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a b s t r a c t
This work focuses on the synthesis of microwave absorbing-catalytic multifunction novel adsorbent. 
During adsorbent design secondary pollution produced by adsorbent regeneration is continuously 
neglected, which motivates the author to load catalyst on adsorbent to enhance the mineralization of 
adsorbed organic compounds during thermal regeneration. Microwave absorption fuels the synthesis 
and regeneration of adsorbent. The morphology and structure of composite adsorbent are analyzed 
by X-ray diffraction, scanning electron microscope-energy dispersive spectrometer, transmission elec-
tron microscope, and Brunauer–Emmett–Teller-Barrett–Joyner–Halenda method. The results show 
that the synthesized composite adsorbent is mesoporous with wide pore diameter distribution and 
252 m2/g specific surface area. The host of composite adsorbent is γ-Al2O3 and the loaded catalyst is 
amorphous manganese oxides. The synthesis process of composite adsorbent is designed and evalu-
ated by the response surface methodology using a Box–Behnken design method. After optimization, 
the optimal adsorption capacity of composite adsorbent can reach up to 135 mg/g, and more than 
47% tetracycline can be mineralized into H2O and CO2 during 5 min regeneration. The properties of 
the composite material can be changed by adjusting synthesis condition. These designed functions 
of material will make adsorbent more adaptable to meet the growing demand of the environmental 
standard.
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1. Introduction

The water consumption is increasing day by day due to 
industrial growth. Meanwhile, large amount of wastewater 
is produced and discharged into rivers [1]. Adsorbents are 
wildly used in wastewater treatment as they are environ-
ment-friendly and easy to operate [2,3], especially for in situ 
ecological remediation.

Many kinds of adsorbent have been developed for 
wastewater treatment such as activated carbon [4,5], zeo-
lites [1], clay minerals [6], biomaterials [7,8], and metallic 
oxide. Among these adsorbents, activated carbon is the 
most commonly used in wastewater treatment processes 
for its huge specific surface area and excellent adsorption 
performance [9,10]. However, activated carbon is not stable 
for thermal regeneration which will cause weight and spe-
cific surface area loss. The regeneration process should be 
conducted in water vapor or carbon dioxide atmosphere 
because it can be easily oxidized [11,12]. Besides, adsorbed 
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organic pollutants may transfer new phase (gas) [13,14]. 
Therefore, γ-Al2O3 is selected as adsorbent due to its relatively 
stable physicochemical properties to remove tetracycline 
from pharmaceutical wastewater. In addition, catalyst is 
loaded on the adsorbent surface to enhance the oxidization 
of the adsorbed tetracycline.

Tetracycline antibiotics including tetracycline, oxytet-
racycline, and chlortetracycline have similar molecular 
structure and are important antibiotics in animal husbandry 
[15,16]. Large amount of antibiotics are produced every year 
to meet the demands of livestock breeding. In the United 
States, 16 million kilograms of antimicrobial chemicals are 
consumed each year, for infection treatment and animal 
growth [17]. The wastewater of tetracycline production 
contains higher concentration of tetracycline residues which 
can inhibit the biochemical treatment process. However, the 
adsorption method can remove the tetracycline residues 
from the wastewater of tetracycline and solve this problem 
effectively.

Microwave is used for the synthesis and regeneration 
of adsorbent due to its high energy density and heating 
properties. In addition, the synthesis and regeneration pro-
cess is optimized by response surface methodology (RSM). 
This research focuses on providing a new prospect for the 
design and synthesis of novel composite adsorbent which 
can reduce the secondary pollution of volatile organic 
compounds during adsorbent regeneration.

2. Materials and methods

2.1. Chemicals

Tetracycline (99%) is procured from Aladdin Industrial 
Corporation, Shanghai China, without further purification. 
Pseudoboehmite is procured from CHINALCO, Shandong, 
China. Expanded graphite is procured from Ao Yu Graphite 
Group, Heilongjiang, China. Manganese nitrate, cerous nitrate, 
barium hydroxide, hydrogen nitrate, oxalic acid, and polyeth-
ylene glycol 2000 are all analytical reagent, procured from 
Xilong Chemical Company, Guangdong, China. Deionized 
water is used as solvent in all adsorption experiments.

2.2. Synthesis and characterization of composite adsorbent

To prepare material precursor, first a certain amount 
of manganese nitrate and cerous nitrate was weighed and 
added in 100 mL beaker. After that 10 mL 2% hydrogen 
nitrate was added in the mixture and stirred at room tem-
perature. Polyethylene glycol 2000 was subsequently added 
in the mixture solution as pore forming agent. After that 
expanded graphite was added into the above mixture solu-
tion. Finally pseudoboehmite was added into the mixture 
solution and stirred for 30 min. The precursor was molded 
into spheres with 3–5 mm diameters and dried at 75°C for 
12 h before calcination. Then the precursor spheres were 
calcined in the modified household microwave oven which 
can regulate power supply continuously.

Surface morphology of composite adsorbent was 
observed by transmission electron microscope (TEM) (JEM 
1400) and scanning electron microscope-energy dispersive 
spectrometer (SEM-EDS) (Quanta 200FEG). X-ray diffraction 

(XRD) pattern was obtained by max 2550 18 kW Rotating 
Anode X-ray diffractometer with Cu Kα (k = 1.5418) radiation 
(40 kV, 300 mA). The samples were scanned in the 2θ range 
10°–90° under continuous mode at a speed of 10° 2θ/min. 
Brunauer–Emmett–Teller-Barrett–Joyner–Halenda (BET-BJH) 
method was used to analyze the surface area and pore size 
distributions, and it was computed from the data of adsorp-
tion isotherm in the relative pressure range of 0.05–0.25.

2.3. Adsorbent and regeneration experiments

The adsorption experiments were conducted by putting 
the synthesized adsorbent into screw-cap vial with a certain 
tetracycline concentration solution for 24 h and dried the 
adsorbent after adsorption experiment. The variation of tetra-
cycline concentration during adsorption experiments is tested 
by UV-vis spectrophotometer (JENWAY-UV 6505) at 355 nm 
UV wavelength. In regeneration experiments, weigh a certain 
amount of saturated adsorbent and regenerate the adsor-
bent in microwave filed with 400 W power supply for 5 min, 
which can recover 95% adsorption capacity of the synthe-
sized adsorbent. Every regeneration experiment was repeated 
three times with a blank experiment to avoid the influence 
of carbon dioxide in air and systematic error. The CO2 gen-
erated during regeneration is collected by Ba(OH)2 solution, 
using phenolphthalein as indicator and titration with oxalic 
acid. The test method is reported in former research [18]. The 
adsorption capacity (η) and the mineralization percentage (ε) 
were calculated according to following equations:

η =
W
W
t
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where η is the adsorption capacity of the composite mate-
rial, Wa is the weight of the composite material, and Wt is the 
weight of tetracycline adsorbed on the adsorbent. ε is miner-
alization percentage of adsorbed tetracycline, Mt is the mole 
of CO2 detected in the regeneration process, and Mo is the 
mole of carbon atom in adsorbed tetracycline.

2.4. Experimental design for optimization by RSM

All the adsorption experiments were conducted in batch 
mode in the screw-cap vial to avoid systematic error in regen-
eration experiments. The value range of adsorbent synthesis 
parameters were chosen based on the adsorbent tempera-
ture rising rate in the microwave field and previous research 
[19,20]. There are three main impact factors in both processes 
including: microwave power, reaction time, and raw material 
dose. The optimization of synthesis parameters were devel-
oped by Design Expert with RSM and Box–Behnken model. 
Symbols of the main variables and values of their three coded 
levels are presented in Table 1.

The relationship between coded and actual values are 
described based on the following equation:
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where xi is the coded value of the independent variable, Xi is 
the actual value of the independent variable, Xi* is the actual 
value of the independent variable at the center point, and ΔXi 
is the step change value.

Each response can be described as a second-order poly-
nomial model to determine the correlation between variables 
and response. Data is analyzed using analysis of variance. 
The quadratic equation for each response is shown in the fol-
lowing equation:

Y x x x xi i
i
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ii i
i

n

ij i j
i j
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= = <
∑ ∑ ∑β β β β0
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1 1

 (4)

where Y is predicted response and β0 is constant coefficient. 
Βi, βii, and βij are first-order, second-order, and interaction 
effects, respectively. xi and xj are coded independent 
variables.

3. Results and discussion

3.1. Model fitting and statistical analysis

The main objective of RSM in this research is to 
determine the regression model of the composite material 

properties with synthesis conditions. Design Expert 8.05b 
software is used to design batch synthesis experiments, and 
quadratic model is used to statistically analyze the relation-
ship among the synthesis conditions and evaluation indexes 
such as synthesis time, microwave power, the raw material 
dose, adsorption capacity, and mineralization percentage. 
The synthesis conditions along with the obtained results of 
17 designed experiments are summarized in Table 2. The 
adsorption capacity of composite adsorbent range from 39.5 
to 135.2 mg/g and mineralization percentage of tetracycline 
during regeneration changed from 8.5% to 47.8%. This result 
implies that the synthesis conditions significantly influ-
ence the adsorption and catalytic properties of synthesized 
material.

Goodness of model fit will ensure the adequacy of the 
employed model. The significance of quadratic regression 
model and parameters affecting the process is tested by the 
values of F and P. Analysis of variance results are summarized 
in Table 3. Generally, the values of P less than 0.05 indicated 
that model terms are significant, whereas the values greater 
than 0.1 are usually considered as insignificant [20]. In addi-
tion, adequate precision measures in predicted response is 
relative to its associated error, and the value greater than 4.0 
is desirable [22].

Table 3 presents the details of ANOVA and the status of 
the parameters. The F value of model is 26.80 for adsorption 
capacity and 8.25 for mineralization percentage implied that 
the model is significant. There is only 0.01% chance that a 
“Model F-Value” is due to noise. Furthermore, P values 
of two models are less than 0.05 at 95% confidence level, 
which shows that the models are statistically significant. The 
results also suggest that the data is well described by qua-
dratic model and can be efficiently applied in these systems. 
Besides, A, B, C, AB, A2, and B2 are significant for adsorption 
property model terms, while A, B, C, and AB are significant 
for catalytic property model terms.

Table 1
Independent variables and coded levels of the synthesis 
experiments

Variables Symbol Coded levels and values

−1 0 1

Reaction time (min) A 3 7 11
Microwave power (W) B 200 400 600
Material dose (g) C 4 6 8

Table 2
Experimental results of the synthesis process

Std. Run. Time (min) Power (W) Dose (g) Adsorption capacity (mg/g) Mineralization percentage

1 5 3 200 6 39.5 47.8
2 2 11 200 6 106.3 13.9
3 12 3 600 6 108.3 17.0
4 3 11 600 6 132.7 18.7
5 15 3 400 4 82.0 20.1
6 4 11 400 4 117.5 8.5
7 1 3 400 8 97.7 28.4
8 8 11 400 8 135.2 19.8
9 16 7 200 4 79.5 19.0
10 11 7 600 4 126.0 17.8
11 9 7 200 8 87.6 24.2
12 17 7 600 8 129.1 14.5
13 13 7 400 6 107 16.9
14 7 7 400 6 112.4 15.5
15 10 7 400 6 117.5 18.3
16 6 7 400 6 118.0 17.9
17 14 7 400 6 110.0 19.8
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According to the batch mode experiments data (shown 
in Table 2), final empirical models of composite adsorbent 
adsorption and catalytic properties with synthesis conditions 
are described by the following equations, respectively:

Y A B C A B
A C B C

1 = + + + − × −

× − × −

112 98 20 53 22 90 5 57 10 60
0 50 1 25 6 8

. . . . .
. . . 77 9 41 1 982 2 2A B C− +. .

 (5)

Y A B C A B A C
B C A

2
2

17 68 6 55 4 61 2 69 8 90 0 75
2 13 3 50
= − − + + × + × −

× + +

. . . . . .
. . 33 17 1 982 2. .B C−

 (6)

where Y1 and Y2 are the predicted response (adsorption 
capacity and mineralization percentage, respectively), A, B, 
and C are the coded values of synthesis time, microwave 
power, and raw material dose, respectively.

The values of the correlation coefficient (R2) and adjusted 
correlation coefficient (Adj. R2) of Eqs. (3) and (4) are found to 
be 0.9780 and 0.9139 and 0.9496 and 0.8032, respectively. This 
indicates that experimental data agree well with the model 
predicted values. Besides, adequate precision values of the 
models are 22.44 and 12.39 which are greater than 4 indicat-
ing that the noise ratio is low and the models can be used to 
navigate the design space.

3.2. Effect of interactive variables and 3D response surface plot

To evaluate the simultaneous mutual impact of the 
three main synthesis condition on the considered responses, 
three-dimensional (3D) response surface plots are employed 
to estimate response values. The results are shown in Fig. 1.

Figs. 1(a) and (b) are the response surface plots of the 
effect of microwave power and irradiation time on the 
adsorption and catalytic properties, respectively. It can 
be observed that the adsorption capacity of the synthe-
sized adsorbent increases with the microwave power and 
irradiation time. However, the mineralization percentage of 
tetracycline decreases. Higher microwave power can provide 

higher synthesis temperature which fuel the transformation 
of pseudoboehmite to γ-Al2O3, and adequate reaction time 
is necessary for the formation of material porous structure 
[23,24]. The catalyst loaded on adsorbent surface is also 
formed during this process. Whereas amorphous manganese 
oxides has better catalytic properties as the growth of man-
ganese oxides will decrease its dispersion on the adsorbent 
surface [25,26]. Furthermore, the dose of raw material also 
impacts the precursor temperature rise process in microwave 
field, as the microwave provides energy field not tempera-
ture field.

To a certain extent, increasing raw material dose is beni-
ficial for improving microwave absorbing efficiency. Besides, 
it can also decrease the material temperature rising rate 
which can avoid uneven heating. Figs. 1(c)–(f) illustrate the 
mutual interactive effect of raw material dose with micro-
wave power and irradiation time. The contour lines patterns 
of tetracycline adsorption are denser than the mineralization 
percentage patterns. It suggests that the adsorption property 
of synthesized material is more influential than catalytic 
property when change in the synthesis condition. Similarly, 
the effect of microwave power and synthesis time on adsorp-
tion and catalytic property is more remarkable than that of 
adsorbent dose.

3.3. Optimization

Ideal condition for the synthesis of composite adsor-
bent is determined by change of adsorption capacity and 
mineralization percentage of tetracycline base on design 
master programming. The optimum synthesis condition of 
adsorbent with maximum adsorption capacity is microwave 
power 506.5 W, synthesis time 10.22 min, and adsorbent 
dose 7.54 g. Under this condition the adsorption capacity of 
synthesized adsorbent can reach 135 mg/g. Besides, the opti-
mum synthesis condition of adsorbent with optimal cata-
lytic property is under microwave power 200.0 W, synthesis 
time 3.0 min, and adsorbent dose 8.0 g. Under this condition 

Table 3
ANOVA table from Box–Behnken model of synthesized composite adsorbent

Source DFa Adsorption capacity Mineralization percentage

F-Value P-Value Status F-Value P-Value Status

Model 9 26.80 <0.0001 Significant 8.25 0.0055 Significant
A 1 117.90 <0.0001 Significant 25.04 0.0016 Significant
B 1 146.76 <0.0001 Significant 12.42 0.0097 Significant
C 1 8.70 0.0214 Significant 6.22 0.0492 Significant
AB 1 15.72 0.0054 Significant 23.11 0.0019 Significant
AC 1 0.035 0.8569 Not significant 0.16 0.6975 Not significant
BC 1 0.22 0.6543 Not significant 1.32 0.2887 Not significant
A2 1 6.94 0.0337 Significant 3.76 0.0938 Not significant
B2 1 13.06 0.0086 Significant 3.09 0.1221 Not significant
C2 1 0.58 0.4710 Not significant 1.20 0.3093 Not significant
Lack of fit 3 1.61 0.3203 Not significant 11.10 0.0208 Significant

aDegree of freedom.
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Fig. 1. 3D response plots for the effect of interaction on adsorption property ((a), (c), and (e)) and catalytic property ((b), (d), and (f)). 
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the synthesized adsorbent can mineralize more than 47% 
tetracycline during regeneration. As it is multiresponse 
optimization, the synthesis condition for maximum adsorp-
tion capacity is not consistent with the maximum mineral-
ization percentage condition. To obtain optimum synthesis 
condition, the adsorption capacity of composite material is 
primarily considered as it is more sensitive to changes in 
synthesis condition. Therefore, mineralization percentage 
is optimized based on the adsorption capacity results. The 
ideal condition based on the regression model is microwave 
power 400–500 W, synthesis time 6.5–7.5 min, and adsorbent 
dose 7.5–8 g. Under this condition, the adsorption capacity 
of the synthesized adsorbent is around 120 mg/g, and the 
mineralization percentage of tetracycline can reach 20% 
after 5 min regeneration.

3.4. Characterizations of the synthesized composite adsorbent

XRD characterization is used to confirm the structure of 
composite adsorbent. The results of XRD test are shown in 
Fig. 2. There is very strong diffraction peak at 26.5° which 
corresponds to the (002) plane of expanded graphite (JCPDS 
no. 89-8487). Expanded graphite has layer structure and 
can widen pore distribution of synthesized adsorbent. It is 
beneficial for internal diffusion of the organic pollutants in 
water. Fig. 2 also shows the wide-angle XRD peaks located at 
2θ = 36.9°, 39.2°, 45.4°, and 66.7° that correspond to the (311), 
(222), (400), and (440) planes of γ-Al2O3 (JCPDS no. 04-858), 
respectively [19].

The broad peaks in composite adsorbent XRD pattern 
reflect that the crystallinity degree of γ-Al2O3 in composite 
adsorbent is lower than the expanded graphite. The main rea-
son behind that is the unit cell of expanded graphite which 
is formed before the synthesis process. However, the γ-Al2O3 
in composite adsorbent is transformed from pseudoboehmite 
in a few minutes in microwave field. The short synthesis time 
limits the crystallization of γ-Al2O3, which is beneficial for 

the development of mesoporous structure and big specific 
area of composite adsorbent [19,27]. The specific surface area 
of synthesized material is determined by BET method whose 
results are shown on Fig. 4. The XRD test illustrates that the 
composite adsorbent can be formed in the microwave field in 
a few minutes.

Pervious characterization demonstrates the crystal struc-
ture of synthesized composite adsorbent. Microscopy (TEM 
and SEM) studies are used to learn more about the morphol-
ogy and the dispersion of expended graphite in composite 
adsorption. SEM image in Fig. 3(a) shows that the synthe-
sized composite adsorbent has macropore structure. In addi-
tion, expanded graphite is also observed which adhere on 
the surface of γ-Al2O3. The uniform distribution and tight 
junction of the two materials in SEM pattern can improve the 
heat transfer efficiency during the synthesis and regenera-
tion process of composite adsorbent. Moreover, it can avoid 
local overheating which can cause phase transformation of 
γ-Al2O3 which can improve the adsorption properties of the 
synthesized adsorbent [28].

TEM images in Figs. 3(c) and (d) clearly show the porous 
structure of composite adsorbent. The synthesized compos-
ite adsorbent is composed of expanded graphite and γ-Al2O3 
particles (5–10 μm), which are composed of smaller porous 
γ-Al2O3 particles (around 300 nm). The secondary particle 
constructs the macropore which are beneficial for the intrapar-
ticle diffusion of pollutants in adsorbent. In addition, the mes-
opore of small γ-Al2O3 particles can provide abundant adsor-
bent site. Furthermore, manganese and cerium are detected 
by EDS test. The detail elements ratio of composite adsorbent 
is listed in Table 4. The actual atom ratio of Al, Mn, and Ce 
are tabulated in Table 4 approaching to the raw material atom 
ratio (Al:Mn:Ce = 100:5:1), which proved that the catalyst has 
been loaded on the surface of the adsorbent. However, there 
are no catalyst peaks observed in the XRD pattern in Fig. 2, 
which indicates that the catalyst is amorphous.

The nitrogen adsorption–desorption isotherms and BJH 
pore-size distribution of composite adsorbent are shown in 
Fig. 4. The curve of composite adsorbent exhibits a typical 
mesoporous structure, as the isotherm curve exhibits a type 
IV isotherm with H1 hysteresis loop. Type IV isotherm which 
has a hysteresis loop is occurred due to capillary condensa-
tion of nitrogen gas in the pore, which indicates that there is a 
narrow pore size distribution in the sample [29]. BET surface 
area and pore volume of synthesized composite adsorbent 
are 252 and 0.86 m3/g respectively. It is close to the relative 
study, even the synthesis time is only a few minutes in this 
study [20,23,27]. BJH average pore diameter distribution of 
synthesized composite adsorbent is wide and the pore-size 
distribution curve includes two peaks. It indicates that the 
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Table 4
EDS result of composite adsorbent

Element Wt% At%

Al 43.54 31.05
Mn 4.17 1.46
Ce 1.87 0.26
C 16.52 26.46



135Y. Sun et al. / Desalination and Water Treatment 123 (2018) 129–137

 

 

(a)

 (b) 

(c) (d)  

Fig. 3. SEM image (a), EDS image (b), and TEM images ((c) and (d)) of composite adsorbent.
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composite adsorbent has two pore-size distribution of 20–140 
and 230–680 nm. The pore size distribution results corre-
sponding morphology characterization are shown in Fig. 3. 
The small pores in material provide a large surface area and 
abundant active sites, while the large pore of synthesized 
material provides suitable space for reaction and diffusion 
of pollutants. It is well founded knowledge that the bigger 
pore diameter and larger pore volume are beneficial for the 
reaction between the adsorbent and compounds in liquid 
phase [30–32].

4. Conclusion

In this study, multifunctional composite adsorbent is 
synthesized by microwave heating method. The morphol-
ogy and structure characterization results show that the 
synthesized composite material has big specific surface area 
and wide pore diameter distribution. The host material of the 
synthesized material is γ-Al2O3 and amorphous manganese 
oxides are loaded on surface of host material. RSM is used 
to optimize the rapid synthesized process. The constructed 
regression models show that the optimum preparation con-
dition for composite material is 7.5–8 g raw material irra-
diated under 400–500 W microwave power for 6.5–7.5 min. 
At this condition, the adsorption capacity of the synthesized 
adsorbent is around 120 mg/g and the mineralization per-
centage of tetracycline can reach 20% after 5 min regeneration 
(will be higher after optimizing the regeneration process). In 
addition, the properties of the composite material are regu-
lar for the practical application demand. These results show 
the novelty of multifunction composite adsorbent which has 
both absorption and catalytic properties and can be rapidly 
synthesized or regenerated.
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