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a b s t r a c t

Metronidazole (MNZ), as a widely used nitroimidazolehas various effects on the human body. In 
this study, metronidazole removal by activated carbon fibers (ACFs) was investigated. The influences 
of adsorption temperature, adsorption time and the pH of MNZ solution have been studied and the 
best conditions were determined. ACFs with high BET surface area of 175.40 m2/g and 0.35 cm3/g 
total pore volume has been obtained from these precursors. The analyses of kinetic data showed 
that the adsorption of MNZ on ACFs follows closely the pseudo-second order kinetic model. Anal-
ysis data of MNZ were analyzed by Langmuir, Freundlich isotherms and the best correlation was 
achieved by the Langmuir isotherms. Results of thermodynamic studies showed endothermic, spon-
taneous nature and chemisorption of MNZ adsorption on ACFs.
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1. Introduction 

Nitroimidazoles are classified as emerging contam-
inates due to their wide usage as antibiotics in human 
beings and as veterinary medicine additives in poultry and 
fish feed, leading to their detection in wastewaters from 
hospitals, pharmaceutical industries and fish-farms [1,2]. 
Metronidazole (MNZ) is a first-generation nirtroimidazole 
derivatives with high bactericidal activity against tricho-
monas, viscount organisms, anaerobic bacteria, giardiasis, 
protozoan and amoebiasis [3,4]. MNZ has various effects 
on the human body. For example, the increase of MNZ level 
has been found to be potentially carcinogenic and muta-
genic [5]. The MNZ has attracted more attention because it 
is highly soluble, non-biodegradable and carcinogenic [6]. 
It has been detected in hospital effluent wastewaters at con-

centrations of 1.8–9.41 g/L [7]. MNZ has a chemical formula 
of C6H9N3O3 with a very high solubility (10.5 g/L at 298K) 
and molecular weight (171.15 g/mol) [8] in water, and is 
expected to be highly mobile in aqueous systems [9]. The 
structure of MNZ is shown in Fig. 1.

Due to the increasing interest in the removal of antibiotics 
from aqueous systems, several researchers explored the possi-
bility of MNZ removal by some process. Lam et al. [10] studied 
the adsorption of MNZ on clinoptilolite by means of computa-
tional simulation. Johnson et al. [11] degraded MNZ in aque-
ous solution by UV/H2O2 process in single and multi-lamp 
tubular photoreactors, the maximum removal of MNZ were 
13% and 41% for the single-lamp and multi-lamp photoreac-
tors, respectively. Dantas et al. [4] studied direct photolysis of 
MNZ in aqueous solution promoted by ultra violet radiation. 
Ding et al. [12] studied adsorption of MNZ in aqueous solution 
by Fe-modified sepiolite. It was found that the Fe-modified 
sepiolite had higher adsorption capability (36.5%) for MNZ 
than that of others. Ahmed et al. [13,14] studied the sorption of 
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a nitroimidazole antibiotic, MNZ, onto such carbon from Siris 
seed pods has been investigated. Habibi et al. [15] used acti-
vated carbon removal metronidazole from aqueous solution. 
Mansur et al. [16] investigated the efficiency of MNZ removal 
utilizing light-weight expanded clay aggregates (LECA) 
and LECA coated with MgO nanoparticles (MgO/LECA). 
Çalışkan et al. [17] studied adsorption characteristics of sulfa-
methoxazole and metronidazole on activated carbon and it is 
concluded that activated carbon can be used to remove sulfa-
methoxazole and metronidazole from aqueous solutions. The 
adsorption of MNZ on activated carbon is physical in nature. 
The experimental adsorption data showed good correlation 
with the Langmuir isotherm model. Therefore, over the past 
few years they are considered to be an emerging environmen-
tal problem and it has been necessary to remove these contam-
inants from aqueous systems.

Activated carbon fiber (ACF), as a kind of promising 
adsorption material and novel adsorbents of high efficiency, 
can be widely used for treatment of organic wastewater, 
air purification and catalysis support [18,19]. Comparing 
with the other forms of activated carbon, such as powder 
activated carbon and granular activated carbon, activated 
carbon fibers (ACFs) have many favorable characteristics 
including high adsorption capacities and high mass trans-
fer rates for both adsorption and desorption. ACF is much 
more popular for the benefits of easy processing and fast 
adsorption kinetics [20,21]. 

The aim of this work is to study the use of ACFs as an 
adsorbent for the removal of MNZ from aqueous solu-
tions. The effects of the adsorbent dose, pH, temperature, 
equilibrium time, adsorption kinetics and adsorption iso-
therm were investigated. For evaluating various kinetics 
and adsorption parameters of the adsorption process, we 
attempted to apply the adsorption rate expression model to 
the current study and the results were discussed. 

2. Materials and methods

2.1. Materials

ACFs used in this study were obtained from Shenyang 
Carbon Fiber Corporation (Jilin Province, China). MNZ 
(supplied by Rubio Company, China ) of purity 98.0% and 
molecular weight of 171.15 g/mol was used as an adsor-
bate. All other chemicals used such as hydrochloric acid 
and NaOH were of analytical grades. Deionized water was 
used throughout the experiment.

2.2. Preparation and Characterization

The ACFs were boiled, washed three times in distilled 
water and dried at 338 K for 1 h before being used as adsor-
bent. ACFs were cut into pieces (2 cm × 2 cm). Batch adsorp-
tion experiments were performed at different temperatures 
(25°C, 30°C, 35°C) in a set of Erlenmeyer flasks (250 mL), 
each contains 150 mL of different concentrations (10 mg/L, 
20 mg/L and 30 mg/L), together with 1.0 g ACF samples. 
Subsequently, Erlenmeyer flasks were kept in a tempera-
ture-controlled incubator shaker at 25°C with continuous 
shaking at 160 rpm for different adsorption time. Each 
experiment was repeated under identical conditions. 

The pH of the solution was adjusted using the PhS-25 
meter (Shanghai Jingmi Company, China) with a 6 mol L–1 

NaOH and /or a 4 mol L–1 HCl. The mixtures were shaken 
in a thermostatic shaker bath (ZWY-100H/240 mechanical 
shaker, Shanghai Zhicheng Annlytical Instrument Man-
ufacturing Co., Ltd, China) at desired temperature and 
contact time, and then the MNZ aqueous solution were 
filtered by    membranes (0.22 μm). For characterization of 
the MAC, the morphology and elemental composition of 
the MAC was observed with a JEOL 5800 (Japan) scanning 
electron microscopy (SEM) at 20 kV. The brunaueremmett 
teller (BET) surface area, average pore size distribution 
was estimated using the surface area analyzer made by 
Quantcahrome Instruments. USA.

The absorbance of the MNZ aqueous solution was ana-
lyzed using a UV–vis spectropho-tometer (UV2600, Shang-
hai Shunyu Company, China) at its maximum absorption 
wavelength of 319 nm. MNZ concentrations were calcu-
lated by the adsorption calibration curve of MNZ aqueous 
solution (y = 0.571x–0.0402, R2 = 0.9999). The adsorption 
capacity of the composites was calculated using Eq. (1). 

q C C V We e= −( )0 / � (1)

where C0 and Ce are MNZ concentrations at the start of the 
experiment and at equilibrium (mg/L), respectively. V (L) 
is the volume of MNZ solution and W (g) is the mass of 
adsorbent. 

MNZ removal C C Ce  (%) / * %= −( ) 0 0 100 � (2)

where C0 and Ce are MNZ concentrations at the start of the 
experiment and at equilibrium (mg/L), respectively.

2.3. Adsorption kinetics

Lagergren’s pseudo-first-order rate equation [Eq. (3)] 
describes the adsorption of liquid-solid systems based on 
the concentration of the solution and adsorption capacity of 
the solid [22,23]. Eq. (4) depicts the expression for the pseu-
do-first-order model in a linearized form:

dq dt k q qe t/ = −( )1
� (3)

ln lnq q q k te t e−( ) = − 1 � (4)

where qe and qt are adsorption capacities (mg/g) at equi-
librium and at various times (t), respectively. k1 is the pseu-

Fig. 1. Chemical structure of MNZ.



Y. Gao et al. / Desalination and Water Treatment 148 (2019) 162–169164

do-first-order rate constant (min–1) that was obtained by 
plotting a graph of vs. t.

The rate of pseudo-second-order reaction depends on 
the amount of adsorbed on the adsorbent [24]. The expres-
sions for the pseudo-second-order model and the linearized 
form are given in Eqs. (5) and (6), respectively:

dp dt k q qe t/ = −( )2

2
� (5)

t q k q t qt e t/ / /= ( ) +1 2
2 � (6)

where k2 is the Pseudo-second-order rate constant (g/mg/
min) and it was obtained by plotting a graph (t/qt) vs. t.

2.4. Adsorption isotherms

The Langmuir and Freundlich isotherm were used for 
the analysis of experimental equilibrium isotherm data. The 
Langmuir isotherm model assumes that the adsorption is 
monolayer and takes place at specific homogeneous sites 
on the adsorbent [25]. The Langmuir isotherm is shown in 
Eq. (7):

qe m L e L eq K C K C= +( )/ 1 � (7)

where qe is the equilibrium adsorption capacity (mg/g), 
qm is the Langmuir isotherm constant representing mono-
layer adsorption capacity (mg/g), Ce is the equilibrium 
concentration of MNZ in the solution (mg/L) and KL is the 
Langmuir constant. Eq. (8) shows the linearized form of the 
Langmuir isotherm:

Ce q K q C qe L m e m/ / /= ( ) +1 � (8)

The Langmuir isotherm constants, i.e., KL and qm, are 
obtained by plotting a graph of 1/qe vs. 1/Ce. Favorability of 
adsorption process is evaluated by a dimensionless param-
eter i.e., separation or equilibrium parameter (RL), as shown 
in Eq. (9):

RL LK C= +( )1 1 0/ � (9)

If 0 < RL < 1, the adsorption process is favorable, RL > 
1 indicates that adsorption is unfavorable, RL = 1 indicates 
linear adsorption and RL = 0 indicates that the adsorption 
process is irreversible in nature.

The Freundlich isotherm [Eq. (10)] is an empirical 
expression based on the assumption that the adsorbent has 
a heterogeneous surface composed of different classes of 
adsorption sites [22,26]. This can be applied to multilayer 
adsorption, with a non-uniform distribution of adsorption 
heat and affinities over the heterogeneous surface [27].

qe F e
nK C=
1

� (10)

where Kf is the Freundlich isotherm constant signifying 
adsorption capacity and is the Freundlich constant repre-
senting intensity of the adsorption or surface heterogeneity, 
revealing higher heterogeneity as it tends to 0. The value 

of Freundlich constant between 0 and 1 indicates favorable 
adsorption. Eq. (11) shows the linearized form of Freun-
dlich isotherm, and a plot of ln(qe) vs. ln(Ce) gives slop and 
intercept KF.

ln( ) ln lnq K
n

Ce F e= +
1

� (11)

2.5. Thermodynamics

The magnitude of activation energy gives an idea about 
the type of adsorption which is mainly physical or chemi-
cal [28]. The physisorption processes usually have energy 
in the rangeof 5–40 kJ/mol while higher activation energy 
(40–800 kJ/mol) suggests chemisorption [29]. The activa-
tion energy Ea (kJ/mol) for MNZ adsorption is calculated 
by the Arrhenius equation:

ln( ) lnK
E
RT

Ad
a= +− � (12)

The thermodynamic parameters have been studied to 
gain an insight into the adsorption behavior. The param-
eters including the change in free energy (∆G), enthalpy 
(∆H), and entropy (∆S) are calculated according to the fol-
lowing equations:

K q W V Cd e= ( / )/ 0 � (13)

∆G RT Kd= − ln( ) � (14)

ln( ) / /K S R H RTd = −∆ ∆ � (15)

where A is the Arrhenius factor, R is the universal gas con-
stant (8.314 J/mol K), T is temperature (K), and Kd is the 
distribution coefficient for the adsorption. V is the volume 
of MNZ solution (L) and W is the mass of adsorbent (g).

3. Results and discussion

3.1. Characterization

SEM is widely used to study the morphological fea-
tures and surface characteristics of the adsorbent materials 
[32,33]. In the present study, SEM is used to assess morpho-
logical changes in the ACFs surfaces following adsorption 
of the MNZ. The SEM images of the original ACF are shown 
in Fig. 2a and Fig. 2b. It can be seen that the ACFs pres-
ent smooth and the structure is orderly and compact. From 
Fig. 2c, it can be seen that after ACFs adsorption showed 
a distinct roughness. The observed phenomenon also pro-
vided further evidence that the adsorption process involved 
MNZ adsorption in the ACFs surface. The previous stud-
ies [18–20] also showed that the external surface displayed 
more curved planes and holes after adsorption.

The pore structure and specific surface area of an adsor-
bent can be obtained by constructing an adsorption-desorp-
tion isotherms of the ACFs. It can be seen from Fig. 3a that 
the shape of the isotherm is type II isotherm according to 
the international union of pure and applied chemistry IUPC 
classification, which indicated the ACFs was a combination 
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of mesopore. Fig. 3b presents the pore size distribution of 
the ACFs. The micropores volume was determined using 
BJH desorption branch and the pore size distribution was 
determined from the density functional theory. The peaks 
appeared at a wide range of pore width from 10 to 30 nm 
with the average pore size of 2.58 nm, which also indicated 
the existence of mesopore. The surface area of the ACF was 
found out to be 175.40 m2/g with total pore volume of 0.35 
cm3/g.

3.2. Effect of pH

The pH parameter is essential in adsorption process 
because it can affect directly on ionization of adsorbent and 

adsorbate. Fig. 4 shows the variation of adsorption with dif-
ferent pH values at 298 K, 1.0 g of ACFs dose was and MNZ 
solution (10 mg/L, 20 mg/L, 30 mg/L concentration). While 
the pH of MNZ solution increased from 5 to 10, the adsorp-
tion of MNZ was not obvious. This results is consistent with 
Belhassen et al. [15] studies. This result can be explained by 
the fact that from pKa (metronidazole) = 2.6 only one from 
is present in the solution deprotonated [15,32]. Therefore, 
the following work on the adsorption will be studied under 
natural pH condition of the MNZ solution.

3.3. Effect of ACFs dose 

The effect of the ACFs dose on the removal of MNZ 
solution (10 mg/L, 20 mg/L, 30 mg/L concentration) was 
studied with the adsorbent dose varying from amount of 
ACFs 0.2 g to 1.2 g/150 mL at 298 K. The study shows an 
enhancement in adsorption with the increase in dose of the 
ACFs. As seen in Fig. 5, when the dose of ACFs is increased 
from 0.2 g to 1.2 g, the adsorbed amount of MNZ increased 
from 0.53 mg/g to 1.32 mg/g for MNZ (10 mg/L), 1.52 
mg/g to 2.48 mg/g for MNZ (20 mg/L) and 1.40 mg/g to 
2.48 mg/g for MNZ (30 mg/L), respectively. So, it can be 

Fig. 2. SEM images of the ACFs (a , b) and after ACFs adsorption (c).

Fig. 3. N2 adsorption/desorption isotherm (a) and pore size (b) 
distribution chart for the ACF.
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attributed to the greater availability of the active sites or 
surface area at higher doses of adsorbent. In this work, we 
choose the dose of ACFs was 1.0 g/L. 

3.4. Adsorption kinetics

The effect of contact time (0–4 h) on the adsorption of 
MNZ with different concentrations of ACFs is shown in 
Fig. 6. The amounts of MNZ adsorbed on the ACFs (qt, 
mg/g) increased rapidly in 30 min. It is also observed that 
the amounts increased continuously, but the rates became 
slowly with the increase of contact time and finally reached 
equilibrium after 1 h. This indicated that the MNZ adsorp-
tion on the ACFs is a fast process, and nearly 95% of adsorp-
tion takes place within 60 min.

In this study, the adsorption kinetics data are analyzed 
using two different kinetics models: Pseudo-first-order 
model and Pseudo-second-order model. The linear plots 
ln (qe – qt) vs. t and t/qt vs. t for the MNZ with different 
concentrations on the ACFs are shown in the Figs. 7 and 
8, respectively. The rate constant k, the calculated adsorp-

Fig. 4. Effect of varying pH on the MNZ adsorption rate for dif-
ferent concentrations (dose of ACFs 1.0 g, at 298 K).

Fig. 5. Effect of dose of ACFs of the MNZ adsorption rate for 
different concentrations ( pH 7.0, at 298 K).

Fig. 6. Effect of contact time on the MNZ adsorption rate for 
different concentrations (dose of ACFs 1.0 g, pH 7.0, at 298 K).

Fig. 7. Test of pseudo-first-order kinetic model for the adsorp-
tion of MNZ with different concentrations of ACFs composites 
(dose of ACFs 1.0 g, pH 7.0, at 298 K).

Fig. 8. Test of pseudo-second-order kinetic model for the ad-
sorption of MNZ with different concentrations of ACFs com-
posites (dose of ACFs 1.0 g, pH 7.0, at 298 K).
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tion capacity qe,cal and the correlation coefficient R2 for the 
pseudo-first-order model and pseudo-second-order model 
in the Table 1 and Table 2, respectively. It showed that the 
correlation coefficient for the pseudo-second-order model 
(R2 > 0.99) was higher than the pseudo-first-order model 
(R2 > 0.87). It was observed that the pseudo-second-order 
model was found to be fit well the data of the kinetic study.

3.6. Adsorption isotherms

The equilibrium isotherms at various temperatures 
were studied by varying the initial concentrations of MNZ 
under ACFs dose 1.0 g/150 mL. The constant of qm, Kf, R

2 

and n are given in Table 3. This table shows that the data 
with R2 values were in the oder Langmuir > Freundlich. 
Thus, the higher R2 value suggests that the Langmuir model 
fits well with the experimental data of MNZ adsorption was 

achieved by Langmuir isotherm represented by linear plot 
of Ce vs. Ce/qe (Fig. 9). The values of n and Kf for Freundlich 
isotherm at various temperatures were determined from the 
slopes and intercepts of linear plots of ln Ce vs. ln qe (Fig. 10). 
The equilibrium adsorption amount of MNZ increased 
from about 1.809 mg/g to 2.034 mg/g as the adsorption 
temperature increases from 25°C to 30°C, which indicated 
an endothermic adsorption process and increasing tem-
perature favors the adsorption of MNZ on ACFs. This result 
revealed the homogeneous nature of MNZ adsorption on 
the carbon surface, as explained by Muthanna and Theydan 
[13,14] who showed the successful application of Langmuir 
isotherm to correlate adsorption isotherm data of metroni-
dazole on activated carbon from Siris seed pods by micro-
wave–induced KOH activation. 

3.7. Thermodynamics of ACFs adsorption

The Langmuir and Freundlich adsorption isotherm sim-
ulations were used to calculate the thermodynamic param-

Fig. 9. Langmuir adsorption isotherms for the adsorption of the 
MNZ onto ACFs at different temperatures (dose of ACFs 1.0 g, 
pH 7.0).

Fig. 10. Freundlich adsorption isotherms for the adsorption of 
the MNZ onto ACFs at different temperatures (dose of ACFs 1.0 
g, pH 7.0).

Table 3
Parameters of Langmuir and Freundlich adsorption isotherm 
models for the MNZ on the ACFs (dose of ACFs 1.0 g, pH 7.0, 
20 mg/L)

Parameters Temperature

25°C 30°C 35°C

Langmuir qm (mg/g) 1.8090 2.0342 1.8477 
KL (L/mg) 3.8505 8.0086 4.6945 
R2 0.9937 0.9950 0.9906 
RL 0.0128 0.0008 0.1053 

Freundlich n 1.7960 2.7093 2.0442 
Kf (mg/g(L/mg)1/n) 2.7857 3.6452 4.2010 
R2 0.8340 0.8498 0.8044 

Table 2
Kinetic parameters of pseudo-second-order for the adsorption 
of MNZ with different concentrations of ACFs (dose of ACFs 
1.0 g, pH 7.0, at 298 K)

Pseudo-second-order

C0 (mg/L) qe,exp (mg/L) qe,cal (mg/L) k2 (1/min) R2

10 1.4 1.870557 0.4551637 0.9961
20 3.0 1.7170329 1.04785 0.9979
30 4.5 2.56805 0.7020035 0.9979

Table 1
Kinetic parameters of pseudo-first-order for the adsorption of 
MNZ with different concentrations of ACFs (dose of ACFs 1.0 
g, pH 7.0, at 298 K)

Pseudo-first-order

C0 (mg/L) qe,exp (mg/L) qe,cal (mg/L) k1 (1/min) R2

10 1.4 1.64592 0.957 0.9843
20 3.0 1.41807 1.6537 0.932
30 4.5 1.431324 1.9315 0.8701
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eters of adsorption. The values of ∆H and ∆S have been 
calculated from the slope and intercepts of the linear plot 
of Eq. (13) represented by ln (Kd) vs. 1/T (Fig. 12). The value 
of Ea is obtained from the slope of linear plot for Arrhenius 
equation [Eq. (12)] represented by ln(k2) vs. 1/T (Fig.  11). 
The values of ∆G are determined from Eq. (14) at each tem-
perature. It can be seen from Table 4, The values of Gibbs 
free energy (∆G) were –10.8435, –15.8751, –17.4143 kJ/mol 
at temperatures of 298 K, 303 K and 308 K. The negative 
∆G values indicated spontaneous nature of the adsorption 
of MNZ antibiotic [33]. The decrease in ∆G values with 
increasing temperature suggested that higher temperature 

made the adsorption easier [34]. The value of enthalpy vari-
ation (∆H) obtained in this study was 10.8435 kJ/mol. Posi-
tive ∆H showed the endothermic nature of MNZ adsorption 
[35]. Thus, according to the values of Ea (higher than 40 kJ/
mol) and ∆H, the adsorption of MNZ has taken place via 
chemisorption [36]. About 60% of the C in ACFs exists in the 
form of graphite-like carbon, and more than 50% of the car-
bon atoms are located on the internal and external surfaces 
[37–39]. Due to the unsaturation of carbon atoms on the sur-
face, it can combine with other atoms and atomic groups in 
a chemical form, thus forming a unique surface chemical 
structure [40,41]. The positive entropy variation (∆S) value 
indicated the increased randomness in the interface during 
the adsorption process.

4. Conclusion

The paper presented the activated carbon fiber adsorp-
tion metronidazole solution at different pH, temperature 
and dose of activated carbon fiber. The adsorption kinetic 
data were well described by the pseudo-second order 
model, Langmuir adsorption isotherm models and thermo-
dynamic analysis showed that the adsorption of metroni-
dazole was endothermic and spontaneous under studied 
conditions.
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