hybrid manner for which a pilot plant was devised. About
8 L solutions of 80 mg/L concentration of OFL was prepared
in double distilled water and passed through UF, RO and NF
membranes using an electric water pump. The percent reten-
tion of OFL by the membranes and their subsequent effect on
permeate fluxes were noted. The membranes were then used
in a hybrid manner with continuous stirred reactor contain-
ing MCN, where OFL solution was contacted with MCN for
about 2 h before passing through membranes. The UF mem-
brane was operated in dead-end mode while the NF and
RO membranes in cross flow mode. A particularly designed
container equipped with the electromagnetic arrangement
was placed in the pilot plant for MCN separation after use
in order to prevent its entry into membrane system and con-
sequently avoid the formation of spongy cake layer over the
membrane surface which would otherwise have to effect the
efficacy of membrane. The membrane parameters such as
percent retention and permeate fluxes for MCN/UF, MCN/
RO, and MCN/NF were determined.

2.10. Regeneration of adsorbent

About 0.1 g of adsorbent was mixed with 50 mL of OFL
(80 mg/L) solution (pH 6) at room temperature and shaken
at 170 rpm for 4 h. The adsorbent was then separated from
slurry through magnet, washed with 5% NaOH solution,
methanol and then with distilled water five times. Then
it was oven dried at 70°C for 2 h. The adsorbent was then
used and regenerated up to 6 cycles and the decrease in
removing OFL efficiency was noted.

3. Results and discussions
3.1. Characterization of MCN

The magnetic nanocomposites were prepared from Dal-
bergia sissoo sawdust. The magnetic property of the adsor-
bent was checked with a magnet bar. The prepared MCN
completely adhered to the magnet which confirmed the
magnetic character of the sample.

The elemental diffraction X-ray of MCN is shown in Fig.
2a. The figure shows the presence of carbon, iron and oxy-
gen peaks. Small peaks of calcium, magnesium and potas-
sium (impurities) were also observed.

The SEM images are shown in Figs. 2b—d, reflecting
the surface morphology and texture of MCN. The images
shows a clear irregular shaped composite particles with
crooks and shattered edges suggesting to be a suitable sur-
face for adsorption. The dots like structures on the surface
shows iron oxide (Fe,O,). SEM images also show the cubic
crystalline structure of iron oxide deposited on MCN.

Figs. 2e and f, shows FTIR spectra of MCN with char-
acteristic peaks. The peak from 2250-2300 cm™ presenting
C=C while the peak from 3200-3400 cm™ indicating O-H
group. The peaks between 1700-1800 indicating anhydride
and aldehydes groups while the characteristic peak at 700
shows the Fe-O bond. The shifting in peaks as shown in
graph 2f confirms the adsorption of OFL on MCN.
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XRD is a technique used to determine the crystal struc-
ture and particle size. Fig. 2g suggests a crystalline structure
of iron oxide deposited over the carbon surface. The peaks
observed at 20 values of 29, 36, 38 and 50 corresponding to
indices planes of 220, 311,400 and 422 representing magne-
tite. The presence of magnetite and maghemite are import-
ant for an adsorbent to have magnetic character [26-28].

The TG/DTA of the MCN is given in Fig. 2h. The
initially, a mass of 5.663 g of MCN was taken. From 0 to
60°C, the observed mass loss was 3% which was due to
water evaporation. Up to 318°C, the second mass loss of
about 7% was observed which was due to thermal deg-
radation of cellulose material. The third mass loss of 58%
was observed above 318°C which was attributed to the for-
mation carbonaceous residues and phase transition from
Fe,O, to FeO.

The BET and BJH surface area micro graph are shown
in Figs. 2i and j. The BET, BJH surface area, pore volume,
pore radius were found to be 49.526 m?/g, 21.761 m?*/g,
0.019 cc/g, and 16.110 A° respectively.

3.2. Isothermal studies

The adsorption of OFL on MCN was studied for a
wide concentration range of OFL (20-200 mg/L). With
the increase in concentration, there was an increase in the
adsorption of OFL. Various Isotherm models such as Lang-
muir, Freundlich, Temkin, Jovanovic and Harkins-Jura were
used to determine the isotherm parameters and explain the
observed adsorption behavior.

3.2.1. Langmuir adsorption isotherm

Adsorption phenomenon are generally explained
through graph known as adsorption isotherms (Fig. 3a).
Usually, adsorption of adsorbate on the adsorbent is a func-
tion of concentration at a given temperature. The Langmuir
isotherm is about mono layer adsorption on to a surface
containing a finite number of adsorption sites of uniform
diameters with no transmigration of adsorbate on the sur-
face. Once a site is occupied no further adsorption takes
place on that site. This means that the when surface reaches
to a saturation point, maximum adsorption is achieved. The
linear form of Langmuir isotherm is given as follows [38].

Sl & ©)
qe KLqm qm
where g, represent the amount of adsorbate adsorbed at
equilibrium (mg/g), C, represents adsorbate concentration
at equilibrium (mg/L), g, represent maximum removal
capacity of adsorbate by adsorbent (mg/g), b is an empiri-
cal constant relating to energy of adsorption. C /g, vs C,plot
of OFL is shown in Fig. 3b. g, and b were calculated from
slope and intercept of the plot and are presented in Table 4.

3.2.2. Freundlich adsorption isotherm

The Freundlich adsorption isotherm is an empirical
equation that describes the heterogeneous system. The lin-
ear form of the Freundlich equation is given as follows [39].

Ing, =logK; + llnCe (6)
n

In Eq. (6), g, is the amount of OFL adsorbed per unit
mass of adsorbent (mg/g), K, is adsorption capacity of
adsorbent in L/mg while 1/n is adsorption intensity. K,
and n are Freundlich constant and were calculated from the
slope and intercept of adsorption plot OFL on MCN (Fig.
3c). The values of the constants are presented in Table 4.

3.2.3. Temkin adsorption isotherm

The Temkin adsorption isotherm correlates the heat of
adsorption with the surface coverage. The linear form of
this isotherm is given as follows [40].

g, =Blna+BInC, (7)

where = RT/b, R is a general gas constant and its value is
8.314 J/mol-K, T is absolute temperature (K), b is constant
and related to the heat of adsorption. From g, (mg/g) vs.
In C, (mg/L) plot (Fig. 3d), the values of the slope p and
intercept Blna, were calculated and are presented in Table 4.

3.2.4. Jovanovic adsorption isotherm

This model of adsorption was introduced by Jovanovic.
The Jovanovicisotherm is nearly similar to Langmuir isotherm.
However it also considers the possibility of some mechanical
interactions between the adsorbent and adsorbate. The linear
form of Jovanovic isotherm is given as follow [41,42].

Ing, =Ing,,. ~KJC, ®)
where g, represents the amount of adsorbate adsorbed per
unit mass of adsorbent (mg/g), g, maximum removal
capacity of OFL obtained from the intercept of the graph, C,
equilibrium concentration (mg/L). The plot of Inq, verses C,
is shown in Fig. 3e. The value of K, and g, were calculated
from the slope and intercept of the plot (Table 4).

3.2.5. Harkins-Jura isotherm

Harkin-Jura isotherm considers multilayer adsorption
possibility on the adsorbent surface having heterogeneous
pore allocations. The linear form of the Harkins-Jura iso-
therm can be given as follow [43].

L=B—H—LlogC€ 9)
q. AH AH

where B and A are Harkins-Jura constant that can be
obtained by plotting 1/77 vs. logC, (Fig. 3f).

3.3. Kinetic study

Adsorption kinetics are very important from an economi-
cal point of view in industrial processes. The effect of contact
time on adsorption of OFL on MCN for two constant initial
concentrations (30 and 80 mg/L) are graphically shown in
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Fig. 3. Adsorption isotherms and effect of OFL concentration on adsorption. (a) Effect of concentration on adsorption of MCN (b)
Langmuir plot (C) Freundlich plot (d) Tempkin plot (e) Jovanic plot (f) Harkins-Jora plot.

Fig. 4a. It is evident from the graph that as shaking time
increases the removal of OFL for both concentrations were
also increased. Up to 30 min a rapid increase in the removal of
OFL was observed, followed by comparatively slow removal
phase up to 90 min and then the equilibrium was achieved
up to 120 min. The initial rapid increase was due to the exis-
tence of more binding sites, however when the binding sites
get occupied then the adsorption process becomes slower.
When the shaking time was increased further from 120 to 240
min, the increase in removal efficiency was negligible.
Various kinetic models such as Lagergren pseudo first
and second order, power function, Natarajan and Khalaf,

and intra particle diffusion were used to calculate the
adsorption kinetic parameters. The mathematical forms of
these models are given as follows:

Pseudo-first-order equation [44].

In(q, ~4,) = Ing, ~Kt (10)
Pseudo-second order equation [45].

f_1 ¢ (11

9 K4, 4.
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Table 4
Isothermal parameters for adsorption of OFL on MCN

Langmuir isotherm

Do (MB/8) 70.423
K, (L/mg) 0.0286
R? 0.985
Freundlich isotherm
K, (mg/g) 3.652
1/n 0.6144
R? 0.959
Tempkin isotherm
B 15.27
o 3.280
159.52
R? 0977
Harkins-Jura isotherm
AH (g*/L) 0.526
BH (mg?/L) 2.105
R? 0.818
Joanovic isotherm
K, (L/g) -0.009
Dy (MG/8) 24.042
R? 0.775

Power function kinetic equation [46].

logg, =loga+blogt (12)
Natarajan and Khalaf kinetic equation [47].
C K
log| =% |=—2—¢ 13
og( C, j 2.303 (13
Intra particle diffusion model [48].
g, = Kﬂ,,.fft”2 +C (14)

In Eq. (10), g, (mg/g) is the OFL amount adsorbed per
unit mass of adsorbent at equilibrium time, g, is the OFL
amount adsorbed at specific time t, K, (1/min) is the rate
constant. The value of g, and K, were calculated from the
slope and intercept of plotting In(g —g,) verses time plot (Fig.
4b) and are given in Table 5.

In Eq. (11), K, (g/mg-min) is the rate constant of pseu-
do-second order kinetic model. The values of g,and K, were
calculated from the slope and intercept of t/g, vs time plot
(Fig. 4c) and are given in Table 5.

In Eq. (12), the constant ‘a” represents the initial rate
and refers to the intercept of the graph, the constant ‘b’ rep-
resents the reaction rate and refers to the slope of the graph.
By plotting log g, versus log t the values of a and b were
calculated (Fig. 4d) and are given in Table 5.

In Eq. (13), C (mg/L) represent the concentration at zero
time and C, (mg/L) represent the concentration at time t. by

plotting log(C /C,) versus t the value of slope K,, was calcu-
lated as shown in Fig. 4e and are given in Table 5.

In Eq. (14), g, (mg/g) is the amount of OFL adsorbed
per unit mass of adsorbent at a specific interval of time.
By plotting g, versus t'/? the values of K. and C were cal-
culated from the slope and intercept of tﬁe graph (Fig. 4f)
and are given in Table 5. The Weber’s intra particle dif-
fusion model is usually used to determine the adsorption
mechanism. Using this model one can decide whether
film diffusion or intra particle diffusion is the rate limit-
ing step. If g, vs. t'/?plot is linear and passes through the
origin then the intra particle diffusion is the sole rate lim-
iting step. If the curve have multi linearity then the pro-
cess is controlled more than one mechanism. The curve in
Fig. 4f is multilinear and have three phases: a. the initial
steep phase representing surface diffusion, b. the second
less steep portion presenting gradual sorption of ofloxacin
where intra particle diffusion within the pores is rate lim-
iting and c. the third portion is somewhat linear to x-axis
where equilibrium has reached. Since the curve do not
passes through the origin thus intra particle diffusion is
not rate limiting step and the process is controlled by more
than one mechanism. There were three steps involved in
sorption of ofloxacin on prepared nanocomposite, how-
ever only one predominate at a given time phase. The low
values of C (Table 6) suggested that surface diffusion not
playing a significant role in the rate controlling step in the
overall process of sorption.

3.4. Thermodynamic studies

To determine the thermodynamic parameters of the
of OFL adsorption on the prepared nanocomposite, the
adsorption experiments were carried out at different tem-
perature (20, 30, 40, 50, and 60°C). The Vant Hoff equation
was used to calculate AH® and AS° [49].

_AS° AHP

R RT

InK (15)

In Eq. (15), K is a constant relating to the amount of OFL
adsorbed per unit mass of MCN. AS° presents the change in
entropy while AH®, the change in enthalpy. R is universal
gas constant and its value is 8.314 kJ/mol and T is the tem-
perature in Kelvin.

The value of AH® and AS° were calculated by plot-
ting nK vs. 1/T (Fig. 5a). The values of AH® and AS° were
found to be —27.948 and 110.17 kJ/mol respectively point-
ing towards the exothermic and spontaneous nature of the
process.

The values of AG® (Gibbs free energy change) at different
temperatures were calculated using the following relation.
AG®° =AH°-T(AS°) (16)

The values of AG® calculated were: -32.31, -33.41,
—-34.51 and -35.61 corresponding to temperatures: 20, 30,
40, 50 and 60°C. The negative values of AG® presenting
the favorable and spontaneous nature of the process. With
the increase in temperature there is an increase in AG®
showing that the sorption of OFL increases with increase
in temperature.
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Fig. 4. Adsorption kinetics of OFL adsorption on MCN (a) Kinetics plot (b). Pseudo-first order kinetic plot (c). Pseudo second kinetic
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3.5. Effect of pH on OFL removal

The pH of the medium is an important factor that influ-
ence the sorption of any contaminants by an adsorbent. In
this study the solution pH have been varied between 2 to
12 in order to investigate the effect of pH on OFL removal
by MCN (Fig. 5b). The effect of pH from 2 to 6 was more
significant and within this limit there was an increase in
sorption of OFL. Above pH 6 there was a decrease in the
sorption process. To explain the increase/decrease of sorp-
tion process, speciation curves of OFL was constructed
(Fig. 5c). At low pH in acidic media (up to pH 2) OFL is

neutral, while from pH 2 to 4 the predominant charge is
negative on OFL molecule while from pH 4 to 6 OFL mole-
cule has a net positive charge. The high adsorption capac-
ity of MCN at pH 6 can be explain on the basis of favorable
interactions between the adsorbent and adsorbate. The
FTIR analysis showed that the adsorbent possesses a net
negative charge while from pH 4 to 6 there is a net positive
charge on OFL leading to favorable interaction resulting in
sorption of OFL [49-51]. From pH 6 to 8 the OFL molecule
is in zwitterion form which is equivalent to neutral mole-
cule therefore, low sorption of OFL was observed. It was
concluded that in anionic and neutral form the sorption of
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Table 5
Kinetic parameters for OFL adsorption on MCN
Concentration (mg/L) Rate constant Correlation coefficient
Pseudo-second order model K, (g/mg min) g, (mg/g) R?
30 0.0016 16.287 0.995
80 0.00088 35.842 0.998
Pseudo-first order model K, (1/min) q, (mg/g) R?
30 0.015 12.079 0.992
80 0.0218 27.799 0.996
Power function model a b R?
30 1.541 04275 0.980
80 3.349 0.4465 0.942
Natarajan and Khalaf model K, (1/min) R?
30 0.0069 0973
80 0.0115 0.983
Intraparticle diffusion model Ky (mg/g min'/?) C R?
30 0.8788 0.9809 0.966
80 19768 5.3583 0.892
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Fig. 5. Effect of temperature, pH and adsorbent dosage on adsorption of OFL a. Vant Hoff plot b. effect of pH c. speciation graph d.
effect of adsorbent dosage.

OFL was relatively low while in the cationic state it was  anionic state of OFL are dominant leading adsorbent-ad-
high; hence an appreciable amount of OFL was removed sorbate repulsions and thus a decrease in removal effi-
from solution pH 4 to 6. Above pH 6, the zwitterionic and  ciency of OFL can be observed [52].
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3.6. Effect of adsorbent dose

In order to determine the effect of adsorbent dosage on
the removal of OFL by MCN, the MCN dosage was varied
from 0.01 to 0.15 g (Fig. 5d). The removal of OFL increases
with increase in MCN dosage up to 0.09 g and then
remained almost constant. This increase occurred because
the sorption is a surface phenomenon and with increase in
surface area due to addition of adsorbent mass resulted in
high sorption capacities. Further, increase in the MCN dos-
age leading to a competition between the adsorbent parti-
cles for adsorbate and the sorption of OFL on active sites

was not effected with increase in dosage of MCN above
0.09 g [53].

3.7. Effect of OFL on permeate flux of UF, NF and RO
membrane

From Figs. 6a—e, it is obvious that there was a decline in
permeate flux in the early phases for distilled water when
passed through all the three selected membranes, which
were due to the interaction of ions present in water and also
due to intrinsic membrane resistance. In distilled water gen-
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erally, H*' and OH™" ions are present. The presence of ions is
understandable from the conductance measurement (6.3 x
10°sm™).

The permeate flux then became steady and were not
much affected within the experimental conditions and time.
The adsorption of the OFL on membrane up to some extent
blocks the membrane pores and results in low permeate flux.

The molecular mass of OFL is smaller than that of UF
membrane MWCO. OFL molecules were expected to pass
without any resistance and the concentration of perme-
ate (C ) water must be equal to that of bulk concentration
(C,). However, in spite of low retention, flux decline was
observed for UF membrane. An improvement in permeate
flux for UF/MCN process was observed (Fig. 6b).

In the case of NF and RO the molecular mass of OFL
antibiotic was greater than the MWCO of these membranes
which drastically affects the permeate flux. This effect of
OFL antibiotic on permeate flux of NF (Figs. 6¢c and d) and
RO (Figs. 6e and f) was more pronounced as compared that
UF membrane. When NF and RO membranes were used
in hybrid manner with MCN, improvement in permeate
fluxes were observed.

The percent retention of OFL by the selected mem-
branes alone and with the MCN have been presented
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in Fig. 7. As mentioned earlier the MWCO of UF mem-
brane was higher than molecular weight of OFL and was
expected to pass freely from UF membrane. However due
to adsorption on membrane surface and concentration
polarization still there was 15-20% retention of OFL. The
decline in permeate flux of UF membrane was due to this
retention. When the MCN pretreatment was applied the
percent retention was improved from 40 to 50% and con-
sequently improved flux was also observed (Fig. 7a). The
percent retention OFL by NF and RO membranes were
about 95 and 99.6% (Figs. 7 b and c) as a result the effect
on permeate flux was more drastic. When these mem-
branes were connected to the reactor where pretreatment
of MCN adsorption was applied the percent retention of
OFL was improved to 100% and permeate luxes were also
improved.

3.8. Regeneration experiments

From economical point of view the regeneration and
recycling of an adsorbent is very important as this on one
hand reduces cost of a process and on another hand pre-
vent the sludge formation. After first regeneration cycle, the
initial removal capacity of OFL dropped up to 8% of the
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Fig. 7. Percent retention of OFL by membranes a. UF membrane b. NF membrane c¢. RO membrane.
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original capacity and after 6™ regeneration cycle the drop
was 45%. From the results it can be concluded that MCN is
a stable and excellent adsorbent for the removal of OFL that
can easily be regenerated with minimum loss in its adsorp-
tion capacity.

4. Conclusion

In this research work, MCN was prepared from Dalber-
gia sissoo sawdust and was characterized by surface area
analyzer, SEM, FTIR, XRD, EDX and TG/DTA. The mag-
netic character of MCN was confirmed from XRD and FTIR
analysis. The MCN was tested for the removal of OFL from
wastewater through batch and membrane hybrid method.
MCN was found efficient in the removal of OFL from waste-
water and its adsorption capability was mainly dependent
on initial pH, adsorbent dose, contact time, initial OFL con-
centration and temperature. Best fit of the isotherm experi-
mental data was obtained with Langmuir isotherm with R?
value of 0.985. Kinetic studies showed that the experimental
data fitted well to pseudo-second order equation with R?=
0.998. In membrane hybrid technology, the percent reten-
tion of OFL by UF/MCN was improved from 15 to 50% and
permeate flux was also improved to some extent. In the case
of NF/MCN improvement in percent retention and perme-
ate flux was enhanced by MCN. In the case of RO/MCN
improvement in permeate flux also observed. It was con-
cluded that the use of MCN as a remedy of fouling control
will improve the efficiency of membranes considerably. The
membrane process are rapid and if the fouling complication
are handled properly could be used for the real sample con-
taminated water in industries.
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