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a b s t r a c t
Tetracycline (TC) photodegradation using rGO/ZnO/Cu nano-powder was investigated under 
visible irradiation. The effect of operating conditions such as pH, photocatalyst concentration, 
and initial concentration of pollutant on reaction rate constant and total organic carbon (TOC) 
removal was studied. Complete removal of 40mg/L tetracycline concentrations was achieved at pH 
8 and 1 g/L rGO/ZnO/Cu. The best model fitted to the experimental data was pseudo-second-order, 
with maximum and minimum kinetic rate constants of TC elimination estimated at 1 g/L (0.007280 L/
min/mg) and photolysis (0.000018 L/min/mg), respectively. The TC and TOC removal percentages 
reached 100% and 91.2% after 180 and 300 min, respectively.
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1. Introduction

Antibiotics are utilized to treat or prevent human and 
animal infections in modern medicine. One of the most 
commonly used antibiotics is tetracycline (TC) which 
is a bacteriostatic agent used to treat gram-positive and 
gram-negative bacteria, mycoplasma, and fungi [1]. As a 
result of its wide consumption (thousands of tons annu-
ally) and poor absorption in human and animal bodies, 
traces of TC, and their metabolites have been detected in 
many different environments [2]. TC has been found in 
very low concentration (μg/L or ng/L) in treated waters 
and higher levels (100–500 mg/L) in effluents of hospital 
and pharmaceutical manufacturing wastewaters [3,4]. 
It is considered a contaminant because of long persistence 
(slow degradation) in nature, inducing antibiotic-resistance 

in microorganisms, acute, and chronic activity in ecosys-
tems and genetic exchanges [5].

Thus far, various chemical, physical, and biological 
methods have been used for TC absorption or degrada-
tion [6–12]. According to previous studies, some advanced 
oxidation processes are low cost and high-efficiency strat-
egies [2]. Photocatalysts based on semiconductor metals 
like ZnO operate in ambient conditions and have few lim-
itations. ZnO is activated in the UV region [13], but when 
corrected by a transient metal like Cu shifts to the visible 
range [14–16]. Reduced graphene oxide (rGO) acts as an 
electron sink diminishing electron–hole recombination, 
and enhancing the effectiveness of ZnO by its high surface 
area and changing electrical charge of the surface leading 
to reduced ZnO agglomeration [17–20]. It has been reported 
that ZnO activated with copper and rGO has higher photo-
catalytic activity and other improved properties [21].
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The chain of photocatalytic reaction is facilitated by 
derived semiconductors, which have better performance 
by improving method procedure and/or material proper-
ties [22–24]. The reaction starts with adsorbing photons on 
the surface of the semiconductor. Photons activate electrons 
with an equal or higher energy to the bandgap and trans-
fer valance band electrons (e–) to the conduction band. The 
lack of electrons in the valance band generates holes (h+) and 
the first reaction of the series takes place (reaction (1)). Then 
other molecules like H2O and trapped OH– on the catalyst 
surface get involved and produce hydroxyl radicals (reac-
tions (2) and (3)). At the same time, promoted electrons 
attack the O2 molecules and create superoxide ions (•O2), 
followed by the production of hydrogen peroxide (H2O2) 
and hydroxyl ions (reactions (4) and (5)). Conduction band 
electrons react with H2O2 molecules and generate more 
OH– and OH• (reaction (6)). Photocatalytic reaction needs 
enough OH• as a powerful oxidant and the h+ as an elec-
tron-absorbing organic matter (OM) and ameliorative deg-
radation reaction (reaction (7) and (8)) [22–24].

Semiconductor + → +− +h e hν  (1)

h H O H OH+ + •+ → +2  (2)

h OH OH+ − •+ →  (3)

e O O− •+ →2 2  (4)

O H O H H O OH2 2 2 2
•− + −+ + → +  (5)

H O e OH OH2 2 + → +− • −  (6)

OH organic matter OM degradation of OM• + →( )  (7)

h OM OM oxidation of OM+ •++ → →  (8)

In this study, the photodegradation performance 
of rGO/ZnO/Cu in the aqueous solution of tetracycline 
under visible light was investigated. The response surface 
method (RSM) was employed to model and optimize the 
experimental condition for maximized TC degradation. 
Effect of initial pH, initial TC concentration, and rGO/ZnO/
Cu concentration was studied. The total organic carbon 
(TOC) and removal percentage were determined to evaluate 
the mineralization. Kinetic study for specific conditions 
was implemented and rate constant (k) was calculated 
from curve fitting by pseudo-first and second-order model.

2. Experimental section

2.1. Reaction setup

Briefly, the photocatalytic degradation reaction was 
performed in a 500 mL batch reactor for 180 min. The light 

source was a 300 W Xe arc lamp (with ultraviolet cut off fil-
ter). A mixer with a pitched blade turbine mixed the suspen-
sion and an aquarium air pump injected air to the solution. 
The operating condition was adjusted to the desirable pH 
and temperature set to 25°C. The photocatalyst was pre-
pared using a two-step ultrasonic-assisted method involv-
ing total reflux in the first step and hydrothermal process 
in the second step. The analyses used to characterize the 
photocatalyst are described with details elsewhere [25]. 
The rGO/ZnO/Cu concentration in photocatalytic suspen-
sion was 0.5, 1, 1.5, or 2 g/L. The pollutant suspension was 
prepared to use TC in four initial concentrations (40, 50, 60, 
or 70 mg/L). Finally, the two suspensions were combined to 
form the reaction suspension. Before irradiation, the mix-
ture was stirred for 30 min to reach adsorption–desorption 
equilibrium. Initial pH was set to 6, 7, 8, or 9 using H2SO4 
and NaOH solutions. At preselected periods 2 mL ali-
quots were taken and centrifuged several times to remove 
suspended pieces. All samples continued the chain reaction 
with hydroxyl radicals until they were quenched by adding 
H2SO4 (0.1 N) and kept them at 4°C for maximum of 2 d.

A sample of the solution was extracted at certain time 
intervals and examined through a UV-vis spectrophotom-
eter after quenching and centrifugation. The maximum 
absorbance of TC was at wavelength 355 nm correspond-
ing to the main characteristic peak. The TC concentration 
was calculated according to the Beer–Lambert’s law from 
TC absorbency. The TC normalized temporal concentration 
is directly proportional to the normalized maximum absor-
bance (At/A0 in 355 nm is equal to Ct/C0).

2.2. Response surface method

In photocatalytic reactions, RSM has been used widely 
to minimize the number of experiments required to evaluate 
the effect of the operating parameters like pH, pollutant con-
centration, photocatalyst concentration, dissolved oxygen 
concentration, agitation speed, temperature, and irradiation 
time [25]. In this study, three influential independent param-
eters were evaluated: pH, rGO/ZnO/Cu concentration, and 
TC concentration. Toward this object, photocatalytic deg-
radation of TC was optimized according to the five-level 
central composite design (CCD) method which is the most 
common form of RSM. Regression analysis was performed 
by Design-Expert® Software. The lower and upper limit 
values of variables are presented in Table 1. Table 2 shows 
the observed and predicted values of response for each run. 
The adequacy and significance of the model were judged 
based on analysis of variance (ANOVA) and coefficient 
of determination (R2) which are summarized in Table 3.

Table 1
Experimental design ranges of independent variables

Coded 
variables

Factors Levels

–α –1 0 1 +α

A pH 6 7 8 9 10
B TC, mg/L 30 40 50 60 70
C rGO/ZnO/Cu, g/L 0 0.5 1 1.5 2
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2.3. Measuring mineralization

TOC and TC removal were estimated through min-
eralization of the pollutant in a specified condition (pH: 8, 
TC concentration: 40 mg/L, rGO/ZnO/Cu: 1 g/L, irradiation 
time: 300 min).

3. Results and discussion

Below, we describe the effects of various operational 
conditions on TC degradation rate.

3.1. pH

pH is one of the major parameters impacting the pho-
tocatalytic degradation of organic pollutants, for example, 
tetracycline. Surface electrical properties of the photocat-
alyst, TC decomposition, and adsorption onto the rGO/
ZnO/Cu and catalyst oxidation ability are important con-
sequences of the pH changes [26,27]. The pH point of zero 
charge (pHPZC) for rGO/ZnO/Cu was calculated 8.7 in this 

study. TC is an organic compound with an amphoteric 
molecule that is positively and negatively charged in acidic 
and alkaline conditions, respectively. The adsorption and 
dissociation constants (pKa) are influenced by the pH of the 
solution. At pH below 3.3, TC appears in the fully proton-
ated form (H3TC+), is neutral (H2TC) in the middle range 
of 3.3–7.68 and assumes anionic forms (HTC– and TC2–) in 
pH higher than 7.68. The pHPZC of rGO/ZnO/Cu was speci-
fied at around 8.7. This means that either TC or photocata-
lyst, or both of them, will have a positive surface charge in 
acidic environment which increases repulsing electrostatic 
forces between the protonated forms of them. Therefore, 
degradation and removal efficiency decreased in acidic 
pH [28].

On the other hand, these repulsive forces appear again 
in basic pH higher than 8.7, because TC and rGO/ZnO/
Cu nano photocatalyst will both be in anionic form. In a 
weak alkaline solution (7.68–8.7), electrostatic repulsion 
is substituted by attraction, because TC molecules change 
to the positive state and the photocatalyst has a negative 

Table 2
CCD design matrix for three variables with observed and predicted values for TC degradation

Run 
order

Coded value Real values Degradation efficiency (%)

A B C A: pH B: TC (mg/L) C: rGO/ZnO/Cu(g/L) Exp. Pred.

1 0 0 2 8 50 2 80.01 80.04
2 0 0 0 8 50 1 94.37 93.97
3 0 0 0 8 50 1 95.11 93.97
4 1 1 –1 9 60 0.5 75.11 76.47
5 –1 –1 –1 7 40 0.5 83.34 83.31
6 0 2 0 8 70 1 85.64 86.87
7 0 0 0 8 50 1 94.95 93.97
8 –2 0 0 6 50 1 72.65 74.15
9 1 –1 –1 9 40 0.5 79.63 79.59
10 –1 1 1 7 60 1.5 83.16 83.13
11 1 –1 1 9 40 1.5 87.16 88.26
12 0 –2 0 8 30 1 99.35 100.34
13 0 0 –2 8 50 0 9.21 9.92
14 1 1 1 9 60 1.5 89.74 89.7
15 2 0 0 10 50 1 79.29 78
16 0 0 0 8 50 1 93.48 93.97
17 –1 –1 1 7 40 1.5 84.88 83.65
18 –1 1 –1 7 60 0.5 79.49 78.13

Table 3
ANOVA results for the response surface quadratic models

TC  
degradation

Source Analysis of variance

Sum of squares Df Mean square F-value Prob > F

Model 9.08 × 109 10 9.08 × 108 98.98 1.43 × 10–6

Residual 6.42 × 107 7 9.18 × 106

Lack of fit 5.48 × 107 4 1.37 × 107 4.36 0.13
Pure error 9.43 × 106 3 3.14 × 106
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charge. Consequently, the highest adsorption could be 
seen in the range of weak basic near to neutral pH around 
7.68–8.7. The other reason for increasing degradation rate 
refers to OH• radicals which are a great help for TC hydro-
lysis. Under the alkaline condition, OH– concentration 
increase on the rGO/ZnO/Cu surface creating more OH• 
[29]. In the same way, positive holes have a significant role 
in oxidation. Under light irradiation, photo-excited charge 
converts O2 to an active piece O2

•–, and holes are neutral-
ized by OH– ions to generate OH•. At the final step, TC is 
attacked by produced OH• and O2

• radicals, and photo-
degradation will be completed [30].

To understand the effect of initial pH, the aqueous sus-
pension was made in the pH range of 6–9, adjusted by 1 M 
NaOH and H2SO4 solutions. As shown in Fig. 1, the removal 
efficiencies increased by increasing pH from 6 to 8 and 
have the maximum value (98.78%) in pH 8, but decrease 
after that with increasing the pH up to 9. A similar effect of 
pH was reported by Wang et al. [31] after 150 min [27].

3.2. rGO/ZnO/Cu concentration

Fig. 2 shows the removal of TC at different concen-
trations of rGO/ZnO/Cu. TC degradation under visible 
light was very slow without a photocatalyst. When the 
ZnO complex concentration was increased up to 1 g/L, 
the reaction rate went up presumably because more 
adsorption sites were produced and more OH• radicals 
became available for photoreactions. The optimal con-
centration of the ZnO complex for removal of 40 mg/L TC 
at pH = 8 was 1 g/L. Further increasing the photocatalyst 
concen tration was detrimental and retarded the reaction. 
We believe that this happened for two reasons: firstly, 
agglomeration and sedimentation of the catalyst effec-
tively eliminated a high fraction of active sites from the 
reaction environment; secondly, the abundance of sus-
pended particles in the solution blocked the penetration 
of visible light or misled it to the wrong direction [32]. 
This is consistent with previous reports [26,31].

3.3. TC initial concentration

Fig. 3 shows TC degradation rates starting from concentra-
tions 40, 50, 60, or 70 mg/L, for 180 min under visible light 
irradiation. The experimental data display lower removal 
rates at higher TC concentrations. This could be because 
of one of the following reasons. In lower TC concentration, 
the kinetic regime controls the progress of the reaction, but 
when it goes higher, the mass transfer becomes the limit-
ing factor [26]. By increasing pollutant concentration, more 
product is produced during irradiation, OH• radicals are 
captured between them and become the limiting reactant, 
thus diminishing the degradation rate [33]. Under these 
circumstances, a high concentration of TC molecules accu-
mulates on the photocatalyst surface effectively inhibiting 
the subversion mechanism. Increased turbidity in the sus-
pension further impedes TC molecules from contact with 
the photogenerated holes and hydroxyl radicals [34]. The 
amount of generated hydroxyl radicals remains constant 
against increasing TC concentration which leads to lower 

availability of reactant radicals per TC molecule and dimin-
ishing degradation efficiency.

After exploring the effect of individual factors on TC 
removal rates, we integrated them into a unified regres-
sion model to obtain the optimal set of conditions for TC 
degradation using the RSM.
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Fig. 1. Effect of pH on TC photodegradation (pH: 6, 7, 8, and 
9, TC concentration: 40 mg/L, and rGO/ZnO/Cu concentration: 
1 g/L).
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Fig. 2. Effect of the photocatalyst concentration on TC photo-
degradation (pH: 8, TC concentration: 40 mg/L, and rGO/
ZnO/Cu concentration: 0, 0.5, 1, 1.5, and 2 g/L).
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3.4. Regression model equation and optimization of 
TC degradation using RSM

The removal percentages of TC in the actual and pre-
dicted form are presented in Table 2. The photodegrada-
tion efficiency varied from 11.21% for photolysis to 98.78% 
for pH = 8, 1 g/L rGO/ZnO/Cu, and 40 mg/L TC. The rela-
tionship between the response and operating variables was 
modeled with a polynomial reduced cubic equation after 
elimination of insignificant terms (p-value > 0.05):

(Degradation)2.51 = 89,573.61 + 1,671.79 × A – 8,013.01 × B +  
   14,890.77 × C + 1,057.91 × AB + 4,202.48 × AC +  
   2,205.27 × BC – 9,197.85 × A2 – 14,866.82 × C2 +  
   6,347.35 × A2B – 8,144.066 × A2C (9)

where A is pH, B is TC concentration (mg/L), and C is pho-
tocatalyst concentration (g/L). The ANOVA is presented in 
Table 3. Statistical significance is indicated by a low prob-
ability value (p-value < 0.0001). The coefficient of deter-
mination (R2) which measures the goodness-of-fit of the 
model was 0.9930. The adjusted R2 was 0.9829 which is in 
a good agreement with the predicted correlation coeffi-
cient squared (pred. R2), 0.9343. High accordance with 
adj. R2 and pred. R2 confirms that the empirical model has 
captured the significant factors impacting the response well.

The maximum value of TC degradation based on the 
optimization results of RSM is obtained with a predicted 
yield as high as 91.55%. The coded and real variables asso-
ciated with the maximum objective function value are 
reported in Table 4.

3.5. Importance of variables and interactions on TC degradation

The derived model equation shows some properties 
of the system’s behavior. The baseline degradation effi-
ciency could be calculated from the intercept of the model. 
In this case, the response variable is modified by the power 
transformation (2.51), and therefore, the baseline degra-
dation rate (where all independent variables are set to 0) 
is determined by 2.51th root of the intercept. This param-
eter in Eq. (9) calculated 93.96% (89,573.611/2.51 = 93.96). 
Although there would be no degradation if initial TC 
concentration were exactly zero, this value indicates the 
likely degradation rate if very small initial TC and cata-
lyst concentrations had been tested in an extremely acidic 
environment. More interestingly, the sign and magnitude 
of each coefficient represent how much and in which 

direction they affect TC degradation. Coefficients of inter-
action terms demonstrate synergistic (+) and antagonistic 
(–) effects [29]. Accordingly, rGO/ZnO/Cu concentration 
(C) is the most influential and other terms followed by TC 
concentration (B) and initial pH (A).

Figs. 4–6 depict interaction patterns of pairs of indepen-
dent variables via contour plots and surface response plots. 
The interactive effect of the TC concentration and photocat-
alyst concentration is presented in Fig. 5. It indicates that 
the degradation rate increased with increasing TC or rGO/
ZnO/Cu concentration up to their optimum mass ranges, 
then it goes down by increasing the concentration of each 
factor. This observation has some reasons, like enhancing 
the number of reaction sites on the surface of the photocat-
alyst. The expanded active surface area adds to the number 
of radicals attacking the pollutant molecules and improves 
degradation efficiency. Although a relatively high concen-
tration of photocatalyst increases pollutant degradation, 
the excess amount of it will cause solution turbidity and 
blocks light penetration which harms the photodegradation 
percentage. Besides, a very high rGO/ZnO/Cu concentra-
tion results in the agglomeration of particles and a reduced 
number of available sites for light absorption on the photo-
catalyst surface [29]. The maximum degradation occurred 
in the maximum rGO/ZnO/Cu and minimum TC concen-
trations; more TC needs higher photocatalyst concentration 
to hold degradation performance at a constant level.

Fig. 4 shows the response surface and contour plot of the 
photocatalytic degradation rate of TC vs. pH of the solution 
and rGO/ZnO/Cu concentration. As mentioned in section 
3.1 (pH), the pH point of zero charge for the rGO/ZnO/Cu 
complex is around 8.7 [25]. The reaction rate is low in low 
pH and small photocatalyst concentrations. Raising pH 
and photocatalyst concentration increases the degradation 
rate up to 98.78%. Beyond that peak, reaction rate declines 
again due to the saturation of adsorption capacity, changes in 
visible light penetration and the behavior of charged groups 
and free radicals.

The effect of pH and TC concentration is shown in 
Figs. 6a and b. The removal efficiency decreases when pH 
deviates from the optimum value of 8, and from the min-
imum TC content, due to the repulsion force described 
before in section 3.1 (pH) [28]. It is completely in line with 
the effect of each of these operating parameters. According 
to the literature, Mazarji et al. [29] and Arsalani et al. [30] 
reported the same result for other pollutants. They also 
demonstrated their claims with RSM plots and a final 
equation model.

3.6. Recycled photocatalytic activity of rGO/ZnO/Cu

Fig. 7 shows recycling runs of the rGO/ZnO/Cu for the 
photodegradation of TC in optimal operating conditions. 
The recycle experiments were done to evaluate the stabil-
ity of rGO/ZnO/Cu with three consecutive cycles at the 
optimal operating conditions. In the recycling experiments, 
the photocatalyst was separated from the reaction system 
by simple filtering first, then it was centrifuged and washed 
several times before drying in the oven. After recover-
ing the photocatalyst, a fresh solution of the pollutant was 
prepared for the next run to evaluate the photocatalytic 

Table 4
Optimum values of the operating conditions in TC degradation, 
and experimental and predicted values on optimal conditions

Parameter Optimum value

pH 8.8905
TC 59.7874
rGO/ZnO/Cu 0.8302
TC degradation (%) Pred. 91.55
TC degradation (%) Exp. 87.64
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ability of the recovered photocatalyst. These steps were 
repeated two times under the same conditions. Results are 
presented in Fig. 7. As can be observed, the photocatalytic 
degradation efficiency decreased only slightly, from 88.98% 
to 84.24%, which confirms that the photocatalyst is stable 
and reusable under these conditions.

3.7. Kinetic study of TC degradation

The kinetic analysis for photocatalytic degradation of 
TC was conducted to explore the mechanism of pollutant 

degradation. The pseudo-first-order kinetic model was used 
in linear form as according to the following equation:

ln
C
C

k tt

0
1=  (10)

where Ct is the TC concentration at time t (mg/L), C0 is 
the initial TC concentration (mg/L), k1 is the observed rate 
constant (1/min), and t is time (min). k1 could be estimated 
from the slope of a straight line regressing ln(Ct/C0) vs. t. 

(a) (b)

Fig. 4. (a) Contour plot and (b) response surface of TC degradation as a function of pH and photocatalyst concentration.

(a) (b)

Fig. 5. (a) Contour plot and (b) response surface of TC degradation as a function of TC concentration and photocatalyst concentration.
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The higher regression coefficients are desirable to reach the 
best-fitted model on experimental data presented in Table 5. 
Similarly, the rate constant in a pseudo-second-order can 
be calculated as the slope of the 1/C vs. t regression line 
(Eq. (11)):

1 1

0
2C C
k t

t

− =  (11)

where Ct is the TC concentration at time t (mg/L), C0 is 
the initial TC concentration (mg/L), k2 is the observed rate 
constant (L/min/mg) and t is time (min). Table 5 shows the 
goodness-of-fit measure, R2, for these two models fitted to 
our experimental data. The pseudo-second-order model 
fit the data better under all experimental conditions with 
R2 > 0.9. Therefore, the rate constant is reported only for 
this model. According to the obtained data, degradation 
rate constant (k2) increased with an increase in pH from 6 
to 8 from 0.00075 to 0.00727 L/min/mg, then by enhancing 
pH up to 9, k2 has a significant drop to 0.00085 L/min/mg. 
Mazarji et al. [29] found similar results. The degradation 
rate constant was very small for 0.5 g/L photocatalyst, but 
there was an increase in k2 from 0.5 to 1.5 g/L, and the rate 
constant goes from 0.000401 to 0.001308 L/min/mg. These 
calculations confirm our conclusions from exploring the 
corresponding plots discussed above (Figs. 1 and 2). Safari 
et al. [26] degraded TC using TiO2 and found kinetic rate 
constant obtained from the pseudo-first model increase 
by pH increasing. They also found increasing photocat-
alyst concentration enhanced kinetic rate constant up 
to an optimum point and then led to diminishing k1 con-
sistent with the results of this study [26].

Also, as Table 5 shows, higher TC concentration hurts 
the k2 values in this study, which is explained by two reasons: 
(1) By increasing pollutant concentration, more active sites 

are coated and thus the generation of OH• radicals becomes 
harder. (2) The other factor is decreasing the path length of 
a photon entering the suspension due to turbidity, and thus 
decreasing degradation efficiency [29]. It’s also reported in 
the research of Ahmadi et al. [5] that degradation rate con-
stant (k1) decreased from 0.0642 to 0.0316 1/min when TC 
concentration increased from 10 to 30 mg/L. Kakavandi 
et al. [32] fitted their experimental data with zero, first, 
and second-order models and found TC concentration 
influenced the degree of the fitted model [32].

The value of tetracycline TOC removal was quantified 
during 300 min (1 g/L rGO/ZnO/Cu; pH: 8; TC concentra-
tion: 40 mg/L) and shown in Fig. 8. Approximately, 82% and 
100% of TOC and TC were removed after 180 min irradiation, 
respectively. In the following 120 min, the mineralization 
and TC removal rate plateaued and reached near completion 

(a) (b)

Fig. 6. (a) Contour plot and (b) response surface of TC degradation as a function of pH and TC concentration.
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Fig. 7. Reusability of the rGO/ZnO/Cu in optimal operating 
conditions (pH: 9, TC concentration: 60 mg/L, and rGO/ZnO/
Cu: 1 g/L).
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at the end. In previous studies, the stagnation of the miner-
alization plot is reported, which indicated the formation of 
long-lived by-products [35].

4. Conclusion

Photocatalytic degradation of tetracycline in aqueous 
solutions was investigated under visible light using a syn-
thetic rGO/ZnO/Cu compound as photocatalyst. The high-
est photocatalytic degradation of TC was achieved at pH = 8, 
TC = 40 mg/L, and rGO/ZnO/Cu = 1 g/L. Kinetic study on 
the operating conditions showed good agreement with a 
pseudo-second-order model, with R2 > 0.9 in all cases. The 
degradation rate constant decreased with increasing TC 
concentration. By increasing the photocatalyst concentra-
tion and pH, the TC removal rate picked up at first and 
then declined after the points of optimum. TOC and TC 
removal was achieved by 82% and 100% after 300 min.
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