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Abstract  Adsorption is an effective and low-cost method for removing antibiotics and dyes. However, it remains a challenge to 
prepare an adsorbent with excellent adsorption properties for both various antibiotics and dyes. Herein, Fe/Cr-codoped ZnO with 
high adsorption capacity and fast adsorption rate are prepared by an environmentally friendly solvothermal method. Fe/Cr-codope 
ZnO with a diameter of 10–20 nm exhibits superior adsorption capacities for the antibiotics of tetracycline hydrochloride (TC-HCl) 
(826.45 mg g−1) and tetracycline (TC) (331.01 mg g−1), and anionic dyes of methyl orange (MO) (1023.88 mg g−1), methyl blue (MB) 
(726.26 mg g−1) and direct red (DR) (642.25 mg g−1). Meanwhile, it presents fast adsorption rate, it only took 30 min to reach more 
than 90% of the equilibrium adsorption amount for TC-HCl, TC, MO, MB and DR. The adsorption process closely fitted the Lang-
muir isotherm model and pseudo second-order rate equation. More importantly, simple method has been developed for separating the 
pollutant from the adsorbent, which not only regenerates the materials, but also completes the recovery of antibiotics and dyes, 
avoiding the secondary pollution. The broad-spectrum, rapid, environment-friendly and effective adsorption properties make Fe/Cr- 
codoped ZnO a promising adsorbent for water treatments. 
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1 Introduction 
In recent years, antibiotics are widely used in the 

treatment of many diseases as well as the production of 
animal feed. Coincidentally, dyes are also widely applied 
to many industrial fields (Yao et al., 2016; Shen et al., 
2018; Zou et al., 2020). In the past decades, with the 
widespread utilization and rapid depletion of antibiotics 
and dyes, a large amount of them have been discharged 
into the environmental system in the form of waste water 
or feces. Antibiotics (Zhou et al., 2013; Zhu et al., 2013;  
Li et al., 2020) and dyes entering the environmental sys-
tem can bring serious threats to the survival of plants and 
animals even to human health (Das et al., 2013; Okesola 
et al., 2016; Hu et al., 2018) and will cause water pollu-
tion problems on a massive scale. Therefore, the severe 
environment pollution and the terrible health threats from 
antibiotics and dyes effluent will further aggravate the 
urgent need of developing a highly efficient, environ-
mentally friendly, and cost-effective novel functional ma-
terial for wastewater treatment.  

 
* Corresponding authors. E-mail: zhenjiangli@qust.edu.cn 
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Accordingly, various wastewater treatment technolo-
gies techniques have been proposed, such as adsorption, 
biodegradation, ion exchange, membrane separation, co-
agulation and photocatalysis, etc (Li et al., 2013; Ge et al., 
2016; Huang et al., 2017; Lo et al., 2017; Li et al., 2018; 
Qi et al., 2018). However, due to the wide range and re-
fractory properties of antibiotics and dyes, most of the 
water treatment methods are not ideal for the wastewater 
containing antibiotics and dyes. And it is noteworthy that 
adsorption has been proven to be a well-established and 
economical approach for the wastewater treatment thanks 
to its low cost, short equilibrium time and simple opera-
tion (Ge et al., 2016; Chen et al., 2018; Huang et al., 
2018). 

The key problem for the application of the adsorption 
method is to synthesize adsorbent with high adsorption 
property (Peng et al., 2014; Chen et al., 2016; Zhang et al., 
2018). Different types of adsorbents are developed to 
remove pollutants from wastewater, such as carbon mate-
rials (Perreault et al., 2015; Musielak et al., 2019), porous 
materials (Wu et al., 2012; Yang et al., 2014; Wang et al., 
2015), biomaterials, polymers materials (Roosen et al., 
2014; Zheng et al., 2014; Rekha et al., 2016; Zhao et al., 
2017). However, practically, those methods are still un-
able to meet the demand due to their low adsorption ca-
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pacity, long adsorption time, or second pollution. It is 
necessary to carry out further research and develop ad-
vanced adsorbents with high adsorption capacity and a 
rapid adsorption rate for antibiotics and organic dyes. 
Inorganic non-metallic materials have good oxidation 
resistance, wear resistance and corrosion resistance. They 
have been attracted widely attention of researchers and 
are often used as adsorption materials. Although the in-
organic nonmetallic material adsorbent has good devel-
opment prospects, the silica powder is toxic and has po-
tential damage to the human health. Additionally, the 
preparation technology of carbon-based inorganic non- 
metallic adsorbent is complex and low yield, so it cannot 
be widely used in wastewater treatment. Zinc oxide has 
been widely used in many fields such as light, electricity 
and catalysis (Izaki et al., 2013; Zhang et al., 2014; Hsu 
et al., 2017) because of its low cost, stable property and 
environmental friendliness, but rarely apply to the field of 
water treatment due to its low adsorption capacity and 
long equilibrium times. Recently, the pure zinc oxide 
were modified to overcome its inherent defects, such as 
doping, (Li et al., 2008; Song et al., 2011) making it has 
practical application value in the field of adsorption. For 
example, Xiangning Zheng and his colleagues synthe-
sized the magnetic ZnO clay nanocomposite hydrogel 
with good adsorption property for La (III) (58.8 mg g−1) 
(Zheng et al., 2014; Perreault et al., 2015). Despite of the 
good achievement they have made, it is still meaningful 
for obtaining ZnO modified by co-doping two metal ions 
to acquire the excellent adsorption performance, espe-
cially, it could adsorb on the various the antibiotics and 
dyes meanwhile. In addition, the selection of doped ele-
ments should meet the following two requirements. First 
of all, the doped elements can make the adsorbent surface 
with more positive charge; in the second place, the doped 
elements should have ionic radius close to that of zinc. 
Based on the above considerations, we then choose Fe 
and Cr with higher valence state as the doped elements in 
this work.  

Herein, a mild one-step-solvothermal method was ex-
ploited to prepare Fe/Cr-codoped ZnO NPs with splendid 
adsorption capacity for the various antibiotisc and dyes. 
Meanwhile, a range of experiments were executed to in-
vestigate various factors affecting the adsorbability of 
adsorbent, such as pH of solution, initial concentration 
and contact time. Kinetics and isotherms model mani-
fested that the as-prepared sample takes on the fast ad-
sorption rate as well as high adsorption capacity of 
826.45 mg g−1 for tetracycline hydrochloride (TC-HCl), 
331.01 mg g−1 for tetracycline (TC), 1023.88 mg g−1 for 
methyl orange (MO), 726.26 mg g−1 for methyl blue (MB) 
and 642.25 mg g−1 for direct red (DR), respectively. The 
proposed adsorption mechanism reasonably explains the 
effective removal of the various antibiotics and anion 
pollutants by Fe/Cr-codoped ZnO NPs. What’s more, the 
regeneration channel of the adsorbent was acquired, ma- 
king the pollutant and adsorbent can be separated simply 
and efficiently. 

 

 

2 Materials and Methods  
2.1 Chemicals and Instruments  

The Zn(NO3)2·6H2O, Cr(NO3)3·9H2O, Fe(NO3)3·9H2O, 
NaOH and ethanol absolute were all purchased from Si-
nopharm Chemical Reagent Co., Ltd., (China). All the 
chemicals are analytical grade and without further treat-
ment.  

Absorbance spectra of pollutants were measured using 
a UV-vis spectrophotometer (Perkin Elemr, Lambda 35, 
USA). The morphology of the as-prepared products was 
acquired using scanning electron microscope (SEM, JSM- 
6460LV) and transmission electron microscope (TEM, 
JEM-2100). Crystalline structure of adsorbents was char-
acterized using X-ray diffraction (XRD, D/MAX-2500/ 
PC, CuKa). X-ray Photoelectron Spectroscopy (XPS) pat- 
tern was conducted on Thermoelectron spectroscopy 
(ESCALAB 250, Al Ka = 1486.6 eV, approximately 5 × 
10−9

 torr). 

2.2 Synthesis of Fe/Cr-Codoped ZnO NPs 

Firstly, the Fe/Cr-codoped ZnO NP was synthesized by 
a solvothermal method in a Teflon-lined stainless auto-
clave. Specifically, 2.0 mmol of Zn(NO3)2·6H2O, 0.5950 g 
Cr(NO3)3·9H2O and a certain amount of Fe(NO3)3·6H2O 
were absolutely dissolved in 40 mL ethanol absolute at 
room temperature, and the solution was stirred for 30 min. 
Then, 4.0 mol L−1 NaOH solution (40 mL) was dropped 
into the above solution. After stirring for 1 h at room 
temperature, the mixture was transferred into autoclave, 
heated 12 h at 120℃ in an oven. After natural cooled to 
room temperature, the products were centrifuged, washed, 
and freeze-dried for 8 h. 

2.3 Adsorption Experiments 

Adsorption experiments of typically antibiotics and 
dyes wastewater (TC-HCl, TC, MO, MB and DR) were 
carried out in batch adsorption experiments at room tem-
perature (25℃). In the single wastewater system, 10 mg 
of Fe/Cr-codoped ZnO was added into 30 mL of solution 
containing antibiotics (TC-HCl and TC) or dyes (MO, 
MB and DR) with different initial concentrations (the 
initial concentrations of TC-HCl, MO, MB and DR is 100, 
200, 300, 400, 600, 800 and 1000 mg L−1, respectively, 
and the initial concentrations of TC is 50, 75, 100, 150, 
200, 250, 300 mg L−1) at room temperature, and the pH 
values of the initial solution were adjusted from 6.0 to 
11.0 using 0.1 mol L−1 HCl and 0.1 mol L−1 NaOH solution. 
In the adsorbing process, 3 mL of wastewater sample was 
taken out at definite time up to 12 h and then centrifuge. 
Concentration of the remaining contaminant solution was 
determined using a UV-vis spectrophotometer.  

The adsorption capacities at any time qt (mg g−1), and 
the adsorption capacities at equilibrium qe (mg g−1) of the 
contaminant on Fe/Cr-codoped ZnO NPs can be calcu-
lated using the following Eqs. (1) – (2). 
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where C0 and Ce are the initial and equilibrium concentra-
tions of contaminant in the solution (mg L−1), respectively, 
qe is the quantity of adsorbed contaminant on Fe/Cr- 
codoped ZnO NPs adsorbent at equilibrium (mg g−1), V is 
the volume of the contaminant solution (L), and m is the 
mass of Fe/Cr-codoped ZnO NPs sample (g). All the ad-
sorption tests were carried out in triplicates, and the data 
in this paper were the average measurements. 

2.4 Regeneration of Fe/Cr-Codoped ZnO NPs  

Firstly, 20 mL 1 mol L−1 HNO3 was added into a beaker 
containing 0.8 g of Fe/Cr-codoped ZnO NPs absorbed 
contaminant drop by drop until the particles were com-
pletely dissolved; secondly, 1 mol L−1 NaOH was added 
into the above solution until the pH is 8, forming a hy-
droxide flocculent precipitate; thirdly, the precipitate was 
obtained by centrifugation; fourthly, the precipitate ob-
tained by centrifugation was washed multiple times, and 
then dried at 60℃ for 8 h; finally, it was calcined at 180  ℃
for 2 h.  

3 Results and Discussion  
3.1 Material Characterization 

XRD measurements were performed to investigate the 
crystal structure of the samples. XRD pattern of ZnO and 
Fe/Cr-codoped ZnO in Fig.1 showed similar pattern, and 
several peaks corresponding crystal plane of (100), (002), 
(101), (102), (110), (103), (200), (112), (201), respec-
tively, which is consistent with wurtzite-phase ZnO crys-
tal (JCPDS No. 36-1451) (Li et al., 2018). Moreover, 
there was no other peaks appeared in XRD pattern of Fe/ 

Cr-codoped ZnO NPs, indicating that no second phase 
products were produced after Fe and Cr were doped in 
ZnO. In addition, it can be seen from the inset of Fig.1 
that the peaks of the doped sample deviates slightly to a 
large angle, suggesting that the doped elements of the 
small size enter into the zinc oxide lattice to replace some 
zinc.   

 
Fig.1 XRD patterns of ZnO (a), Fe/Cr-codoped ZnO (b) 
NPs and the shift of corresponding diffraction peaks of 
ZnO and Fe/Cr-codoped ZnO NPs (the inset). 

 
The morphologies of Fe/Cr-codoped ZnO nanoparticles 

were investigated through SEM and TEM (Fig.2). As can 
be seen from SEM images (Figs.2A and B), the as-pre-
pared Fe/Cr-codoped ZnO is nanoparticle with a rela-
tively uniform size, whose diameter is approximately 
10–20 nm. Fig.2C shows TEM image, indicating that 
Fe/Cr-codoped ZnO has a homogenous particle size with 
good dispersion. As shown in Fig.2D, the size of the par-
ticles is between 10–20 nm. The inset of Fig.2D shows 
HRTEM (Chen et al., 2000) pattern of the Fe/Cr-codoped 
ZnO, and the lattice stripes of the nanoparticles are clear- 

 

Fig.2 Typical SEM (A, B), TEM (C, D) images of Fe/Cr-codoped ZnO NPs. 
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ly visible, indicating that the as-prepared sample has good 
crystallinity, and the spacing of 0.2800 nm correspond to 
the (100) planes of wurtzite-phase ZnO crystals, which 
was consistent with the result of XRD. 

To furtherly investigate the chemical composition 
and valence state of the composites, X-ray photoelectron 
spectroscopy (XPS) analysis of Fe/Cr-codoped ZnO na- 
noparticles was carried out. The XPS survey spectrum 
(Fig.3A) clearly indicates that there are peaks of Cr, Fe, 
Zn, and O elements in Fe/Cr-codoped ZnO. Figs.3B–D 
shows the high-resolution XPS spectrum of Cr 2p, Fe 2p, 
and Zn 2p regions, respectively. In Fig.3B, two peaks 
with binding energies of 577.2 and 586.4 eV are assigned 

to Cr 2p3/2 and Cr 2p1/2, respectively, which correspond to 
Cr3+. In Fig.3C, the high-resolution Fe 2p spectra show 
two broad peaks of Fe 2p1/2 and Fe 2p3/2 with binding en-
ergies of 725.3 and 711.5 eV, respectively, corresponding 
to Fe3+. The peak at 717.4 eV is attributed to the shakeup 
satellite peak (denoted as ‘Sat.’) of Fe3+ (Grosvenor et al., 
2004). The results of XPS can further indicated that Cr3+ 
and Fe3+ entered into the lattices of ZnO and substituted 
the positions Zn2+, which are in accordance with the result 
of XRD. Peaks at 1022.0 and 1045.1 eV, as shown in Fig. 
3D, corresponding to Zn 2p3/2 and Zn 2p3/2, respectively, 
can be assigned to the Zn2+ species in the ZnO nanomate-
rial (Song et al., 2016). 

 
Fig.3 XPS spectra of the Fe/Cr-codoped ZnO NPs. XPS survey spectrum (A); High-resolution XPS spectra of Cr 2p (B); Fe 
2p (C) and Zn 2p (D). 
 

3.2 The Effect of Adsorption Conditions on  
Adsorption Property 

To achieve optimistic performance, the effect of adsor- 
ption conditions, such as pH values of solution, the initial 
concentration of pollutants and contact time, on adsorp-
tion property were systematically examined.  

3.2.1 The effect of pH  

The pH of the solution is an important parameter in-
fluencing the adsorption capacity of adsorbents. Hence, 
the effect of pH on the adsorption capacity of pollutants 
(TC-HCl, TC, MO, MB and DR) over Fe/Cr-codoped 
ZnO are shown in Fig.4. Fig.4(A) displays the adsorption 
capacity of Fe/Cr-codoped ZnO under different pH condi-
tions. It can be observed that the adsorption capacity of 

Fe/Cr-codoped ZnO is increased first and then decreased 
with the pH value changing in the range of 6–11, reaching 
the maximum value at pH = 7. The characterization results 
in Fig.4(B) explain the reasons for this phenomenon. The 
effect of pH on adsorbent performance is carried out by 
affecting the surface zeta potential of the adsorbent. The 
zeta potential of Fe/Cr-codoped ZnO is positive in the 
range of pH 6–11. The surface of the adsorbent has the 
greatest positive charge when the pH is 7, so the maxi-
mum adsorption capacity was reached at under this con-
dition. 

3.2.2 The effect of initial concentration 

Different initial concentration of the pollutant may 
have important effects on the adsorption capacity of the 
adsorbent. Fig.5A shows the effect of the pollutant initial 
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Fig.4 The adsorption capacity (A) and zeta potential (B) of Fe/Cr-codoped ZnO under different pH conditions. 

 

Fig.5 The effect of the initial concentration (A) and contact time profiles (B) of pollutants adsorption on the Fe/Cr-codoped 
ZnO. 
 

concentration on adsorption capacity of adsorbent. The 
curve in the Fig.5A shows that the adsorption capacity of 
adsorbent in equilibrium gradually increases and finally 
tends to be stable with the pollutant initial concentration 
increasing. Specifically, when the initial concentration is 
within the range of 100–400 mg L−1 for TC-HCl, MO, MB 
or DR, the adsorption capacity of adsorbent increases 
rapidly. While the adsorption capacity changes slowly, 
when the initial concentration increases within the range 
of 400–800 mg L−1. Similarly, when the initial concentra-
tion is within the range of 50–200 mg L−1 for TC, the ad-
sorption capacity of adsorbent increases rapidly. However, 
when the initial concentration increases within the range 
of 200–300 mg L−1, the adsorption capacity changes 
slowly. The reason may be that the increase of the driving 
force molecules motion with the increase of the pollutant  
concentration, and then, increasing the chances of colli-
sion between pollutant molecules and the active sites on 
the surface of adsorbent. However, when the initial con-
centration increases to a certain degree, the available ac-
tive sites on the adsorbent surface decrease, reducing the 
rate of collision between the pollutant molecules and the 
active sites on the surface of the adsorbent, so the adsorp-
tion capacity increases slowly. Finally, the adsorbent 
reaches adsorption saturation. As a result, the concentra-
tion of the pollutants continues to increase but the adsorp-
tion capacity of adsorbent is no longer increased. 

3.2.3 The effect of contact time  

Equilibrium time is one of the most important indexes 
for evaluating the adsorption performance of adsorbent in 
wastewater treatment systems. In the process of adsorp-
tion, the adsorption capacity goes through three stages, 
from rapid increase to slow increase and finally to equi-
librium in Fig.5B. At the first 30 min, the adsorption reac-
tion was rapid proceeding, then the process slowed down, 
and finally the adsorption equilibrium was reached within 
120 min for TC-HCl, MO, MB or DR. Similarly, for TC, 
during the first 10 min of the reaction, the adsorption in-
creased rapidly, then slowly, and finally reached adsorp-
tion equilibrium within 60 min. The explanation for this 
phenomenon is as follows: at the initial stage of adsorp-
tion, a large number of active sites are available on the 
surface of adsorbent, so adsorbent can quickly absorb 
pollutant molecules. Later on, as the adsorption progre- 
ssed, the available active sites on the surface of adsorbent 
gradually decrease, thus adsorption becomes slow. Finally, 
all the active sites were occupied, so the adsorbent no 
longer adsorbed pollutant molecules, and the adsorbent 
reached adsorption saturation. Fe/Cr-codoped ZnO will 
have a promising application prospect in waste-water 
treatment field due to its fast adsorption rate and large 
adsorption capacity. 
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3.3 Adsorption Kinetics 

Fig.5B indicates the adsorption rate of Fe/Cr-codoped 
ZnO for TC-HCl, TC, MO, MB and DR are rapid in the 
initial short time, then gradually slows. To better clarify 
the adsorption behavior, the adsorption kinetics of Fe/Cr- 
codoped ZnO are further evaluated by the following ad-
sorption kinetic equations. 

Pseudo first-order equation: 

tkqqq ete 1ln)ln(  ,           (3) 

Pseudo second-order equation: 

eet q

t

qkq

t  2
2

1 ,             (4) 

wherein qt and qe are the adsorption capacity (mg g−1) at 
time t and the equilibrium, respectively; and k1 (min−1) 
and k2 (g (mg min)−1) are the adsorption rate constant.  

To analyze the adsorption process of Fe/Cr-codoped 
ZnO, pseudo-first-order (PFO) and pseudo-second-order 
(PSO) kinetic models were used to fit the experimental 
data. The results of the kinetic model simulation were 

 

Fig.6 Pseudo-second-order adsorption kinetics of pollutants (A) and adsorption isotherm of TC-HCl (B), TC (C), MO (D), 
MB (E) and DR (F) on Fe/Cr-codoped ZnO. 
 

Table 1 Adsorption kinetic parameters of pollutants on Fe/Cr-codoped ZnO (25 , pH=7.0)℃  

Pseudo-second-order 
Adsorbate qe (exp.) (mg g−1) 

k2 (g mg−1 min−1) qe (cal) R2 

TC-HCl 806.37 3.76×10−4 793.65 0.9999 
TC 320.56 2.55×10−3 321.54 0.9999 
MO 1008.56 2.51×10−4 1013.17 0.9999 
MB 706.18 2.86×10−4 709.22 0.9999 
DR 632.68 2.73×10−4 636.94 0.9999 



SUN et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2021 20: 349-360 

 

355

Table 2 Adsorption kinetic parameters of pollutants on Fe/Cr-codoped ZnO (25 , pH℃  = 7.0) 

Pseudo-first-order 
Adsorbate     qe (exp) (mg g−1) 

k1 (min−1) qe (cal) R2 

TC-HCl 806.37 0.1256 770.25 0.9486 
TC 320.56 0.1995 317.98 0.9705 
MO 1008.56 0.1113 984.53 0.9645 
MB 706.18 0.0645 690.45 0.9380 
DR 632.68 0.0734 617.31 0.9263 

 

 
Fig.7 Pseudo-first-order adsorption kinetics of pollutants 
on Fe/Cr-codoped ZnO. 

 

shown in Fig.6 and Fig.7, and the relative parameters 
were tabulated in Table 1 and Table 2. In Fig.6(A), the 
experimental data of the investigated several adsorbents 
can be well fitted to the pseudo-second-order kinetic 
model, and R2 (correlation coefficient) of PSO for five 
pollutants are all exceeds 0.9999 (Table 1), indicating that 
chemisorption is the rate-determining step in the adsorp-
tion process (Li et al., 2019). 

3.4 Adsorption Isotherms 

To quantitatively analyze the adsorption behaviors and 
mechanism of Fe/Cr-codoped ZnO adsorbent, the adsorp-
tion data of the adsorbent over the pollutants are fitted by 
Langmuir and Freundlich isotherm models (Fig.6(B–F)). 
The Langmuir and Freundlich isotherm model equations 
are 

1
,e e

e m L m

c c

q q K q
              (5) 

1/ ,n
e F eq K c

               
(6) 

where ce is the concentration (mg L−1) of the pollutant 

solution when the adsorption reaches equilibrium; qe is 
the equilibrium adsorption capacity (mg g−1); qm is the 
maximum adsorption capacity (mg g−1); KL is the Lang-
muir isothermal constant (L mg−1); KF is the Freundlich 
isothermal constant (mg g−1) (L mg)1/n; and n is the factor 
relating to the adsorption intensity. 

The Langmuir isotherm model supposes that adsorp-
tion occurs on a uniform surface with homogeneous ac-
tive sites through monolayer adsorption. Hence, it can 
reach saturation. Whereas, the Freundlich isotherm ad-
sorption model assumes that multilayer adsorption occurs 
on heterogeneous surfaces. The isotherms of TC-HCl, TC, 
MO, MB and DR adsorption onto Fe/Cr-codoped ZnO are 
shown in Fig.6(B–F), and the relative parameters are 
listed in Table 3. By comparing the R2 of five pollutants, 
it is indicated that Langmuir model has better relativity 
than Freundlich model. This suggests that the adsorption 
behavior occurs in the form of monolayer on the hetero-
geneous surfaces of Fe/Cr-codoped ZnO nanoparticles. 
Furthermore, the saturated adsorption capacity of Fe/Cr- 
codoped ZnO for various anionic organic pollutants were 
obtained, which are 826.45 mg g−1 for TC-HCl, 331.01 mg 

g−1 for TC, 1023.88 mg g−1 for MO, 726.26 mg g−1 for MB, 
642.25 mg g−1 for DR, respectively. These data are close 
to the actual adsorption capacity calculated by Eq. (2) 
(806.37 mg g−1 for TC-HCl, 320.56 mg g−1 for TC, 1008.56 

mg g−1 for MO, 706.18 mg g−1 for MB, 632.68 mg g−1 for 
DR, respectively). These reported results were signifi-
cantly higher than those of many reported adsorbents 
(Table 4). 

In order to show the effect of Fe/Cr-codoped on im-
proving ZnO adsorption capacity for the various organic 
pollutants, the comparison of adsorption capacity on ZnO 
and Fe/Cr-codoped ZnO for the various organic pollutants 
were presented in Table 5. It can be seen that the adsorp-
tion capacity of Fe/Cr-codoped ZnO is significantly im-
proved compared with that of ZnO. 

Based on the above characterization and experimental 
results, an adsorption mechanism of Fe/Cr-codoped ZnO 
for the anionic organic pollutants was proposed, as shown 

Table 3 Fitting parameters of Langmuir and Freundlich adsorption isotherms for pollutants adsorption (25 , pH℃  = 7.0) 

Langmuir Freundlich 
Adsorbate 

qm KL R2 1/n KF R2 

TC-HCl 
TC 
MO 
MB 
DR 

826.45 
331.01 
1023.88 
726.26 
642.25 

0.01127 
0.02032 
0.01189 
0.01253 
0.00942 

0.97795 
0.99025 
0.96535 
0.90560 
0.94961 

0.262 
0.319 
0.278 
0.241 
0.261 

116.92 
48.23 

139.03 
122.73 

92.82 

0.81424 
0.86150 
0.83545 
0.77182 
0.84721 
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Table 4 Comparison of the adsorption capacity for the various adsorbents 

Adsorbate Adsorbent 
Adsorption capacity 

(mg g−1) 
Ref. 

TC-HCl 
TC-HCl 
TC-HCl 
TC-HCl 
TC-HCl 

MHNTs 
g-MoS2 
HT-B 
MWCNT/NH2-MIL-53(Fe) 
Fe/Cr-codoped ZnO NPs 

34.00 
249.45 
123.6 
368.49 
826.45 

Guan et al., 2012 
Zeng et al., 2019 
Ma et al., 2018 
Xiong et al., 2018 
This work 

TC 
TC 
TC 
TC 
TC 

CuCo/MIL-101 
Diol-based POPs 
p-BN 
Co-doped UiO-66 
Fe/Cr-codoped ZnO NPs 

225.17 
155.8 
322.16 
224.1 
331.01 

Jin et al., 2019 
Zhang et al., 2018 
Song et al., 2017 
Cao et al., 2018 
This work 

MO 
MO 
MO 
MO 
MO 

Hierarchical structured Fe2O3 
chitosan/Al2O3/magnetic NPs 
Amino-MIL-101(Al) 
Fe3O4 MNPs 
Fe/Cr-codoped ZnO NPs 

150.7 
417 
188 ± 9 
46.7 
1023.88 

Kang et al., 2018 
Haque et al., 2014 
Tanhaeia et al., 2015 
Mou et al., 2017 
This work 

MB 
MB 
MB 
MB 
MB 

Fe3O4-CS/EDTA   
Magnetic particles precipitated onto wheat husk 
Na-doped g-C3N4 
Fe3O4@PDA/PEI 
Fe/Cr-codoped ZnO NPs 

459.9  
100.0  
360.0 
172.4 
726.26 

Chen et al., 2019 
Shah et al., 2014 
Fronczak et al., 2017 
Wang et al., 2015 
This work 

DR 
DR 
DR 
DR 
DR 

NiFe2O4/AC 
α-CDs-EPI 
HP-α-CDs-EPI 
AS-CTAB 
Fe/Cr-codoped ZnO NPs 

299.67 
31.5 
23.4 
454.9 
642.25 

Livani et al., 2018 
Pellicer et al., 2018  
Pellicer et al., 2018 
Kasperiski et al., 2018 
This work 

Table 5 Comparison of the adsorption capacity on ZnO and Fe/Cr-codoped ZnO for the various anionic organic pollutants 

Pollutant MO TC-HCl TC MB DR 

ZnO 23.75 21.84 19.56 21.37 28.48 
q (mg g−1) 

Fe/Cr-codoped ZnO 1023.88 826.45 331.01 726.26 642.25 

 

Fig.8 Schematic diagram of the adsorption mechanism of Fe/Cr-codoped ZnO NPs for anionic organic pollutant. 

 

in Fig.8. When Cr3+ enters into ZnO lattice to replace 
Zn2+, the surface of Cr-doped ZnO will have positive 
charges. However, our previous study showed that when 
excessive Cr3+ was added, a secondary phase (ZnCrO4) 

would be formed, leading the adsorption capacity de-
creased. So there is a limit on the doped amount of Cr3+. 
Therefore, the second metal ionic Fe3+ was selected as the 
dopant to doped ZnO. On the basis of Cr3+ doping, some 
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Fe3+ entered into the lattice instead of Zn2+ (as shown in 
XPS), making the surface of Fe/Cr-codoped ZnO have 
more positive charges, and there’s no secondary phase (as 
shown in XRD) after adding a moderate amount of Fe3+. 
More positive charge on the surface of dopant would in-
crease the adsorption capacity of the adsorbent for ani-
onic organic pollutant.   

The above analysis was confirmed by the results of pH 
and Zeta potential affecting on the adsorption capacity. It 
can be seen from the Zeta potential characterization that 
the surface of Fe/Cr-codoped ZnO has positive charge 
when pH is within the range of 6–11 in Fig.4. Besides, 
according to the effect of pH on the adsorption capacity 
of five pollutants, the more positive charge on the surface 
of the absorbent, the greater the adsorption capacity is 
(For example, when pH = 7, Zeta potential is the highest, 
and the adsorption capacity is also the largest.), indicating 
that electrostatic interaction is the main adsorption ap-
proach. In Fig.8, MO is the representative of three dyes, 
and TC is the representative of two antibiotics in this 
work. So, based on the above analysis, Fe/Cr-codoped 
ZnO NPs can efficient remove anionic organic pollutant 
by electrostatic interaction. 

3.5 Desorption of Pollutant 

In practical application, it is very importance for ad-
sorbent to be simple, efficient and non-polluting desorbed 
and regenerated. In this paper, the separation of adsorbent 
and pollutant was realized by acid dissolution, alkali pre-
cipitation, and finally calcining. Because Fe/Cr-codoped 
ZnO is soluble in strong acid, it can be dissolved by add- 

 

Fig.9 The XRD pattern of the product obtained after the 
process desorption. 

ing HNO3, and iron, chromium and zinc will exist in the 
solution as the ions. When the appropriate amount of 
NaOH is added to the above solution, the Zn2+, Fe3+, and 
Cr3+ will form hydroxide precipitation. As we all know, 
the Ksp(Zn(OH)2) = 1.2×10−17, Ksp(Cr(OH)3) = 6.3×10−31, 

and Ksp(Fe(OH)3) = 4×10−38, so when the pH reaches 8, 
the Zn2+, Fe3+, and Cr3+ in the solution can be completely 
precipitated. Then, the adsorbent is separated from the 
contaminant by centrifugation. Finally, the hydroxide 
precipitates are calcined to obtain their corresponding 
oxides. The product was characterized by XRD (shown in 
Fig.9), and it was proved to be ZnO. There is no peak of 
iron and chromium, which may due to low levels of iron 
and chromium. 

This strategy is as follows:   

 
 
The as-obtained ZnO can be used in other industrial 

production or synthesis, and the separated pollutants can 
also be used in industry. Therefore, the whole process will 
not produce secondary pollution. This kind of adsorbent, 
which has excellent adsorption performance for anionic 
organic pollutant and can be reused through simple proc-
essing, will become one of the indispensable adsorbents. 

4 Conclusions 
In summary, nano-sized Fe/Cr-codoped ZnO particles 

with excellent adsorption performance for the various 
anionic organic pollutants have been successfully synthe-
sized. The surface of Fe/Cr-codoped ZnO has a large 

amount of positive charges, which makes it has excellent 
adsorption performance to the anionic pollutants. The 
adsorption capacities of the as-prepared adsorbent are up 
to 826.45, 331.01 mg g−1 for the antibiotics of TC-HCl 
and TC, and 1023.88, 726.26 and 642.25 mg g−1 for ani-
onic dyes of MO, MB and DR, respectively. The adsorp-
tion of various anionic organic pollutants on Fe/Cr- 
codoped ZnO NPs was fast, it only took 30 min to reach 
more than 90% of the equilibrium adsorption amount for 
TC-HCl, MO, MB and DR, and for TC, it can exceed 
90% of its equilibrium adsorption capacity within 10 min. 
The results of the kinetics study showed that the adsorp-
tion of the various anionic organic pollutants followed 
pseudo-second-order model, and the adsorption process 



SUN et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2021 20: 349-360 

 

358 

agreed well to Langmuir isotherm. Most importantly, the 
desorption of pollutant from the surface of adsorbent was 
realized by a simple and economic methods. From the 
above, Fe/Cr-codoped ZnO is an adsorbent with extensive 
application potential in the field of efficient wastewater 
treatment.  
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