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Abstract 

The objective of this study was to optimize synthesis conditions for the Cu-K-OMS-2 

hydrothermal process. The effects of ageing temperature, ageing time and amount of copper 

(Cu) dopant were considered via using the Box-Behnken design (BBD) method to characterize 

the conditions for gaseous toluene degradation. In the models studied, the independent 

variables were ageing temperature (55-145ºC), ageing time (6-18 h) and amount of Cu 

dopant (2-6% mole). The quadratic model fitted very well with the experimental data (15 

runs), which showed a higher value of R
2
 (0.98) and adjusted R

2
 (0.95), confirming that 

the model can explain the results successfully. Ageing temperature was found to be the 

only significant variable for the Cu-K-OMS-2 transformation phase, with CuO and the 

bixbyite phase appearing as the highest ageing temperature condition. Furthermore, the 

effects of ageing temperature, ageing time and amount of Cu dopant on the Cu
3+

/Cu
2+

 mole 

ratio were also investigated. Ageing temperature and amount of Cu dopant displayed a 

significant effect on both toluene removal and the Cu
3+

/Cu
2+

 mole ratio. On the other hand, 

ageing time was not significant for both responses. The high Cu
3+

/Cu
2+

 mole ratio led to 

enhancement of toluene removal. The optimized conditions for Cu-K-OMS-2 synthesis 

were determined as 120ºC of ageing temperature, 6 h of ageing time and 6% by mole of 

Cu on K-OMS-2, which removed 80% of toluene at a reaction temperature of 180ºC.   
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Introduction 

Toluene is a volatile organic compound 

(VOC) and a significant environmental 

contaminant. Exposure can cause acute and 

chronic effects in the human body, including 

headache, nausea, sleepiness, cardiac arrhythmia, 

cancer and damage to the central nervous 

system [1-4]. Toluene is widely used as a raw 

material in production of organic compounds 

and as a solvent in many household products. 

In addition, it is added to gasoline to improve 

octane ratings. Elevated concentrations of 

toluene can result in indoor air from common 

household products and in outdoor air from 

transportation. There is growing concern at 

global level over VOC contamination in the 

environment [5]. Numerous technologies for 

removal of gaseous toluene are available, 

including incineration, catalytic incineration, 

adsorption and condensation processes, 

photocatalysis, biodegradation, catalytic 

combustion and thermal catalytic oxidation [6-

10]. Among these techniques, thermal catalytic 

oxidation is accepted as an efficient, 

economically feasible and environmentally 

friendly method, based on oxidation of toluene 

into carbon dioxide and water [11-14]. 

Copper (Cu)-modified cryptomelane has 

been widely used for the improvement of the 

performance of cryptomelane-type octahedral 

molecular sieves (K-OMS-2) in VOC degradation 

[15-18]. Yun et al. [19] synthesized a Cu/OMS-2 

nanocomposite with different Cu/manganese 

(Mn) molar ratios using an impregnation 

method. Catalytic activity was tested by 

reduction of NO in a continuous flow fixed-bed 

quartz tubular reactor. The results showed that 

the CuO/OMS-2 samples significantly improved 

NO conversion and N2 yield, compared with 

pure OMS-2 and nano CuO. Moreover, the CuO 

in the CuO/OMS-2 samples existed in the 

monoclinic CuO phase. Nano CuO is 

predominant at increased Cu/Mn molar ratio. 

Furthermore, the Cu was doped in OMS-2 by 

solid-state reaction. The OMS-Cu material 

displayed very high catalytic activity for total 

oxidation of CO in comparison to the OMS-2. 

The high activity of OMS-Cu material was 

associated with high lattice oxygen mobility and 

availability due to formation of Cu-Mn-O 

bridges. The interaction of Cu-Mn in the lattice 

oxide was due to charge delocalization effects 

and generation of active sites for CO oxidation 

reaction [20]. Likewise, Sun et al. [21] prepared 

transition metals doped with OMS-2 catalyst 

under reflux conditions. They proposed that 

Cu
2+

 doped OMS-2 catalyst can improve 

combustion of dimethyl ether at low reaction 

temperature because of the richer defect-oxide 

species. Additionally, the formation of Cu-O-

Mn bridge in Cu-OMS-2 catalyst led to high 

reducibility, resulting in high mobility of 

oxygen species. Moreover, the Cu-OMS-2 

catalyst could be re-oxidized to its original state 

after reduction. Therefore, after one reduction-

reoxidation cycle, the Cu-OMS-2 became easier 

to reduce. According to reviews, the presence 

of Cu in K-OMS-2 catalyst can improve the 

physicochemical properties and its performance. 

Preparation methods can affect the formation 

of catalyst and resulting catalytic activity. Cu-

doped K-OMS-2 catalyst showed high activity 

compared with un-doped K-OMS-2 catalyst 

because it presented excellent properties such as 

phase structure, lattice oxygen mobility, defect-

oxide species and reducibility. 

Normally, active catalysts depend on 

hydrothermal synthesis conditions including 

ageing temperature, ageing time, concentration 

of precursors and pH of solutions [22-27]. In 

order to study these multivariate effects, 

response surface methodology (RSM) was used 

as a tool for optimization of the preparation 

parameters [28]. RSM consists of mathematical 

and statistical techniques based on the fit of 

models to empirical experimental data. The 

RSM is used for improving and optimizing the 

processes. The Box-Behnken experimental 
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design (BBD) is widely used with RSM to fit a 

model using the least squares technique, and to 

optimize chemical and physical processes [28-

32]. Yodsa-nga et al. [33] studied the effect of 

hydrothermal conditions for K-OMS-2 synthesis 

following RSM using central composite design 

(CCD) method. They found that formation of 

K-OMS-2 crystalline structure depended on 

both ageing temperature and time. The K-

OMS-2 transformed to K-OMS-7 when K-

OMS-2 was synthesized at high ageing 

temperature and time. The higher ageing 

temperature resulting in low specific surface 

area and Mn
3+

/Mn
4+

 ratios of K-OMS-2 catalyst. 

Moreover, the K-OMS-2 sample at an ageing 

temperature of 75°C and 21 h of ageing time 

was found to be optimal as a catalyst for 

benzene removal. Likewise, Millanar et al. [34] 

confirmed that the hydrothermal temperature and 

time have significant effects on toluene removal 

using the K-OMS-2 catalyst. Toluene removal 

decreased with increasing ageing temperature. 

While removal efficiency increased when 

ageing temperature was increased from 75°C to 

120°C, further increase from 120°C to 165°C 

caused a significant decrease in catalytic 

performance. Therefore, the hydrothermal 

synthesis conditions affect physicochemical 

properties including structure, active phase, 

specific surface area, morphology and 

crystallinity of the catalyst, which affected the 

catalytic performance. 

Recently, we were able to dope a high-

valent Cu into the K-OMS-2 framework 

structure (Cu-K-OMS-2) using the in situ 

hydrothermal method. Therefore, the aim of 

this work was to synthesize cryptomelane 

catalyst by doping with Cu via the in situ 

hydrothermal technique. Physical property such 

as crystalline phase of catalyst was analyzed by 

X-ray diffractometer (XRD). Moreover, oxidation 

of Cu species in K-OMS-2 framework structure 

were confirmed by X-ray photoelectron 

spectroscopy (XPS). In order to study the effect 

of preparation parameters on Cu-K-OMS-2 

synthesis, the ageing temperature, ageing time 

and amount of Cu dopant on Cu-K-OMS-2 

catalyst were designed by BBD. The influence 

of synthesis variables on main and interactive 

effects were explained by using toluene 

oxidation and Cu
3+

/Cu
2+

 mole ratio as responses. 

Moreover, the optimal conditions for Cu-K-

OMS-2 synthesis were estimated. 

 

Materials and methods 

1) Chemicals and Cu-K-OMS-2 synthesis 

Manganese (II) acetate tetrahydrate 

(Mn(CH3COO)2·4H2O, 99%), potassium 

permanganate (KMnO4, 99%), glacial acetic 

acid (CH3COOH) and Cu AAS standard 

solution (1000 ppm) were used as precursors 

for Cu-K-OMS-2 synthesis, and were purchased 

from ACROS Organics, UNIVAR, QRëC and 

Applichem, respectively. The Cu-K-OMS-2 

catalysts were synthesized by a hydrothermal 

method, following previous work [33]. First of 

all, the KMnO4 and (Mn(CH3COO)2 solutions 

were prepared separately with deionized water 

under continuous stirring for 4 h. Then, the 

KMnO4 solution was dropped into the (Mn 
(CH3COO)2 solution. After that, proportional 

volumes for 2%, 4% and 6% moles of Cu 

standard solution were added into the mixture 

under continuous stirring. Then, the mixed 

solution was adjusted pH to an acidic condition 

via using concentrated glacial acetic acid. The 

final solution was transferred into an autoclave 

for hydrothermal process in various conditions 

(15 conditions) according to the BBD method 

with 3 factors and 3 levels (Table 1). Lastly, the 

obtained black slurry was washed with 

deionized water and dried overnight at 100°C 

to obtain the black Cu-K-OMS-2 samples. 

 

2) Catalyst characterizations 

The catalyst phase of all samples was 

analyzed by XRD (PANalytical, EMPYREAN, 

Netherlands) using Cu Kα with wavelength 
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(λ=0.1514 nm) at 40 mA and 45 kV. The 

oxidation states of Cu were determined by XPS 

techniques (BL.5.3), Synchrotron Light Research 

Institute (Public Organization), Thailand. 

 

3) Catalytic activity test with toluene oxidation 

The catalytic activities of all Cu-K-OMS-2 

samples were tested using gaseous toluene 

oxidation through a packed bed reactor (PBR). 

The Cu-K-OMS-2 samples (0.01 g) were packed 

in the center of the PBR. To control gas 

evaporation, the toluene solution was placed in 

a cold bath at -3ºC. The toluene concentration 

(7,550 ppmV) was calculated following Doucet 

et al. [35]. For all experiments, the toluene 

oxidation was examined with the weight hourly 

space velocity (WHSV) at 3.41 h
-1

 and the 

reaction temperature was studied in the range 

of 160-300ºC. The quantity of toluene was 

measured by gas chromatography with thermal 

conductivity detector using Gaskuropack 54 

as a column (GC-TCD, Shimadzu, 8A series, 

Japan), which repeatedly tested at least 3 times 

for each experiment. The percentage removal 

of toluene (Yexp) was calculated by Eq 1. 
 

    Yexp  =
0

0

100
fC C

C


 %    (Eq. 1) 

 

where C0 and Cf are the initial and final 

toluene concentrations, respectively. 

 

Table 1 Factors and level factors for design experiment by BBD 

Variables Factors Levels 

X Low (-1) Medium (0) High (+1) 

Ageing temperatures, (ºC) X1 55 100 145 

Ageing time, (h) X2 6 12 18 

Amount of Cu dopant, (%mole) X3 2 4 6 

 

Results and discussion 

1) Results of statistical analysis 

The BBD method was used to study the 

effect of synthesis variables on gaseous toluene 

degradation and to determine the optimal 

condition for Cu-K-OMS-2 synthesis. The 

significant variables, including ageing 

temperature (X1), ageing time (X2) and amount 

of Cu dopant (X3) with three levels, 

investigated designed using BBD. A total of 15 

synthesis conditions were evaluated, and are 

summarized in Table 2. The activity of Cu-K-

OMS-2 catalysts were tested by toluene 

oxidation and Yexp was calculated following  

 

 

Eq. 1 and used as a response. In addition, the 

oxidation states of Cu were analyzed by the 

XPS technique, which presented the Cu
3+

 and 

Cu
2+

 species (Figure 1) [36-39]. The Cu
3+

/Cu
2+

 

mole ratio of each sample was computed, based 

on the fitting results of the XPS spectra, which 

was used for another response. The result of the 

15 experiments together with both observed 

responses are summarized in Table 2. The 

regression coefficients were calculated by 

using Least-square of error as shown in Table 

3. Accordingly, the predicted values of toluene 

removal and Cu
3+

/Cu
2+

 mole ratio based on the 

experimental and XPS results were evaluated 

using Eq. 2 and Eq. 3, respectively. 
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Y1 (%) = 63.603 + 18.415X1 – 3.484X2 + 3.149X3 – 37.335X1
2
 + 4.472X2

2
 + 3.112X3

2 
–  

                 4.020X1X2 + 6.595X1X3 + 0.208X2X3                                                             (Eq. 2) 
 

Y2 = 2.600 – 0.223X1 + 0.067X2 + 0.128X3 – 0.522X1
2
 – 0.188X2

2
 – 0.007X3

2 
– 0.301X1X2 +  

         0.054X1X3 + 0.034X2X3                   (Eq. 3) 
 

where Y1 and Y2 are predicted the percentage removal of toluene at 180ºC of reaction 

temperature and Cu
3+

/Cu
2+

 mole ratio, respectively. X1, X2 and X3 were corresponding coded 

variables of ageing temperature, ageing time and amount of Cu dopant, respectively. X1
2
, X2

2
 

and X3
2
 were the square terms of coded independent variables and X1X2, X1X3 and X2X3 

were interaction terms of coded independent variables. 
 

 
Figure 1 The XPS spectra of Cu-K-OMS-2 samples 

 

Table 2 The Box-Behnken design of three variables together with both observed respond 

Run Variables Responses 

order X1 (°C) X2 (h) X3 (%mole) Yexp (%) Cu3+/Cu2+ mole ratio 

1 145 6 4 55.40 1.76 

2 145 12 2 34.89 1.69 

3 55 12 2 12.76 2.16 

4 55 18 4 14.12 2.62 

5 145 18 4 44.42 1.49 

6 100 12 4 66.46 2.60 

7 100 18 2 64.74 2.23 

8 100 6 6 77.22 2.52 

9 100 18 6 66.64 2.52 

10 100 12 4 66.91 2.55 

11 55 6 4 9.02 1.69 

12 100 12 4 57.44 2.64 

13 55 12 6 10.68 2.34 

14 100 6 2 76.15 2.36 

15 145 12 6 59.19 2.09 

Note: Yexp values were measured at 180ºC of reaction temperature. 
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Table 3 Estimated regression coefficients of toluene removal and Cu
3+

/Cu
2+

 mole ratio 

Variables Toluene removal (%) Cu3+/Cu2+ mole ratio 

Coefficients P-value Coefficients P-value 

Constant 63.603  2.600  

Ageing temperature 18.415 0.000 -0.223 0.006 

Ageing time -3.484 0.122 0.067 0.239 

Amount of Cu dopant 3.149 0.154 0.128 0.049 

Ageing temperature*Ageing temperature -37.335 0.000 -0.522 0.001 

Ageing time*Ageing time 4.472 0.166 -0.188 0.050 

Amount of Cu dopant*Amount of Cu dopant 3.112 0.310 -0.007 0.922 

Ageing temperature*Ageing time -4.020 0.190 -0.301 0.008 

Ageing temperature*Amount of Cudopant 6.595 0.055 0.054 0.476 

Ageing time*Amount of Cu dopant 0.208 0.941 0.034 0.653 

 

Figure 2 displays the probability plot for the 

standardized residual for regression with the 

toluene removal data and Cu
3+

/Cu
2+

 mole ratio 

to determine the distribution assumption of the 

data. The significance of the regression equation 

at 95% confidence interval, the probability plot 

showed that the potted points of both responses 

followed the fitted line, indicating that the 

assumptions were appropriate. Moreover, the 

predicted toluene removal and actual observed 

values were compared using the correlation 

values coefficient, in which R
2
 and R

2
adj are 

0.98 and 0.95, respectively. Close correspondence 

between R
2
 and R

2
adj indicated a satisfactory 

approximation between the predicted model 

and actual observed values of toluene degradation 

efficiency. The predicted models were examined 

by the time series plot of fitted values (FITS) 

and actual observed values of toluene removal 

(Yexp) and Cu
3+

/Cu
2+

 mole ratio, as shown in 

Figure 3(a) and (b), respectively. On this plot, 

the fitted values of both responses closely follow 

the actual observed data, which indicated that 

the predicted models fitted the experimental 

data. We can conclude that the errors of all run 

orders are insignificant. According to ANOVA 

results, Fvalues of the Lack of Fits (LoF) for both 

toluene removal and Cu
3+

/Cu
2+

 mole ratio were 

about 0.97 (Pvalue = 0.543) and 15.13 (Pvalue = 

0.063), respectively. Fvalues of both responses  

 

were lower than FCritical (F(0.05,3,2) = 19.16). 

Therefore, it can be used to confirm the 

precision of predicted equations. 

 

 
Figure 2 The probability plot of the 

standardized residual for (a) toluene removal 

and (b) Cu
3+

/Cu
2+

 mole ratio. 
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Figure 3 Time series plot of predicted value 

(FITS) and actual observed values of  

(a) toluene removal and (b) Cu
3+

/Cu
2+

 mole ratio.  

 

2) Effect of Cu-K-OMS-2 synthesized conditions 

Figure 4 shows the main and interaction 

effects of ageing temperature, ageing time and 

amount of Cu dopant on toluene degradation 

and Cu
3+

/Cu
2+

 mole ratio. Ageing temperature 

was found to have a significant effect on 

toluene removal (Figure 4(a)), corresponding to 

the P-value (<0.05) as shown in Table 3. 

Toluene removal efficiency increased when 

ageing temperature was increased from 55ºC to 

100ºC. Thereafter, removal efficiency decreased 

slightly with an increase in ageing temperature 

from 100ºC to 145ºC. The results can be 

explained by the physical and chemical 

properties of Cu-K-OMS-2 material, such as 

the phase transformation of Cu-K-OMS-2 

material and Cu
3+

 species on Cu-K-OMS-2 

surface. Figure 5 shows the crystallinity of 

catalysts, characterized by XRD, prepared at the 

same ageing time with various ageing 

temperatures and Cu content. The results 

indicated that at the lowest ageing temperature 

(55ºC), the potassium-birnessite phase was 

only observed in amorphous phase. Then, the 

increasing of ageing temperature to 100ºC and 

higher, cryptomelane phases were obvious in 

all samples. Thus, it can be concluded that the 

transformation of potassium-birnessite phase 

to the cryptomelane phase occurred when the 

ageing temperature was at 100ºC [40-41], 

resulting in increased toluene removal. However, 

toluene removal decreased with an increase in 

the ageing temperature from 100ºC to 145ºC, 

which was explained by the presence of mixed-

phase of CuO and bixbyite phase and the low 

crystallinity of cryptomelane, as shown in 

Figure 5. Additionally, the ageing temperature 

and amount of Cu dopant affected Cu
3+

/Cu
2+

 

mole ratio (Figure 4(b)) which correlated with 

the tendency of toluene removal (Figure 4(a)). 

The high Cu
3+

/ Cu
2+

 mole ratio influences on 

the enhancement of toluene removal. On the 

other hand, the ageing time showed an 

insignificant effect on both toluene degradation 

and Cu
3+

/Cu
2+

 mole ratio, corresponding to the 

P-value (> 0.05) as shown in Table 3. According 

to the results, the slight decrease in toluene 

removal occurred with increased ageing time. 

Likewise, Millanar et al. [34] found that ageing 

temperature and ageing time of K-OMS-2 

synthesis both influence toluene removal 

efficiency. Increasing the ageing time led to 

decreasing toluene removal. Toluene removal 

increased when ageing temperature was increased 

from 75ºC to 120ºC and then decreased above 

120ºC. In addition, increasing the amount of 

Cu dopant slightly increased toluene removal. 

Consequently, it can be concluded that ageing 

temperature and amount of Cu dopant exhibited 

a significant effect on toluene removal and 

Cu
3+

/Cu
2+

 mole ratio. 
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Figure 4 Main effects of ageing temperature, ageing time and amount of Cu dopant on  

(a) toluene degradation at 180ºC of reaction temperature and (b) Cu
3+

/Cu
2+

 mole ratio. 

 

3) Optimization results 

The contour plot was used to confirm the 

interaction effects of independent variables and 

optimal condition ranges for Cu-K-OMS-2 

synthesis using toluene removal as a response 

(Figure 6). Figure 6(a) shows the effect of 

ageing time and ageing temperature. The result 

showed that toluene removal was not affected 

by increasing ageing time or by increased 

ageing temperature from 55ºC to 100ºC. 

However, high toluene removal efficiency was 

obtained using an ageing time from 6-11 h and 

ageing temperature between 100-140ºC. The 

effect of amount of Cu dopant together with 

ageing temperature is presented in Figure 6(b). 

The amount of Cu dopant showed an insignificant 

effect on toluene removal with increasing 

ageing temperature. However, a high amount 

of Cu dopant with the ageing temperature 

around 100-130ºC exhibited high toluene 

removal efficiency. In addition, removal 

efficiency increased with higher levels of Cu 

dopant and lower ageing time (Figure 6(c)). 

Accordingly, the results clearly showed that the 

optimal conditions for Cu-K-OMS-2 synthesis 

are at high levels of Cu dopant (about 5-6% 

mole Cu-K-OMS-2), an ageing temperature 

range from 100 - 130ºC and a low ageing time 

(around 6-7 h). 

The optimization processes include 

maximizing and/or minimizing of dependent 

and/or independent variables and responses. 

Primarily, for analyzing the effect of each 

variable on response, the appropriate model 

established following Eq. 2. Then, the goals were 

selected as maximizing toluene removal at 

180ºC of reaction temperature, in which the 

operating variables were in experimental ranges. 

Considering these goals, the maximum toluene 

removal (83.14%) obtains at 120ºC of ageing 

temperature, 6h of ageing time and 6%mole of 

Cu on K-OMS-2 as shown in Figure 7. 
 

 
Figure 5 The XRD pattern of Cu-K-OMS-2 

samples. 
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Figure 6 The contour plot of toluene removal 

at 180ºC of reaction temperature. Figures 

showing the effect of (a) ageing temperatures 

along with ageing time, (b) ageing temperatures 

along with amount of Cu dopant and  

(c) ageing time along with amount of Cu dopant. 

 

Consequently, the validation of the predicted 

equation was examined. We synthesized the 

best Cu-K-OMS-2 catalyst preparation under 

optimal conditions. The Cu-K-OMS-2 catalyst 

was tested by reaction at 180ºC with toluene 

oxidation. The percent removal results showed 

at about 80% of toluene removal. Hence, it can 

be concluded that the predicted equation can be 

used to compute the toluene removal. Moreover, 

the completed toluene oxidation occurred at 

190ºC of reaction temperature. Hence, Cu doped 

on K-OMS-2 catalyst can improve the catalytic 

activity at low temperature compared with the 

undoped K-OMS-2 catalyst [34]. 

 

Conclusions 

Cu-K-OMS-2 catalysts can be synthesized 

by the in situ hydrothermal method. Ageing 

temperature and amount of Cu dopant showed 

a significant effect on both toluene removal and 

Cu
3+

/Cu
2+

 mole ratio. On the other hand, ageing 

time was insignificant for both responses. 

Increasing ageing temperature from 55ºC to 

100ºC led to increasing Cu
3+

/Cu
2+

 mole ratio 

resulting to increased toluene removal. 

However, toluene removal decreased with 

increasing ageing temperature above 100ºC due 

to the decrease in Cu
3+

/Cu
2+

 mole ratio. 

Additionally, the ageing temperature affected 

the transformation of potassium-birnessite 

phase to the cryptomelane phase, which also 

influences toluene removal. The optimal 

conditions for Cu-K-OMS-2 synthesis were 

found to be an ageing temperature of 120ºC, 

ageing time of 6 hours and 6%mole of Cu 

dopant on K-OMS-2. These conditions resulted 

in 80% toluene removal at reaction temperature 

of 180ºC. 
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Figure 7 The optimization of hydrothermal conditions for Cu-K-OMS-2 synthesis  

on toluene removal. 
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