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Optimization of isopropyl alcohol degradation

by microwave-induced catalytic oxidation process

Quynh Thi Phuong Tran, Chi-Hsu Hsieh, Tung-Yu Yang and Hsin-hsin Tung
ABSTRACT
Isopropyl alcohol (IPA) is a common waste solvent from the semiconductor and optoelectronic

manufacturing industries. The current study assesses the feasibility of microwave-induced catalytic

oxidation process for synthetic IPA wastewater. The effect of three independent variables, including

oxidant (hydrogen peroxide), initial IPA concentration, and dosage of catalyst (granular activated

carbon, GAC) on the IPA removal efficiency, were investigated and optimized by response surface

methodology based on central composite design. The estimated optimal working conditions were as

follows: [H2O2] <0.132 M, GAC dosage¼ 108–123 g/L, and initial [IPA]¼ 0.038–0.10 M. The findings

indicated that the dosage of GAC and the initial IPA concentration strongly affected the overall IPA

removal. The values of R2¼ 0.9948 and adjusted R2¼ 0.9901 demonstrated that the response

variability could be explained by the model expressing a satisfactory quadratic fit. Finally, the

H2O2/GAC/MW process showed a faster and higher IPA removal rate than other processes tested.
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INTRODUCTION
Isopropyl alcohol (IPA) (C3H8O) – a colorless, flammable

compound with a strong odor – is an important solvent

widely used as a cleaning agent in the electronic and pre-

cision machinery industries. In the typical semiconductor

manufacturing processes, a large amount of high-purity

IPA is consumed and discharged as waste solvent after

wafer surface washing and cleaning (Kuila & Ray ).

IPA and its metabolite, acetone (C3H6O), are considered

as hazardous and toxic water wastes (B3) (Abdulloh et al.

) that act as depressants of the human central nervous

system, causing unconsciousness and ending in a deep

coma (Ashurst & Nappe ; Sivilotti ).
Traditional methods involving physicochemical decompo-

sition or microorganisms have shown limited efficiencies

for treating IPA-containing wastewater (Cheng et al. ).

The high concentration of IPA can be separated from the

waste solvent by pervaporation using copolymer membrane

(acrylonitrile and methyl acrylate) (Kuila & Ray ).

However, the pervaporation process is complex and not

easy to operate. An integrated method consisting of air strip-

ping and activated carbon fiber columns is employed to

recover IPA in waste (Lin & Wang ). It is relatively

easy, but requires pH control and cannot be carried out at

low temperatures (Abdulloh et al. ). In a previous

study, Xiao et al. () reported that both sequencing

batch biofilm reactor (SBBR) and sequencing batch reactor

(SBR) are effective for removing IPA. Nevertheless, the

biofilm will be damaged as the chemical oxygen demand is

higher than 1,600 mg/L.

mailto:htung@ntu.edu.tw
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://crossmark.crossref.org/dialog/?doi=10.2166/wrd.2019.015&domain=pdf&date_stamp=2019-06-17


214 Q. T. P. Tran et al. | Optimization of IPA degradation by microwave-induced catalytic oxidation Journal of Water Reuse and Desalination | 09.3 | 2019

Downloaded fr
by guest
on 24 April 202
In recent years, the microwave-induced catalytic oxidation

process has been widely proposed in the literature as an attrac-

tive alternative technique. This process shortens reaction time,

reduces equipment size, provides greater ease of operation, and

increases treatment performance (Xu et al. ; Liu et al. ).

In fact, its efficiency strongly depends on numerous process

parameters (Bi et al. ; Liu et al. ) such as the character-

istics of the catalyst, dosage of catalyst, oxidant concentration,

and initial pollutants concentration.

First, it is well known that the catalyst plays an impor-

tant role in the microwave-induced catalytic oxidation

process (Quan et al. ; Liu et al. ). It has to be a

microwave-absorbing material capable of both producing

large amounts of surface ‘hot spots’ – where more rapid oxi-

dation occurs – and generating great amounts of •OH

catalyzed, leading to a significant degradation rate in a

shorter irradiation time (Remya & Lin ; Yin et al. ).

Besides this, another apparent characteristic for the cata-

lyst in the oxidation process can be surface area and pore

structure. Specifically, the large surface area and porosity in

the catalyst are able to provide many active sites to trigger

the chemical reaction of oxidation of organic pollutants

(Chen & Shen ). Several catalysts such as copper oxides

(Atta et al. ; Liu et al. ), zero-valence iron (Jou ;

Lee et al. ), nickel oxides (Lai et al. ), activated

carbon (AC) (Quan et al. ) or AC supported metal (Liu

et al. ) have been investigated to enhance organic com-

pounds’ removal in microwave-induced catalytic oxidation

process. Among all, AC can be a promising catalyst for IPA

degradation owing to the huge surface area (994.145 m2/g),

the developed pore structure (0.526 cm3/g), and the excellent

capability for microwave (MW) energy absorption (Quan

et al. ).

Furthermore, the amount of catalyst is a crucial factor

that influences the microwave-induced catalytic oxidation

process. Several studies have reported that increasing the

dosage of catalyst increases the rate of degradation continu-

ously (Zhang et al. ; Singh et al. ; Yang et al. ) as

a result of the presence of a higher number of activated

absorbed photons and available sites.

Thedosage of oxidants is alsowell knownas oneof the vari-

ables influencing pollutant removal performance. Liu et al.

() indicated that the degradation rate of phenol increased

nonlinearly with an increase in the concentration of H2O2.
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The initial concentration of pollutants is another par-

ameter affecting the rates of degradation. Literature revealed

that the degradation rate of organic pollutants decreased

with increasing initial pollutants’ concentration (Bi et al.

; Prasannakumar Beri et al. ; Mohanraj et al. ).

H2O2 →
MW

2OH� (1)

Solid catalyst→
MW

OH� (2)

OH� þOrganics ! Decomposed products (3)

Solid catalyst→
MW

)Hot spots0 (4)

Organics →
Hot Spots

Decomposed products (5)

To the best of our knowledge, the details of treating

IPA wastewater by the MW-induced catalytic oxidation pro-

cess were unclear in the literature, as well as the optimum

operating conditions. Due to the synergistic effects between

different variables, the application of the conventional

methods for process optimization would require a large

number of experiments, times, and materials. To overcome

these drawbacks, optimizing the experimental conditions

with a statistical design tool becomes extremely necessary.

Among statistical tools used in environmental health engineer-

ing, response surface methodology (RSM) has already proven

to be a reliable statistical tool for evaluating the effects of inde-

pendent variables on response performance and for predicting

the best degree of response (Mohammadi et al. ).

Considering the above-mentioned facts, the current

research aimed to optimize the operating factors – initial

IPA concentration and dosage of granular activated carbon

(GAC) and hydrogen peroxide – in the microwave-induced

catalytic oxidation process using a central composite design

(CCD) combined with RSM, as well as to assess the influence

of MW on the degradation of IPA-containing wastewater.
MATERIALS AND METHODS

Chemicals and materials

Isopropyl alcohol 99.5% (CH3CHOHCH3) was purchased

from J.T. Baker. Analytical-reagent grade hydrogen peroxide

(H2O2) and ortho-phosphoric acid 85% (H3PO4) were



Table 1 | Characteristics of granular activated carbon

Parameter Granular activated carbon (GAC)

Shape Sphere

Particle size (mm) 0.35–0.8

Bulk density (g/mL) Approx. 0.6

Specific surface area (m2/g) 994.145

Pore volume (cm3/g) 0.526

Average pore diameter (nm) 2.117

Iodine absorption capacity (mg/g) 1,200–1,350

Residue on ignition (ash) 0.05% or less
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purchased from Sigma-Aldrich. Ultra-pure deionized water

of 18.2 MΩ·cm resistivity was obtained from Milli-Q® Inte-

gral ultrapure water apparatus and used throughout the

total organic carbon (TOC) analysis experiment. Granular

activated carbon (GAC, Kureha Trading Co., Ltd, Japan),

with a mean diameter of 0.58 mm, was applied as the solid

catalyst in this study. Table 1 lists the physical properties

of GAC used in this study. Before use, the virgin GAC was

dried in an oven at 150 �C for 24 h and then cooled to ambi-

ent temperature in a desiccator. All other reagents used in

this study were of the highest grade available.
Experimental procedure and analytical methods

Figure 1 is a schematic diagram for the laboratory setup. A

microwave digestion laboratory station (Milestone, Ethos
Figure 1 | Schematic diagram of microwave reactor system. (1) Direct sensor for temperature a

safety shield, (6) vessel, (7) IPA and oxidant, and (8) solid catalyst (Hamid 2015).

://iwa.silverchair.com/jwrd/article-pdf/9/3/213/599012/jwrd0090213.pdf
Plus 1, frequency 2,450 MHz, max power 1,500 W) was

used for generating the microwave energy. In a standard

reaction run, 10 mL of IPA solution (0.038–0.743 M) was

transferred to a 100 mL Teflon vessel. The desired volume

of hydrogen peroxide solution (30% in weight) was injected

into the vessel under stirring. Then, a measured amount of

GAC catalyst was added to this IPA solution and irradiated

for 120 seconds in the microwave digestion laboratory

station. The solution temperature was kept at 80± 2 �C

and MW power at 600 W throughout all of the experiments.

At the end of each run, the remaining IPA was determined

as the TOC in the samples (Aurora 1030 W TOC Analyzer,

O.I. Analytical Corporation). The amount of TOC removed

from the synthetic IPA samples in the microwave-

induced catalytic oxidation process was calculated using

Equation (6):

TOC removal efficiency (%) ¼ C0 � C
C0

× 100 (6)

where C0 and C represent the initial and effluent concen-

tration of TOC (mg/L) respectively.

The Brunauer–Emmett–Teller (BET) surface area of the

solid catalysts was characterized by nitrogen adsorption/

desorption isotherms on a Micromeritics ASAP 2020

Surface Area and Porosity Analyzer Software V3.00.

Typically, 0.2–0.3 g of the sample was used for the measure-

ment and the samples were previously outgassed for at least

8 h at 150 �C prior to N2 adsorption.
nd pressure control, (2) high pressure rotor, (3) safety spring and adapter plate, (4) cover, (5)
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Central composite design

The essence of any process relies on the level of the design

at which the response reaches the optimum. A variety of tech-

niques available have been applied to the design of

experiments, however, the RSM outperforms other techniques

due to its simplicity (Haque et al. ; Bharath et al. ;

Basheer et al. ). The RSM is a combination of statistical

and mathematical methods used to develop, improve,

and optimize the processes (Arslan-Alaton et al. ;

Montgomery ; Behera et al. ). A reduction in the

number of experiments and investigation of the effects of inter-

actions between variables are among the advantages of RSM

(Parolin et al. ; Sarrai et al. ; Mohammadi et al. ).

In this study, a CCD with three independent variables

was used to assess the influences of H2O2, GAC dosage,

and initial IPA concentration on the TOC removal efficiency

under the microwave-induced catalytic oxidation process. In

addition, the interactions between the selected variables

were also determined by using RSM. A total of 20 exper-

iments were selected to determine the coefficients of the

second-order polynomial regression model for three vari-

ables. Each variable was studied at five levels (±1 for the

factorial points, 0 for the center points, and ±1.682 for

the axial points), as presented in Table 2. The behavior of

the microwave-induced catalytic oxidation process is

explained by the following empirical second-order polynomial

model (Equation (7)) (Younis et al. ; Sarrai et al. ):

Y% ¼ α0 þ
Xk

i¼1

αiXi þ
Xk

i¼1

αiiX2
i þ

Xk�1

i¼j

Xk

i¼jþ1

αijXiXj (7)

where Y is the predicted response (TOC degradation by the

microwave-induced catalytic oxidation); α0 and αi are the con-

stant coefficient and linear coefficient, respectively; αii and αij
Table 2 | Experimental range and levels of independent variables

Independent variables Code

Real values of the coded levels

�1.682 � 1 0 þ1 þ1.682

Concentration of H2O2 (M) X1 0.132 0.2 0.3 0.4 0.468

Dosage of GAC (g/L) X2 39.54 60 90 120 140.46

Concentration of IPA (M) X3 0.038 0.18 0.39 0.60 0.743
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are the quadratic coefficients and interaction coefficients,

respectively; and Xi and Xj are coded values of the indepen-

dent process factors which refer to the factors i and j,

respectively.
RESULTS AND DISCUSSION

RSM model construction

Table 3 displays the observed and predicted results for the

percent of TOC removal. The R software was used to esti-

mate the coefficients of the second-order fitting equation,

as well as to test the suitability of the model. As a result,

the second-order polynomial equation was given as follows:

Y% ¼ 44:213� 62:407X1 þ 0:821X2 � 62:001X3

þ 0:011X1X2 � 3:810X1X3 � 0:203X2X3

þ 74:439X2
1 � 0:002X2

2 þ 39:495X2
3

(8)

The model adequacy check is an integral part of the

data analysis procedure (Ivanescu et al. ), and the

approximating model would give poor or misleading results

if the fit is inadequate (Körbahti ). Specifically, the coef-

ficient of determination (R2) and the adjusted coefficient of

determination (R2
adjust) was used to describe the fit quality

of the polynomial model, and Fisher’s F-test and the

probability value> F was used to check the statistical

significance. Table 4 summarizes the analysis-of-variance

(ANOVA) results of the response surface quadratic model

for TOC removal by the microwave-induced catalytic

oxidation process. The mean squares were determined by

dividing the sum of squares of each variation by the respective

degrees of freedom (DF). The model F-value was calculated

by dividing the model mean square by the residual mean

square. In addition, a 95% confidence level (significance level

α¼ 0.05) was chosen to evaluate the statistical significance.

The large value of R-squared for Equation (8) indicates

that 99.48% of the total variations could be satisfactorily

explained by the second-order polynomial regression model.

As well, the small probability values (p-value <0.001) for all

regressions are given in Table 4. This denotes that the estab-

lished model is highly significant for the TOC removal

response.



Table 3 | Design matrix by CCD, and the actual and predicted percentage TOC degradation for response surface quadratic model

Run number

Coded levels Actual levels TOC removal (%)

X1 X2 X3 [H2O2]0 (M) GAC dosage (g/L) [IPA]0 (M) Observed Predicted

1 �1 �1 �1 0.2 60 0.18 63.18 64.69

2 þ1 �1 �1 0.4 60 0.18 58.74 61.14

3 �1 þ1 �1 0.2 120 0.18 84.83 90.29

4 �1 �1 þ1 0.2 60 0.60 45.69 46.15

5 þ1 þ1 �1 0.4 120 0.18 81.16 86.87

6 þ1 �1 þ1 0.4 60 0.60 41.57 42.28

7 �1 þ1 þ1 0.2 120 0.60 62.87 66.64

8 þ1 þ1 þ1 0.4 120 0.60 58.24 62.90

9 �1.682 0 0 0.132 90 0.39 65.34 69.60

10 þ1.682 0 0 0.468 90 0.39 60.55 63.47

11 0 �1.682 0 0.3 39.54 0.39 39.39 39.91

12 0 þ1.682 0 0.3 140.46 0.39 70.18 78.77

13 0 0 �1.682 0.3 90 0.038 85.17 87.14

14 0 0 þ1.682 0.3 90 0.743 46.29 51.49

15 0 0 0 0.3 90 0.39 61.54 64.43

16 0 0 0 0.3 90 0.39 60.89 64.43

17 0 0 0 0.3 90 0.39 61.34 64.43

18 0 0 0 0.3 90 0.39 61.58 64.43

19 0 0 0 0.3 90 0.39 62.11 64.43

20 0 0 0 0.3 90 0.39 60.75 64.43
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Influences of the selected variables and their

interactions

In this study, the probability value >|t| or p-value or asymp-

totic significance was used in the context of the null

hypothesis testing in order to quantify the idea of the
Table 4 | ANOVA results of the response surface quadratic model for TOC removal by the mic

Source Degrees of freedom Sum of squares Me

Modela

FO (X1, X2, X3) 3 2,814.63 93

TWI (X1, X2, X3) 3 13.12 4.3

PQ (X1, X2, X3) 3 130.31 43

Residuals 10 15.55 1.5

Lack of fit 5 14.31 2.8

Pure error 5 1.24 0.2

aFO, TWI, and PQ represent first-order, two-way interaction, and pure quadratic, respectively.

://iwa.silverchair.com/jwrd/article-pdf/9/3/213/599012/jwrd0090213.pdf
statistical significance of each independent variable. If the

probability value is less than the chosen significance level

(α), that suggests that the null hypothesis may be rejected

and the curvature is not significant. To be more specific, tra-

ditionally, 5% was used as the significance level of the test,

and the null hypothesis is rejected when the p-value is less
rowave-induced catalytic oxidation process

an square F value Pr (>F) Remark

8.21 603.4079 1.352 × 10�11 Highly significant

7 2.8118 0.093891 Significant

.44 27.9371 3.556 × 10�5 Highly significant

5 – – –

6 11.5768 0.008872 Significant

5 ‒ ‒ ‒



Figure 2 | Interaction effects of H2O2 concentration and initial IPA concentration, and

their influences on TOC removal rate. The dosage of GAC was kept constant

at 90 g/L.

Table 5 | Statistical analysis of the individual terms present in the model equation

Term Coefficient Standard error t value Pr (>| t |) Remark

α0 44.213 6.9690 6.3442 8.414 × 10�5 Highly significant

α1 �62.407 25.3580 �2.4611 0.033615 Significant

α2 0.821 0.0844 9.7222 2.057 × 10�6 Highly significant

α3 �62.001 10.7660 �5.7587 0.000183 Highly significant

α12 0.011 0.1470 0.0737 0.942687 Not significant

α13 �3.810 20.9930 �0.1815 0.859629 Not significant

α23 �0.203 0.0700 �2.8978 0.015895 Significant

α11 74.439 32.9000 2.2626 0.047158 Significant

α22 �0.002 0.0004 �6.5235 6.693 × 10�5 Highly significant

α33 39.495 7.4705 5.2868 0.000354 Highly significant

Multiple R-squared: 0.9948 Adjusted R-squared: 0.9901
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than 0.05 and not rejected when the value is greater than

0.05 (Wikipedia). As depicted in Table 5, the p-value

<0.001 means that the independent variables of the

quadratic model are considered highly statistically signifi-

cant which includes the interception coefficient, the

dosage of GAC (X2), the initial concentration of IPA (X3),

the second-order effect of GAC dosage (X2
2), and the

second-order effect of the initial IPA concentration (X3
2).

Additionally, the concentration of H2O2 (X1), the inter-

action between the GAC dosage and the initial IPA

concentration (X23), and the second-order effect of H2O2

concentration (X1
2) are statistically significant since p-value

<0.05. Nevertheless, when the p-value is larger than 0.05,

the interaction between the H2O2 concentration and the

GAC dosage (X12), as well as the interaction between the

initial IPA concentration and the H2O2 concentration

(X13), are insignificant. According to the regression model,

the order of priority among the main effect of the selected

variables is the dosage of GAC (X2)> the initial IPA concen-

tration (X3)> the H2O2 concentration (X1).

The two-dimensional diagrams of the model-predicted

responses ‒ while one variable was kept at the constant

and the others were varied within the experimental

ranges ‒ were obtained by R software. The results from

these diagrams were utilized to assess the interactive

effects of the independent variables and the percentage

of TOC removal in the microwave-induced catalytic

oxidation process.
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Influence of hydrogen peroxide and initial IPA
concentration on TOC removal

Percent TOC removal efficiencies as a function of H2O2

concentration and initial IPA concentration are illustrated

in Figure 2. As can be seen in the response contour, increas-

ing the initial IPA concentration from 0.038 to 0.743 M led

to a dramatic decrease in the TOC removal rate from 85.17

to 46.29%. It is possibly because the number of electron-hole

pairs and free radicals (OH•) is kept constant under the

same applied reaction condition, while the initial IPA con-

centration is increased (Regulska et al. ). In other

words, a comparatively less amount of oxidizing groups is

available for attacking the IPA molecules. Similarly, the

TOC degradation performance also decreased gradually
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with an increase in H2O2 concentration. An excess H2O2

may promote the occurrence of auto-scavenging reactions

as follows (Bautista et al. ; Iboukhoulef et al. ;

Zhang & Li ):

H2O2 þOH� ! H2OþHO�
2 (9)

HO�
2 þOH� ! O2 þH2O (10)

OH� þOH� ! 1=2O2 þH2O (11)

Another radical (HO2
•) will be formed with an oxidation

potential considerably smaller than OH•. It competes for

OH• to inhibit oxidation of the target organic pollutant,

which reduces the probability of the attacking OH on the

organic molecule (Iboukhoulef et al. ; Zhang & Li

; Liu et al. ). The contour plots indicate that the opti-

mum region for the efficient TOC removal is in the initial

IPA concentration range of 0.038 to 0.10 M. Unfortunately,

the optimum level of H2O2 has not been pointed out in this

study. However, it can be concluded that the concentration

of H2O2 should be lower than 0.132 M.
Influence of GAC dosage and initial IPA concentration on
TOC removal

Figure 3 demonstrates the interaction effect of GAC dosage

and the initial IPA concentration on the TOC removal effi-

ciency. It can be clearly observed that at the initial IPA

concentration of 0.1 M, an increase of the GAC dosage

from 40 to 140 g/L significantly raised TOC removal
Figure 3 | Interaction effects of GAC dosage and initial concentration of IPA, and their

influences on TOC removal rate. The concentration of H2O2 was kept constant

at 0.3 M.

://iwa.silverchair.com/jwrd/article-pdf/9/3/213/599012/jwrd0090213.pdf
efficiency from 55 to 92%. The greater the catalyst dosage,

the greater the number of hydroxyl radicals and hot spots

generated, resulting in a higher degradation rate of TOC

(Gao et al. ). The result is consistent with other research

that the catalyst acts in an important role in the microwave-

induced catalytic oxidation process (Liu et al. ). It can

be concluded from the contour plots that the catalyst

dosage range of 108 to 123 g/L is the optimum region for

TOC removal rate.
Influence of hydrogen peroxide concentration and GAC
dosage on TOC removal

Figure 4 describes the interaction effect of H2O2 concen-

tration and GAC dosage on the TOC removal efficiency.

As illustrated in the response contour, the TOC degradation

performance is greater than 67% in the catalyst dosage

range of 97 to 120 g/L at either low or high concentration

of H2O2. Consequently, it is noticeable that there is a

slight decrease in the TOC removal efficiency with the

increase of H2O2 concentration. Increasing H2O2 concen-

tration probably created the inhibitory (hydroxyl radicals

scavenging) effect resulting in the generation of HO2
• with

lower oxidation potential. Additionally, it also can be

observed in Figure 4 that increasing the GAC dosage had

a positive effect on TOC removal at all selected initial

H2O2 concentration. Hydrogen peroxide can be activated

on the carbon surface involving the formation of reactive

free radicals that are able to oxidize IPA. The more GAC

was used, the more hydroxyl radicals were produced. This

assists in the higher degradation rate of IPA.
Figure 4 | Interaction effects of H2O2 concentration and GAC dosage, and their influences

on TOC removal rate. Initial concentration of IPA was kept constant at 0.39 M.



Table 6 | Comparison of the model-predicted and experimental results under the optimized working conditions

Experimental parameters TOC removal efficiency (%)

H2O2 concentration (X1, M) GAC dosage (X2, g/L) Initial IPA concentration (X3, M) Predicted Experimental

Optimum working conditions 0.132 108 0.038 99.62 90.5
0.132 115 0.070 99.59 89.9
0.132 123 0.100 99.82 90.7
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Optimization of microwave-induced catalytic oxidation

treatment of IPA-containing wastewater

The new experiments were run under optimized working

conditions to confirm the validity of the empirical

second-order polynomial model. As aforementioned, the

optimum values were established as H2O2¼ 0.132 M,

GAC¼ 108–123 g/L, and IPA¼ 0.038–0.10 M to achieve

the maximum removal of TOC. The experimental results

in Table 6 are rather close to those obtained using response

surface analysis, implying that RSM could be used effec-

tively to optimize process parameters in a complex

process using the statistical design of experiments. The

findings are remarkably similar to previous study results

(Prasannakumar Beri et al. ; Arslan-Alaton et al.

; Parolin et al. ; Sarrai et al. ; Mohammadi

et al. ).
Figure 5 | TOC removal by different treatment processes. Operational conditions: [IPA]0¼ 0.03

reaction temperature¼ 80 �C.
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Comparison of different treatment processes on TOC

removal

The effects of MW-induced irradiation were assessed by

comparing the TOC removal rates in different treatment

processes (H2O2, GAC, H2O2/GAC, H2O2/MW, GAC/

MW, and H2O2/GAC/MW). It can be observed in Figure 5

that the TOC cannot be efficiently removed in short reaction

time (2 min) by H2O2 alone, GAC adsorption, as well

as combined H2O2 and GAC, in which the degradation effi-

ciencies are all less than 20%. Nonetheless, MW irradiation

did improve the usage efficiency of H2O2 and GAC by the

generation of free radicals and ‘hot spots’ that is useful to

achieve faster degradation in a shorter period of time.

Specifically, H2O2 on its own exhibited low TOC removal

efficiency rates, when combined with MW irradiation the

removal efficiency jumped to 33.5%. It is possible that the
8 M, [H2O2]¼ 0.132 M, Qcatalyst¼ 108 g/L, PMW¼ 600 W, irradiation time¼ 0–10 min, and
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elevated temperature did increase the decomposition of

H2O2 into •OH radicals (Equation (1)) and therefore

enhanced the oxidation process when both H2O2 and MW

were applied simultaneously. This result is consistent with

the findings of Eskicioglu et al. (). As expected, increas-

ing significantly the ‘hot spots’ on the surface of GAC led to

a dramatic increase in percent TOC removals from 13.2% to

70.2%. Remya & Lin () pointed out that the hot-spot for-

mation on the surface of the catalyst is mainly responsible

for the rapid degradation of pollutants adsorbed near the

‘hot spots’. In addition, the coupling of MW to MW-absorb-

ing materials acts sequentially and simultaneously in two

ways for pollutant removal, i.e., (i) as adsorbent and (ii) as

MW-absorbent. Furthermore, the TOC degradation effi-

ciency of GAC/MW process went up from 70.2% to 88.7%

with the addition of H2O2. It indicated that MW irradiation

combined with the catalyst can promote the H2O2

decomposition to generate more •OH, thereby enhancing

the degradation of the residual organic contaminant. Liu

et al. () also demonstrated that the effect of the simul-

taneous combination of H2O2 catalytic oxidation and MW

irradiation can be responsible for the significant increase

of the removal percentage of several pollutants in aqueous

solution. Therefore, it can be concluded that an active

catalyst, H2O2, and MW irradiation are extremely necessary

for the effective treatment of TOC from the synthetic

IPA aqueous solution in the microwave-induced catalytic

oxidation process.

The mechanism of IPA degradation in the MW-induced

catalytic oxidation process is proposed in Figure 6. Under
Figure 6 | A proposed mechanism of IPA degradation in H2O2/GAC/MW combined process.

://iwa.silverchair.com/jwrd/article-pdf/9/3/213/599012/jwrd0090213.pdf
the microwave irradiation, the GAC could strongly adsorb

microwave energies, followed by the formation of numerous

‘hot spots’ on the surface of GAC. To be more specific, the

kinetic energy of the π-electrons on the surface of the

GAC is increased during the MW irradiation, which enables

them to jump out of the material leading to the formation of

‘hot spots’ by ionizing the surrounding atmosphere

(Menéndez et al. ; Remya & Lin ). The temperature

of these ‘hot spots’ can ordinarily reach 1,200 �C (Zhang

et al. ), resulting in the selective heating, molecular

rotation, and final decrease of the activation energy of the

chemical reaction (Zhang et al. ). Thus, the IPA

adsorbed near the micro-‘hot spots’ on the GAC surface

can be rapidly decomposed in the presence of oxygen (O2)

dissolved in water. The current research results are similar

to some previous study findings (Polaert et al. ; Zhang

et al. ). However, Liu et al. () have reported that

the degradation efficiency of adsorbed phenol resulting

from ‘hot spots’ is limited. This was possibly due to the

low specific surface area of the catalyst leading to less ‘hot

spots’ and also due to the low concentration of phenol

adsorbed by the catalyst resulting in less degradation effi-

ciency caused by the ‘hot spots’. Also, in this case, there is

still approximately 30% of the residual organic contaminant

in the aqueous solution that is difficult to be degraded since

it cannot be adsorbed on activated carbon. Further addition

of H2O2 allowed more than 90% elimination of TOC from

the synthetic IPA aqueous solution. The dipolar polarization

mechanism creates the elevated temperature within a short

span, which provokes the increased decomposition of
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H2O2 into •OH (Remya & Lin ). The hydroxyl radicals

have a strong capacity to oxidize IPA into CO2 and H2O.
CONCLUSIONS

In the current study, the effect of hydrogen peroxide, initial

IPA concentration, and dosage of a solid catalyst on the

TOC removal efficiency was investigated and optimized by

using the RSM based on CCD. The combination of them sup-

plied a powerful tool in the optimization of the microwave-

induced catalytic oxidation process. In addition, the influence

of microwaves (MW) on the TOC degradation from the syn-

thetic IPA aqueous solution was evaluated. It was found

that the TOC removal rate increased as the dosage of catalyst

increased and the initial IPA concentration decreased. On the

other hand, the TOC removal efficiency went down gradually

with an increase of the H2O2 concentration. The estimated

optimal conditions were as follows: [H2O2] <0.132 M, GAC

dosage¼ 108–123 g/L, and initial [IPA]¼ 0.038–0.10 M. A

TOC degradation of approximately 90% was achieved

under the optimized working conditions, giving a high val-

idity of the model. Finally, the H2O2/GAC/MW process

had a shorter reaction time and a higher removal rate than

other tested processes, possibly owing to synergistic effects

of H2O2 with the catalyst and MW irradiation.
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