Biosci. Biotech. Res. Comm. 10(1): 241-248 (2017)

ience Biotechnology
Research Communications

Kinetics and mechanism of red mud in adsorption
of ciprofloxacin in aqueous solution

Davoud Balarak', Ferdos Kord Mostafapour' and Ali Joghataei?
'Department of Environmental Health, Health Promotion Research Center, School of Public Health, Zahedan

University of Medical Sciences, Zahedan, Iran

2MSc Student of Environmental Health Engineering, Student Research Committee, Qom University of Medical

Sciences, Qom, Iran

ABSTRACT

The objective of this study is to remove the Ciprofloxacin (CPX), from synthetic wastewater by using the acid acti-
vated red mud in batch adsorption experiments. The effects of contact time, adsorbent dosage and initial CPX con-
centration on the adsorption were investigated. It was found that the sufficient time to attain equilibrium was 75 min.
The adsorption isotherms were analyzed using the Langmuir, the Freundlich, Temkin and Dubinin Radushkevich iso-
therms. The Freundlich isotherm was the best-fit adsorption isotherm model for the experimental data obtained from
the linear chi-square statistic test. The maximum adsorption capacities were 19.12 at room temperature according to
the Langmuir model. The adsorption kinetics analysis indicates that pseudo-second order model is better fitted than
other kinetics model for the description of the adsorption rate. The results show that the highest removal efficiency

of 96.5% was achieved around adsorbent sosage 5 g/L.
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For the last years the interest towards the fate of medi-
cines, especially antibiotics, has been arising,(Alexy
et al., 2004 and Balarak et al., 2016a). Being refrac-
tory substances, antibiotics pass the biological treat-
ment plants intact, either remaining in the liquid phase
or, dependent on their hydrophilicity, adsorbing to the
active sludge with subsequent desorption to the envi-
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ronment, (Johnson and Mehrvar (2008) and Choi et al.,
2008). Pharmaceuticals are considered as an emerging
environmental problem due to their continuous input
and persistence into the aquatic ecosystem even at low
concentrations,( Aksu and Tunc 2005 and Balarak et al
2016 b).

After their use, human pharmaceuticals or their
metabolites are excreted into the effluents and reach
the sewage treatment plants (STPs) ( Balarak et al 2016¢c
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and Su et al., 2016). Unfortunately, conventional STPs
are not able to degrade residues of pharmaceutical com-
pounds, and as a result they are introduced into the
aquatic environment. Residual amounts of pharmaceuti-
cals can reach surface waters, groundwater or sediments.
Many studies have reported a large number of pharma-
ceuticals at concentrations ranging from ng/L to g/L in
STP effluents, in natural waters and even in drinking
water. Ciprofloxacin (CPX) is one of the most used anti-
biotics in aquaculture and veterinary medicine. It has
been monitored either in superficial or in potable waters,
(Hu et al., 2007, Ji et al 2002, 2009, Jianga et al., 2013,
Genec et al., 2013, Zhang et al 2016, Su et al., 2016 and
Yu et al., 2016).

Although the amount of drugs introduced in the
medium through these routes may be low, its continu-
ous discharge could cause high concentrations in the
long term and adverse effects in terrestrial and aquatic
organisms. These effects can be slowly accumulated, so
that the changes show up suddenly and irreversibly. On
the other hand, it could be supposed that pharmaceuti-
cals are susceptible of degradation through microorgan-
isms’ action, but not all drugs are biodegradable. The
case of antibiotics is obvious, because they are biologi-
cally active, and so they have limited biodegradability.
A clear example is the fact that, in the last decades, the
increase in antibiotics consumption has resulted in the
generation of more harmful bacteria, more resistant to
antibiotics. The adsorption process is another attractive
alternative treatment process if the adsorbent is inex-
pensive and readily available, (Dutta et al., 1999,Zhang
et al., 2003,Gao and Pedersen (2005) Gulkowsk et al.,
2008, Kassinos et al,2011, Peterson et al, 2012 and Bal-
arak et al. 2016 d).

Activate carbon is the most powerful and common
adsorbent and has been used successfully. But the high
cost in the preparation of activated carbon restricts its
use in the industrial wastewater treatment, especially
in the developing countries, (Chen and Huang 2010).In
recent years, many studies have been done on the non-
conventional and economic adsorbents, especially those
researches on making use of industrial solid waste. Using
an industrial solid waste for the treatment of wastewa-
ters from another industry could be helpful not only to
the economy, but also to solve the solid waste disposal
problem, (Zhang et al., 2003, Zhu et al., 2013 and Parolo
et al., 2008).

Red mud (RM), (bauxite wastes of alumina manu-
facture) emerges as an unwanted byproducts during
alkaline-leaching of bauxite in Bayer process, which is
used for the production of alumina from bauxite. Stud-
ies using red mud residues from alumina refineries as
unconventional adsorbents for water and wastewater
treatment purposes are motivated by the fact that red

mud is a fine-grained mixture of oxides and hydrox-
ides, capable of removing several contaminants, as well
as being widely available, (Claudia et al., 2005, Weiwei
et al., 2008, Wang et al., 2008, and Tor and Cengeloglu
2006). However, the studies about utilization of acti-
vated red mud for removal of antibiotics from aqueous
solution are very rare. Therefore, in the present paper,
the possibility of utilisation of the red mud in the acid
activated form as an adsorbent for removal of CPX from
synthetic wastewater was studied.

MATERIAL AND METHODS

Ciprofloxacin with molecular weight 331.34 g/mol and
maximum adsorption 285 nm. The CPX (C17H18FN303)
was purchased from Sigma-Aldrich (>98% purity) and
used without further purification.

Red mud was washed thoroughly with distilled water,
dried at 110 °C for 24 hours. 10 grams of washed red mud
was soaked in 200 ml of 1N H,SO, for 24 hours, washed
with water several times and dried at 110 °C overnight.
The acid treated red mud sample thus prepared was
sieved and the sample of average size 120 microns was
used for the studies. Scanning Electronic Microscopy
(SEM) was carried out for surface morphology to com-
pare the relative performance of raw and acid treated
red mud. The surface areas of original red mud and acid
treated red mud were determined by BET analysis using
ASAP 2020 V3.04 H, Micromeritics, USA surface area
analyzer.

Batch adsorption experiments were carried out in 200
mL flasks with 100 mL of working volume. 5 grof RM
and determined amounts of stock solution were added
into flasks and diluted to designed concentrations. The
initial pH of the solution was adjusted to 6.5 + 0.2 using
0.1M HCI or 0.1M NaOH. The loaded flasks were sealed
and shaken at an air rotary shaker with 200 rpm for
75 min. The adsorption was examined at 28+2 °C. A
blank adsorption experiment without RM addition was
conducted following the same procedure as the control.
Each test was carried out in triplicate and the average
was reported here. Liquid samples were collected from
the flasks at predetermined time intervals. The collected

FIGURE 1.
of CPX.

Chemical structure
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liquid samples were centrifuged at 4000 rpm for 10 min
and the supernatant was passed through 0.45 um fil-
ter for the determination of residual tetracycline con-
centration. CPX concentrations are measured by liquid
chromatography (HPLC) coupled to a photodiode array
detector (PDA, Surveyor, Thermo Scientific, USA). A
Luna C18 column (150 mmx3.0 mm, 3 M, Phenomenex,
USA) with a mobile phase containing 87.5% water (0.1%
formic acid) and 12.5% acetonitrile is used for the chro-
matographic analysis of CPX.

The amount of CPX adsorbed was calculated from the
following equation:

- al V
qe Z(CO —C e);

where q_ is the amount of CPX adsorbed per unit weight
of activated red mud (mg/g); C, the initial concentration
of CPX (mg/L); C, the concentration of CPX in solution
at equilibrium time (mg/L); V the solution volume (L); m
is the activated red mud dosage (g).

RESULTS AND DISCUSSION

The raw RM and acid treated RM have specific surface
area of 21.4 and 28.7 m?/g respectively. The pore size of
raw RM and acid treated RM was 18.75 nm and 17.44
nm respectively. The surface area and pore volume of
acid treated RM is higher than the raw RM.
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SEM of RM after and before CPX adsorbed are shown
in Fig. 2a and b. It is clear that, RM has considerable
numbers of pores where, there is a good possibility for
CPX to be trapped and adsorbed into these pores.

RM is found to be a complex mixture of phases
mainly comprising of Hematite (Fe,0,),Goethite FeO(OH)
and Quartz (Si0,). The surface of the RM activated by
acid pretreatment was compared with that of raw RM
using the results of scanning electron microscopy. The
SEM-EDAX micrograph of raw RM and acid treated
RM samples are shown in Fig 3a and b. EDAX analysis
shows that the intensity for metals like Al, Si, Ti and Fe
in raw RM are high. Acid treatment of RM has resulted
in drastically decreased intensities for Fe, Ti, Si and Al.

Effect of contact time and initial CPX concentration

Fig 4 shows the effect of contact time and initial con-
centration on adsorption of CPX by RM. The removal
of CPX Was rapid at initial stage of contact time until
saturation. The equilibrium time was 75 min for all the
CPX Concentation used (10-100 mg/L). This may be due
to the attainment of equilibrium condition at 75 min
of contact time, which is fixed as the optimum contact
time. At the initial stage, the rate of the removal of CPX
was higher, due to the availability of more than required
number of active sites on the surface of adsorbent. The
rate of the removal became slower at the later stages of
contact time, due to the decreased or lesser number of
active sites.Low et al 2007, Tor and Cengeloglu 2006 and
Balarak et al., 2016¢e )
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FIGURE 3. The SEM- EDAX micrograph of a: raw red mud b: red mud treated

with H,SO,.
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FIGURE 4. Effect of contact time and concentration on
CPX removal (pH =7, Adsorbent dosage 5 g/L and tem-
perature= 28+2°C).

The uptake of CPX at equilibrium decreased from 96.5
to 78.4 with the increase of CPX concentration from 10
to 100 mg/L. It can be attributed that the active sites on
adsorbent for CPX removal decreases when CPX con-
centration increases, (Putra et al., 2009).

Effect of adsorbent dose

Fig 5 shows that the removal of CPX increased with the
increase in adsorbent dosage and reached a maximum
of 25.2 mg/g (89.6%) at 5 g/L of adsorbent dose. The
increase in the amount of CPX removal with adsorbent
dosage is due to the greater availability of adsorbent
surface area for adsorption ( Ahmad et al. 2012, Zazouli
et al., 2014).

Adsorption Kinetics: Kinetics is key factor for adsorp-
tion investigation because it can predict the rate at
which a pollutant is removed from aqueous solution and
provides valuable data for understanding the mecha-
nism of adsorption process. Several models are available
to investigate the adsorption mechanism and descrip-
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FIGURE 5. Effect of adsorbent dosage on CPX
adsorption (CO = 50 mg/L, time = 75 min, pH = 7,
temp= 28 + 2°C).

tion based on experimental data such as pseudo-first
order, pseudo-second order, intramolecular diffusion
and Elovich models. The pseudo-first order adsorption
rate and pseudo-second order adsorption rate have the
following linear forms, (Ersen and Bagd 2013, Ghauch
et al., 2009 and Balarak et al., 2015).

K
Iﬂg(qa-q)=40gqa;ggﬁgf

Where k, (min™') is pseudo first order rate constant, q_
(mg g') is the amount of CPX adsorbed on surface at
equilibrium, q, (mgg™') is the amount of CPX adsorbed
on surface at time t (min). The adsorption rate constant,
k, and g, were calculated from the plot of log(q-q) vs t,
and are listed in Table 1.

t 1 t

q  kpqe? qe

Where, k, (g mg™ min™') is pseudo second order rate
constant. The adsorption rate constant, q_ and k, were
calculated from the plot of t/qt vs t, and are listed in
Table 1. The correlation coefficient of pseudo first order
kinetics (0.941) is not lower than that of second order
kinetics (0.997). Consequently pseudo second order
kinetics is fitted.

Intraparticle diffusion

The limiting step in CPX adsorption may be either the
boundary film formation or intraparticle (pore) diffu-
sion of the CPX on the solid surface from bulk of solu-
tion. Weber and Morris explain the diffusion mechanism
through the following equation:

¢=kt"?+C

C is the intercept that its value provides information
about the thickness of boundary layer. K is intraparticle
diffusion rate constant (mg g-! min=*) which are evalu-
ated from the intercept and slope of plot q, and t'2.

Elovich

It is another rate equation in which the absorbing sur-
face is heterogeneous. It is represented as:

qt——;hl ap —%lnt

o is the initial adsorption rate (mg g-' min'). B is the
desorption constant (g mg™!) which are calculated from
intercept and slope of plot g, versus Int.
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Table 1. Adsorption kinetics constants of adsorption of CPX onto RM

First-order model Second-order model | Weber-Morris model | Elovich model
qe mg/g exp | qe cal k, R? qe cal k, R? k C R? o B R?
19.25 17.06 0.125 0.941 | 20.14 0.748 | 0.997 | 0.642 0.749 0.876 | 4.112 | 0.847 | 0.904

Adsorption Isotherm Models: The equilibrium data of
CPX analyzed by fitting them into Langmuir, Freun-
dlich, Temkin and Dubinin Radushkevich equation to
find out the suitable model that may be used for design
consideration.

Langmuir Isotherm

The Langmuir isotherm assumes the absence of any
interactions between adsorbate molecules and the
adsorption process is account for monolayer forma-
tion. The linear form of the Langmuir isotherm, assum-
ing monolayer adsorption on a homogeneous adsorbent
surface, is expressed as follows:

Logq.= ilog Ce+ logKg

Where q_ (mg-g™') is the maximum adsorption capac-
ity of the adsorbent corresponding to monolayer forma-
tion and illustrates the maximum value of q, that can
be attained as C_ is increased. The b parameter is a coef-
ficient related to the energy of adsorption and increases
with increasing strength of the adsorption bond. Values
of q . and b are determined from the linear regression
plot of (C/q) versus C. Linear plot in negative direc-
tion indicates that Langmuir model fails to explain the
process of adsorption and absence of formation of mon-
olayer.

Freundlich Isotherm

It is well established that the Freundlich isotherm is often
applied to heterogeneous solid catalyst. The Freundlich
equilibrium isotherm equation is an empirical relation
involved for the description of multilayer adsorption with
interaction between adsorbed molecules. The Freundlich
equation is expressed as follows in its linear form, (Rosta-
mian and Behnejad 2016, Balarak et al, 2016 g),

Ce 1 C,.
de qmKL dm

where, K represents the capacity of the adsorbent for
the adsorbate, and 1/n shows adsorption intensity of
CPX on solid which is a function of the strength of
adsorption. A linear regression plot of log q_ versus log
C,, gives the K and n values. The model is applicable to
the adsorption on heterogeneous surfaces by a uniform

energy distribution and reversible adsorption. Linear
plot with high regression factor indicating the success-
ful model in explaining the adsorption model.

Temkin Isotherm

The Temkin model takes into the account adsorbing
species—adsorbent interactions. This isotherm proposed
that the heat of adsorption of all the molecules in the
layer decreases linearly with coverage due to adsorbent-
adsorbate interactions and the adsorption is character-
ized by a uniform distribution of binding energies, up
to some maximum binding energy. The linear Temkin
equation is(48, 49):

g=Pplma+phnC.

is the equilibrium constant corresponding to the maxi-
mum binding energy.

RT
Bb

T is the absolute temperature in Kelvin. R is the uni-
versal gas constant 8.314 Jmol *.X™'. b is the Temkin
constant related to heat sorption/J-mg.

A and f are calculated from the slope and intercept
of q, versus In C. The Temkin equation better holds for
the prediction of gas phase equilibria rather than liquid
phase. The liquid phase is a more complex phenomenon
since the adsorbed molecules do not necessarily organ-
ized in a tightly packed structure with identical orienta-
tion. Linear plot and high regression value suggest the
successful model in explaining the adsorption mecha-
nism.

Dubinin Radushkevich Isotherm

This model is involved to estimate the porosity, free
energy and the characteristics of adsorbents. The iso-
therm assumes the surface heterogeneity and the vari-
ation of adsorption potential during sorption process.
The model has commonly been applied in the following
linear Equation: (Zazouli et al., 2015):

Inq. - Inqy,- Be
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Table 2. Isotherms constants for the removal CPX onto RM

Langmuir model Freundlich model

Dubinin Radushkevich Temkin model

qm RL KL R? n KF R?

B qm E R? R?

19.12 | 0.461 | 0.038 | 0.964 |3.29 | 1.874

0.985

6.52 | 17.44 | 875.2 | 0.928 | 6.731 | 0.844 | 0.911

Polanyi potential, €, can be calculated according the fol-
lowing equation, (Peng et al., 2012):

£=RT In (1+1/C.)

Where B is a constant related to the adsorption energy
(mol? J?), qm the theoretical saturation capacity. Table
2 summarizes Dubinin constants. The mean free energy
of adsorption (E) which is energy require to transfer one
mole of the CPX from infinity in solution to the surface
of the solid can be calculated from the B value using the
following relation,( Chang et al., 2012).

E=1/V2B

Table 2 summarizes isotherm constants. The results of
Freundlich, Langmuir, Temkin and Dubinin Radushk-
evich models suggest that adsorption of CPX is accom-
panied by multilayer formation. The adsorption energy
obtained from Temkin plot 368.08 J.mg~! which indi-
cates that the adsorption process is endothermic and a
strong interaction between RM and CPX. The value of
energy is about 875.2 J/mole revealing physisorption of
CPX on RM.

CONCLUSIONS

The adsorption removal of Ciprofloxacin by Red Mud was
investigated in this study. The highest removal efficiency
of CPX 96.5% was was achieved around adsorbent sosage
5 g/L. The removal efficiency of CPX was affected by the
adsorbent dose and the concentration of CPX antibiotics
in the solution and contact time. The adsorption isotherms
analysis shows that Freundlich model is better fitted than
other isotherm models for the adsorption equilibrium. The
adsorption behavior of CPX on RM stone was fitted well
in the pseudo-second order kinetics model.
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