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ARTICLE INFO ABSTRACT

Keywords: This study investigates the potential of CeO, nanoparticle as an adsorbent to remove tetracycline (TC) in water.
Ce0, CeD» nanoparticle was synthesized using precipitation method in water/alcohol mixed solvents. As-synthesized
Adsorption sample was characterized using x-ray diffractometer, scanning electron microscope, and Fourier transform in-
Tetracycline

frared spectroscopy. The adsorption isotherm experiment was conducted in liquid phase by varying the contact
time and the temperature at initial TC concentration of 25-125 mg/L. The result showed that CeO; has a cubic
structure with erystallite size of 10.86 nm and is composed by aggregate particles. The equilibrium adsorption is
reached after a contact time of 60 min that yield the removal efficiency of 80-97% and adsorption capacity of
58.03 mg/g. The adsorption kinetic analysis indicated that the adsorption process could be described by a
pseudo second order model. The thermodynamic parameters confirmed that TC adsorption onto CeOz nano-

Water treatment

particle was exothermic and spontaneous. The high removal efficiency and short time adsorption equilibrium

suggest that CeO, nanoparticle can be used as an antibiotic adsorbent for water treatment.

1. Introduction

Tetracycline (TC) is the second broad spectrum antibiotics largely
used in human and veterinary medicine. Most TC used in medical
treatment is poorly absorbed by humans or animals. Around 30 %90 %
of TC is excreted through urine and faeces as an active compound into
the environment and becomes one of the emerging pollutants in water.
Even though relatively low in concentration, the residue of TC in the
aqueous environment leads to serious pollutant which contributes to
increasing resistance of human pathogens, affecting human health and
damaging ecosystem [1-3]. Therefore, the treatment method for TC
removal in water is interesting to develop.

The waste water treatment method based on photodegradation
[4-6], biocatalytic [7,8], Fenton-like process [9,10] and ultrasound
irradiation [11,12] have been developed for TC removal in water.
Among these methods, adsorption has been considered as an effective,
economic and simple-operating method for removal of various water
pollutants. Activated carbon is most intensively studied as effective
adsorbent to remove antibiotic in water due to large surface area with
microporous structure and high porosity [1-3]. Consequently, activated
carbon showed superior adsorption capacity. However, the adsorption
equilibrium of antibiotic onto activated carbon takes long time i.e in
order of several to hundred hours [3]. In other report it is suggested to
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develop high performance of activated carbon preparation using fea-
sible method from cheap raw materials to reduce cost production of
activated carbon [1,2].

In recent years, a number of materials have been investigated as
alternative adsorbents for TC removal [13-19]. CeQ, is the most im-
portant rare earth metal oxide due to its wide range application in-
cluding environmental [20,21], biomedical [22,23] and energy fields
[24]. In term of water treatment application, CeO, is commonly used as
a photocatalyst [25,26] and an adsorbent for removal of dye and heavy
metal [27-31]. Furthermore, CeQ. shows ability to degrade dyes by
adsorpting/photodegradating simultaneously [32]. Even though CeO
nanoparticle has been considered as an excellent adsorbent for heavy
metal and dyes removal, only few reports about CeQ, application as an
adsorbent for pharmaceutical removal are found. Brigante and Schultz
showed the adsorption of minocycline on the CeQ, is very fast in the
initial several minutes [33,34]. Zhang et al. reported that the adsorp-
tion-desorption equilibrium of salicylic acid on the Ce02-H20,; system is
reached after 40min [35]. In addition, Guan et al. reported that cata-
lytic activity of Co302/Ce0; nanocomposite mediated with persulfate
showed maximum TC degradation efficiency of 79% within 60 min
[19]. Hence CeQ2 has the potential as an adsorbent to eliminate anti-
biotics in water quickly.

The adsorption properties of CeQ, nanoparticle is influenced by
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particle size as well as preparation method [31,32]. The high adsorp-
tion capacity of CeO, nanoparticle obtained using cerium (IV) sulphate
precursor and cetyltrimethylammonium as a template in alkaline media
due to smaller crystallite size than that CeQ, nanoparticle prepared in
acidic media [32]. In the previous report, we studied synthesis of CeO,
nanoparticle using precipitation method in alkaline condition and cal-
cined at various temperatures. The small crystallite size and good
crystallinity of CeO. nanoparticle obtained at calcination temperature
of 500 °C [23]. In this paper, we demonstrate the effectiveness of that
Ce0y nanoparticle as an adsorbent for TC removal in water. Pre-
cipitation is a simple method that can be utilized for large scale pro-
duction of nanoparticle with low cost. CeO, nanoparticles were char-
acterized by XRD, SEM, and FTIR techniques. The adsorption of TC onto
Ce0, nanoparticles was analysed using various adsorption models to
determine kinetic parameters and adsorption mechanism. In addition,
the effect of temperature on the adsorption of TC onto CeQ. nano-
particle was studied to estimate the thermodynamic parameters.

2. Materials and methods
2.1. Materials

Cerium nitrate {Ce(NO3)3.6H20) as cerium precursor was purchased
from Sigma-Aldrich Ltd. Ammonium hydroxide (Merck) was used as
precipitant. Demineralized water (DW) and iso-propanol (Merck) were
utilized as solvent. Tetracycline (TC) was obtained from pharmaceutical
company in Indonesia.

2.2, Synthesis and characterization of CeQz nanoparticles

Ce0, nanoparticle was synthesized by precipitation by following the
procedures described previously [23]. Cerium nitrate solution (0.08 M)
was made by dissolving cerium nitrate with mixed solvent of DW and
iso-propanol. The solution was stirred by magnetic stirrer to obtain
homogeneous solution. After that, ammonium hydroxide was added
into the solution until pH 10 was reached. The precipitate was filtered
and washed with ethanol several times, then dried at 100 °C for 3 h. The
dried precipitate was finally calcined at 500 °C for 2h to form crystal-
line of CeO, nanoparticles. X-ray diffractometer (PANalytical), scan-
ning electron microscope (JEOL JSM 6360) and Fourier transform in-
frared spectroscopy were used to characterize structure, morphology
and functional group of CeO, nanoparticles respectively. The average
crystal size of CeO,nanoparticle was calculated using Scherer formula:

_ 0.94
Beose’ (D

where D represents crystallite size, A is wavelength of x-ray, § denotes
FWHM and @ is diffraction angle.

2.3. Adsorption experiment

The adsorption isotherm experiment of TC was carried out at initial
concentration in the range 25-125mg/L. Sample with 15 mg nano-
particles CeO, was added to 10 mL TC solution. The mixture was stirred
with the speed rotation of 300 rpm in the dark condition at different
temperature (303K, 313K and 323 K). Experiment was performed at
natural condition of TC solution. The sample was taken in interval time
of 15— 120 min and centrifuged at 6000 rpm for 10 min to separate
adsorbent from solution. The residual of TC concentration was analysed
by UV-vis spectrophotometer (UV Vis 1240 Shimadzu) at 356 nm. The
removal efficiency and the adsorption capacity of CeO. nanoparticles
were calculated using the following equations:

€=\ 100

RE (%) = c. @
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Fig. 1. The XRD pattern of CeO; nanoparticles.

_ G-V
q = m (3)

where RE (%) and g, (mg/g) are adsorptive removal efficiency and
adsorption capacity, C, (mg/L) and C; (mg/L) represent the initial
concentration and concentration of TC at contact time (t), V is volume
of TC solution (L), and m (g) denotes the weight of CeO. nanoparticle.

3. Results and discussion
3.1. Properties of CeQ, nanoparticles

The structure of CeO; was analysed using XRD with the results il-
lustrated in Fig.1. In that figure, the diffraction peaks were shown at
20 = 28.43°; 32.97", 47.52°; 56.37"; 59.10" 69.29%; 76.51"; 78.98" and
88.20°. These peaks were corresponded to the plane: (111), (200},
(2200, (311), (222), (400}, (331), (420) and (422) for face centre cubic
(fce) structure in XRD standard pattern for CeO, (JCPDS No. 43-0394).

The XRD pattern did not show diffraction peaks which was asso-
ciated to the other phase. This indicated a single phase of CeO,
[21,25,32]. The high and sharp diffraction peaks designated CeO, had a
good crystallinity. The average crystal size was 10.68 nm which is ob-
tained based on full width at half-maximum (FWHM) of (111} plane
and using Scherer formula (Eq. (1))

The SEM image in Fig. 2a shows that CeO; consists of particles in
the sphere-like form. It seems that particles interconnected each other
to form aggregates. This is possible since coagulation occurs when the
precipitation process is taking place in the medium base. The appear-
ance of the aggregates is similar to CeQ, nanoparticles which is syn-
thesised using sol gel [25], precipitation [26], and hydrothermal
method [30].

FTIR spectroscopy is employed to identify functional group and also
atomic and molecule vibration. Functional group is one of the many
factors which affects adsorption efficiency. In Fig. 2b, FTIR spectrum
shows several absorption peaks in the interval of wavelength of
400cm ™! to 4000cm~!. The spectrum band is wide, around
3413 cm ! which is associated with the stretching vibration of O—H.
The absorption band at 1542cm ™! and 1342 em ™! is related to OH-
adopted water molecule. An absorption peak at 492cm ™! which is
associated to the vibration of Ce-O indicates formation of pure CeO;
phase as it is observed by XRD analysis [21,26,32].

3.2, Adsorption TC on CeQOz nanoparticles

Fig. 3 shows TC removal efficiency and adsorption capacity of CeO,
nanoparticles versus contact time for various initial TC concentrations
at temperature of 303 K. It seems that the removal efficiency more than
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Fig. 2. (a) SEM image of nanoparticle CeO; and (b) FTIR spectrum of nanoparticle CeOs

60% was obtained within the first 15 min contact time for initial TC
concentration 25mg/L to 100 mg/L and around 80-96% of TC was
removed within 60 min. As a comparison, the removal efficiency of
50% TC (40 mg/L) occurred within 60 min using MgO nanoparticle
[36] and 96% using MOF-5 [16]. On other report, removal efficiency of
86 % TC (10 mg/L) was observed within 60 min using MgO-loaded Si0-
nanocomposite [15], while removal efficiency of 20 mg/L TC was
70-88 % using activated carbon with agitation time of 24h [37].
Likewise, the adsorption capacity increased as the contact time and the
initial TC concentration increased up to 100 mg/L and decreased at the
initial TC concentration of 125 mg/L. Rapid adsorption occurred in the
first 15min of contact time. In this interval time, the rate of TC ad-
sorption was high indicating that the high amounts of active sites ex-
isted at the surfaces of nanoparticle CeO,. After 15 min contact time,
the adsorbed TC on CeQ: nanoparticle increased slightly until 60 min.
The adsorption process was extended to 120 min to ensure the equili-
brium condition is achieved. Then after 60 min, the rate of adsorption

decreased. It is showed that in the interval of contact time from 60 min
to 120 min, TC is difficult to be adsorbed onto CeO, nanoparticle due to
repulsive force between TC molecules. Hence, we concluded that
60 min was a required time to achieve equilibrium condition. This was
faster compare to the time to achieve equilibrium state for activated
carbon (8 h) [37], CU-immobilized alginate (24 h) [17], porous carbon
(8 h for TC concentration of 25— 45mg/L and 24 h for high TC con-
centration) [38], and graphene oxide (90 min) [18] in TC adsorption
process.

The removal efficiency and adsorption capacity versus initial TC
concentration were summarized in Fig. 4{c). The removal of TC de-
creased slightly when the concentration increased from 25mg/L to
100 mg/L, then decreased sharply at concentration of 125 mg/L. The
high removal efficiency of 80-97% showed that CeO, nanoparticle can
be used as an effective adsorbent for TC removal with concentration up
to 100 mg/L. On the other hand, adsorption capacity increased with
enhanced TC concentration. The maximum adsorption capacity of CeO»
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Fig. 3. (a) Removal efficiency, (b) Adsorption capacity versus contact time and (¢) Removal efficiency and adsorption capacity versus initial TC concentration.




L Nurhasanah, et al

0.06
o 303K
. A 313K
0.04 - 5 o
o &
0.02 -
....‘-110..-...-‘0

0 ' 5100 12

0 25 50 75 100 125 150
Initial TC concentration (mg/L)

Fig. 4. Langmuir separation factor versus initial TC concentration.

nanoparticles for TC adsorption was 58.03 mg/g for initial TC con-
centration of 100 mg/L. Although, those value was smaller than TC
adsorption capacity of activated carbon but this result was comparable
with TC adsorption capacity of CU-immobilized alginate i.e 5326 mg/g
at initial TC concentration of 90 mg/L [17]. This finding implies that
the adsorptive removal performance of our CeQ, nanoparticle is higher
than other adsorbent as reported in literature [15,36,37].

To analyse the adsorption mechanism, the experimental data of TC
onto CeQz nanoparticle at 303K, 313K and 323K were fitted using
three isotherm models i.e Langmuir, Freundlich and Temkin [18]. The
highest correlation coefficient (R*) was obtained for data fitting by the
Langmuir model. The linear equation of Langmuir model is given by Eq.
4.

1 1 1

=—+4
9. 4 Kiq,C, 4)

where g,,, (mg/g) is the maximum adsorption capacity, K; (L/mg) is the
Langmuir isotherm constant. Therefore, TC adsorption onto CeQ, na-
noparticle was more appropriate described by the Langmuir model than
Freundlich and Temkin model. This result is in accordance with tetra-
cycline adsorption on other adsorbent i.e porous carbon [38], graphene
oxide [18] and dyes adsorption onto CeQ. nanoparticle [31]. The
Langmuir isotherm model assumes the equivalent and uniform ad-
sorption site exist on the adsorbent surface where the adsorbate mo-
lecule did not interact to each other. The maximum adsorption is
achieved when the adsorbate covers the entire adsorbent surface
completely formed monolayer [14,16,39,40]. The adsorption isotherm
parameters of TC onto CeQ, nanoparticles based on Langmuir model
were listed in Table 1. The high R* obtained at adsorption temperature
of 303 and 313K showed that TC adsorption onto CeQ. nanoparticle
was monolayer adsorption on homogeneous adsorbent surface [16,38].
The maximum monolayer adsorption capacity increased from
46.51 mg/g to 57.14 mg/g when the temperature raised from 303 to
313 K. Then, the maximum monolayer adsorption capacity decreased to
52.36 mg/g when the temperature as high as 323K which could be
associated to the water evaporation of TC solution [15]. Therefore, the
TC adsorption onto CeQ; is more favourable at moderate temperature.

The nature of Langmuir model of TC adsorption onto CeOs

Table 1

Adsorption Isotherm Parameters of Langmuir Model.
T(K) g (mg/g) Ki(L/mg) R
303 46.51 1.72 0.9352
313 57.14 0.81 0.9780
323 52.36 0.79 0.7900
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nanoparticle can be determined using the value of Langmuir separation
factor (R;) as described by equation (5). Langmuir separation factor is
essential isotherm characteristic. The value of this separation factor
determines the nature of adsorption process. The process is linear
(R; = 1) or irreversible (R; = 0) or unfavourable (R; = 1) or favourable
(R = 1) which is calculated by

1

R =
1+ KC (5)

Fig. 4 shows the Langmuir separation factor versus initial TC con-
centration at adsorption temperature of 303, 313 and 323 K. It can be
seen that R; values for different TC concentration and different tem-
perature were smaller than 1. This result confirms that adsorption TC
onto CeQ; nanoparticle was favourable.

The effect of contact time on the TC adsorption onto CeQ: nano-
particle was used to analyse adsorption kinetics. The adsorption kinetic
determines the mechanism and parameters of adsorption which is im-
portant to realize the practical application of CeQ, nanoparticle ad-
sorbent. Several adsorption kinetic models have been used for re-
presenting TC adsorption onto various adsorbents. These models are:
pseudo-first-order, pseudo-second-order and intra-particle diffusion
[16,17,38]. The kinetic of adsorption for pseudo-first-order model is
given by

ki
lo - = logg—t,

83, —q,) = logq, 2.303 (©)
where g, and g, represent the amount of adsorbate (mg g~ ') in equi-
librium condition and in certain time t, respectively while k; is the rate
of adsorption (min— H.

In pseudo second order model, the rate of adsorption is determined

as
LIS S
4 kel q @

where ky is the adsorption rate constant of pseudo second order (g
mg ' min~"). The slope and intercept of the curve t/q; against ¢ is used
to calculate a constant ks.

The third model, based on intra-particle diffusion (Weber-Morris), is
formulated as:

q, = kpt'* + C, ®

where k; represents the constant of diffusion intra-particles rate (mg
g~ 'min'"®) and C is the thickness of boundary layer. The ky and C can
be obtained from the slope and intercept of linear curve g, against t'*%

The fitting of the experiment data using pseudo first-order kinetic
model yields poor linearity with the small correlation coefficient value
(R?* < 0.9). It indicated that the TC adsorption onto CeQ, nanoparticle
did not dominated by physical adsorption [17]. The experimental data
fitted well to both other models (pseudo-second order and intra-particle
diffusion) with the high R* > 0.9. The fitting of experiment data using
the adsorption kinetic models of pseudo-second order and intra-particle
diffusion was depicted in Fig. 5. Parameters for each kinetic model are
summarized in Table 2. The highest R* obtained for pseudo-second
order model and the theoretical values of g, for all concentration TC are
close to the experimental values. The rate adsorption (k,) constants
were found to be 0.187 to 0.472 g/mg min which much higher than TC
adsorption on graphene oxide ie 0.104 x 10™* g/mg min [14],
0.065 g/mg h [18], and activated carbon (2.7 x 10™* g/mg h) [38].

In order to analyse effect of the rate controlling step in the TC ad-
sorption, the intraparticle diffusion plot was used for fitting experiment
data. Fig. 5(b) shows two stages of linear relationship. Rapid adsorption
at the initial contact time resulted in line passed through the origin
which confirmed that intraparticle diffusion in TC adsorption was the
rate-controlling step. In this stage, the main factor affecting the ad-
sorption process is outer surface adsorption. The second line did not
pass through the origin, the intercept (C) increased as the TC




L Nurhasanah, et al

a 8
@ o 25mg/lL
& S0 mg/L [5]
64 O 75 mg/L
5 A 100 mgL
% e 125mg/lL 0
E 4 '
E
&

60 90
1 (min)

120 150

Journal of I Chemical Engi ing 8 (2020) 103613
(h) 025mg/l.  ASOmgL 075 mglL
Al00mg/l. ®125mg/L
6l 4

i
<

iz (minl.-'z:'

Fig. 5. Adsorption kinetic model (a) pseudo-second order, and (b) intra-particle diffusion.

Table 2 Table 3
Parameters of adsorption kinetic of Tetracycline onto nanoparticles CeO,_ Change of thermodynamic par with perature.
Model Parameter TC concentration (mg/L) Thermodynamic parameter
50 75 100 125 AH (k]/mol) AS (J/mol) AG (kI/mol)
303K 313K 323K
Psewdo second order e exp (ME/Z) 3163 42,88 58.02 48.16 —-27.23 —54.01 —11.038 —9.956 —9.982
e cal (MEAE) 32.05 43.10 58.82 48.08
k2 (g/mg min) 0.472 0.242 0.235 0.187
o R 0.9990  0.996  0.9966  0.9917 nature of adsorption process whether physical or chemical, en-
Intraparticle diffusion g, g (mg/g) 3163 4288 58.02 48.16 doth . oth . .
Gecal (ME/E) .49 4326 5913 4772 ermic or exothermic, spontaneous or nonspontaneous. Table 3
ky (mgsg min'™) 07009 13405 1.8878 1.6635 displays the thermodynamic parameters including Gibbs' free energy
C (mg/g) 24.811 28574 38.449 20.492 change (AG), enthalpy change (AH) and entropy change (AS) which
R 0.8453  0.964 0.9701 0.9528

concentration increased up to 100 mg/L. The C value suggested that the
intra-particle diffusion was not only controlled by the rate-controlling
step but also controlled by boundary layer. Therefore, the TC adsorp-
tion onto CeQ. nanoparticle was suitable described by pseudo-second
order kinetic model, and confirmed that adsorption process was
homogeneous and controlled by chemisorption [33,39]. This finding is
similar to the previous study that used other adsorbent [16-19].

The effect of temperature on the equilibrium adsorption capacity of
TC adsorption onto CeO; nanoparticle was investigated at temperature
of 303, 313 and 323 K. As shown in Fig. 6, the temperature dependence
of the amount of TC adsorbed on the CeQ. nanoparticle for different
initial TC concentration was irregular in nature. There was slightly
increased in the amount of TC adsorbed on the CeO nanoparticle with
increasing temperature for low TC concentration of 25mg/L and
50 mg/L. However, the amount of TC adsorbed on CeO, nanoparticle
for initial TC concentration of 75, 100 and 125 mg/L increased firstly
from 303 K to 313 K and then decreased with increasing temperature at
323 K.

Based on the experiment data of TC adsorption at different tem-
perature, the thermodynamic parameters were studied to determine the

80

0] o————* [—o-25mgl
a r/‘\‘ —&— 50 mg/L
2 40 E—/E'\E —5—75 mg/L
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Fig. 6. Adsorption capacity of TC for different concentration and temperature.

were obtained using equations as [17]:

AG = —RTInK, )
AS  AH
Ik, = = - 222
7R T RT (10

Here, parameters R and T refer to the gas constant (8.314 J/mol K)
and absolute temperature (K), respectively. K, is equilibrium constant
equals to g, ki (L/mg). The value of AH and AS were obtained from the
slope and intercept of the graph of Ln K versus 1/T, while the value of
AG was calculated at 303, 313 and 323 K using equation (9).

The negative of AG in the range temperature of 303-323K re-
presented that TC adsorption was feasible and spontaneous process. The
increasing of AG value as the temperature increases indicated that ad-
sorption is more feasible and spontaneous at lower temperature. The
negative value of AH revealed that TC adsorption was exothermic
process. These results are different from adsorption of minocycline onto
Ce0; nanoparticle [33]. Therefore, the nature of adsorption property of
Ce0, nanoparticle depend on the type of antibiotic. Moreover, the
negative of AS confirmed that randomness at the liquid-solid interface
was reduced as well as the affinity of adsorbent for adsorption. The
negative or positive values of AH and AS were depended on initial TC
concentration. Both negative values of AH and AS were found for TC
adsorption onto activated carbon at initial concentration below
200 mg/L [13,41], otherwise the positive value of AH and AS observed
for initial concentration higher than 200 mg/L [41]. The initial TC
concentration in this study is lower than 200 mg/L, therefore our result
consistent with the result that reported previously [13,41].

Our study showed that, CeQ, nanoparticle has excellent adsorption
performance for TC removal in water. CeO, nanoparticle possesses high
removal efficiency and high rate adsorption constant. The rapid anti-
biotics removal, as well as inexpensive preparation methods of CeQ2
nanoparticle are very beneficial for practical application.

4. Conclusion
The Ce0, nanoparticle had the potential as an adsorbent for rapid

removal of TC in water. The high removal efficiency of 96% was
achieved within 15 min of contact time. The TC adsorption onto CeQO,
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nanoparticles followed the Langmuir isotherm and the pseudo-second
order kinetic model. The thermodynamic study indicated that TC ad-
sorption was exothermic and spontaneous. The fast and high removal
efficiency of TC suggested that CeO, nanoparticle have the opportunity
to be used for pharmaceutical wastewater treatment.
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