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a b s t r a c t

The degradation of para-cresol (p-cresol, 100 ppm) was assisted by Cu-Fe/NaP1 catalyst hetero-
geneous Fenton-like process. The characterizations of Cu-Fe/NaP1 catalyst were done for surface 
morphology, specific surface area and oxidation state of the elements by using scanning electron 
microscope (SEM), N2 adsorption-desorption apparatus and X-ray photoelectron spectroscopy 
(XPS), respectively. The amount of Cu-Fe mass ratio, initial pH of the solution and initial hydrogen 
peroxide concentration was studied as the design variable. The degradation of p-cresol was found 
that over Cu-Fe/NaP1 catalyst gave a higher performance than Cu or Fe alone. Additionally, the alloy 
structure between Cu and Fe was observed in CuFeO2, which exhibited synergistic effects to enhance 
the p-cresol degradation efficiency. According to the design of experiment, the maximum p-cresol 
removal and initial reaction rate were computed and found at the optimum condition following, 58% 
Cu mass ratio, initial solution pH 4 and 120 mM of initial H2O2 concentration. The 4-methylcatechol, 
4-hydroxybenzoic acid, 4-hydroxybenzyl alcohol and 4-hydroxybenzaldehyde intermediates were 
observed during the degradation reaction and demonstrated as less toxic intermediates comparing 
with the original substance. The degradation of p-cresol was achieved by the heterogeneous Fen-
ton-like process over the Cu-Fe/NaP1 catalyst.
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1. Introduction

Nowadays, the important issue regarding contaminated 
pollutants in surface and groundwater released from petro-
chemical and other industrials is still an unavoidable prob-
lem. Thus, many researchers have interested in the optimal 
method to degrade contaminated pollutants because of the 
adverse effects on human health. One of the contaminated 
pollutants in the effluent from petrochemical wastewater is 
phenolic compounds such as p-cresol and phenol [1]. About 
30% of cresol is usually found in wastewater obtained from 
coal industry [2]. The p-cresol is isomeric substituted phe-
nol with a methyl substitution at para- position [3]. Also, 
p-cresol is a highly toxic and carcinogenic substance even 
low concentrations [3] and is classified as group C prior-
ity pollutant by the United State Environment Protection 
Agency (US-EPA) because of its toxicity and persistence 
in the environment. Therefore, the contaminated p-cresol 
in wastewater must be treated before being released to 
the environment. There are many techniques applied for 
p-cresol removal such as photocatalysis [4], biological 
treatment process [3,5,6], adsorption [7], ozonation [8], 
photolysis with hydrogen peroxide [9] and Fenton process 
[10–12]. Fenton process is considered for organic degrada-
tion as spending the shortest reaction time approximately 
2 h, compared with photocatalysis (6 h), adsorption (5 h) 
and biological treatment process (32 h) [3,4,7]. However, the 
limitation of Fenton reaction is the pH condition of reac-
tion required to achieve at low pH at around 3.0±0.2 [11]. 
Moreover, the Fenton process also produces a large amount 
of ferric hydroxide sludge. At the end of the Fenton reac-
tion, the iron ions leaching from the reaction is necessary to 
control according to the effluent standard. Many research-
ers have interested in preventing sludge formation by using 
heterogeneous catalysts through Fenton-like process, such 
as iron slag, Fe/supports, Cu/supports and Cu-Fe/sup-
ports [13–21], support materials including a zeolite, MCM-
41 added alumina and others. Zhang and co-author used 
acid-activated fly ash as a Fenton-like catalyst to degrade 
p-nitrophenol [12]. Surprisingly, our previous study, we 
prepared NaP1 zeolite from coal fly ash power plant and 
it might be utilized in a heterogeneous Fenton reaction as 
support [22]. However, Fe/support catalysts in Fenton-like 
reaction give high activity only at low pH of the solution, 
while Cu/support catalysts can be used at higher pH of the 
solution [14,15,23–25]. The ozonation process, one of the 
advanced oxidation processes, exhibits the synergistic effect 
between Cu and Fe on reaction efficiency reported by many 
researchers [26–29]. They described that the combination 
of Cu and Fe shows higher oxidation reaction than Cu or 
Fe alone. Moreover, Cu-Fe bimetallic type can also enhance 
the Fenton-like reaction by preventing catalyst dissolution 
[30–32]. However, the influence of Cu-Fe mass ratios has 
been not clarified yet.

In this research, Cu-Fe bimetallic type loaded on NaP1 
prepared power plant coal fly ash (Cu-Fe/NaP1) was pro-
posed to access the effective p-cresol degradation through 
Fenton-like reaction. The physical and chemical proper-
ties of prepared Cu-Fe/NaP1 catalysts were visualized via 
N2 adsorption-desorption using Brunauer–Emmett–Teller 
(BET) equation for calculating the specific surface area, scan-
ning electron microscope (SEM), X-ray fluorescence (XRF) 
and X-ray photoelectron spectroscopy (XPS) techniques. The 

synergistic between Cu and Fe catalysts on p-cresol degra-
dation was investigated. Moreover, main and interaction 
effects of independent variables such as percent weight of 
Cu in Cu-Fe catalysts, initial pH of the solution and initial 
hydrogen peroxide concentration by using Box-Behnken 
design were examined. The study of p-cresol mineralization 
and mechanism reaction pathway was also included.

2. Material and methods

2.1. Materials

The precursors used in this work were analytical grade 
and used as received without any further purification. 
Sodium hydroxide (NaOH), nitric acid (HNO3), hydro-
chloric acid (HCl) and absolute ethanol (C2H5OH) were 
purchased from RCI Labscan Ltd., Thailand. On the other 
hand, hydrogen peroxide (H2O2), iron(III) nitrate nonahy-
drate (Fe(NO3)3·9H2O) and copper chloride (CuCl2) were 
bought from QRëC and Ajax Finechem Pty Ltd., New Zea-
land. The pollutant and intermediate substances such as 
p-cresol, 4-methylcatechol, 4-hydroxybenzyl alcohol and 
4-hydroxybenzaldehyde were obtained from ACROS, USA 
(HPLC grade). The fly ash (MFA) was collected from the 
Mae Moh coal power plant located in the northern part of 
Thailand.

2.2. Cu-Fe/NaP1 catalyst synthesis

Firstly, the synthesis steps of NaP1 supporter were fol-
lowed our previous work [22]. Briefly, NaP1 was synthe-
sized via hydrothermal method. The mole ratio of NaP1 
composition was 3.0SiO2: 1.0Al2O3: 9.2Na2O: 368.6H2O. 
Next, the mixed solution was transferred to a Teflon-line 
placed in the stainless steel autoclave and then aged in 
an oven at 105°C and 12 h, which is a suitable condition 
reported in our previous work [22]. After the hydrothermal 
process, the sample was separated by centrifugal technique 
and washed with deionized water several times until the 
pH of clean water lower than 9.0 then dried in an oven at 
100°C. Secondly, the preparation of Cu-Fe/NaP1 was used 
incipient wetness impregnation technique. Ethanol volume 
about 6 mL same with a pore volume of NaP1 about 2 g 
was used as a solvent for dissolve Fe(NO3)3·9H2O and CuCl2 
with designed amounts of Fe and Cu. After that, the mixed 
metal solution was slowly dropped on NaP1 with vigorous 
mixing about 3 min. Catalyst samples were dried at 60 and 
80°C for 5 h at each temperature. Subsequently, dried cat-
alyst samples were calcined at 500°C for 2 h in air muffle 
furnace.

2.3. The characterizations of catalysts

The specific surface area of the catalysts was computed 
from the five-point N2-adsorption isotherms by applying 
the Brunauer-Emmett-Teller (BET) method. The nitrogen 
gas (N2) was used to the adsorbate and operated at 77 K 
by using N2 adsorption-desorption apparatus (ASAP2460, 
Micromeritics, USA). The surface element compositions of 
Cu-Fe/NaP1 were observed by X-ray photoelectron spec-
troscopy (XPS, ULVAC-PHI, PHI 500 VersaProbe II) using 
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Al Kα radiation as X-ray source at the BL5.3 SUT-NANO-
TEC-SLRI joint research facility, Synchrotron Light Research 
Institute, Thailand. The binding energy was calibrated with 
respect to the C 1s photoelectron line at 284.80 eV. The 
morphologies of Cu-Fe/NaP1 samples were investigated 
by using scanning electron microscope (SEM S-3000N, 
Hitachi, Japan). The proportional compositions of samples 
were analyzed by X-ray fluorescence (XRF, Bruker AXS, 
Germany, Model: S4 Pioneer Wavelength Dispersive X-Ray 
Fluorescence (WDXRF) Spectrometry) at 60 kV and 50 mA.

2.4. p-Cresol degradations

The degradation of p-cresol was performed over Cu-Fe/
NaP1 by varying the amount of Cu-Fe loading on NaP1 
and the weight ratio of Cu and Fe on NaP1. The synergis-
tic effect of Cu and Fe on the degradation of p-cresol was 
also demonstrated. Additionally, the influences of initial 
pH of solution and concentrations of hydrogen peroxide 
were examined by using the design of experimental meth-
odology. The Box-Behnken design was applied in this work 
as shown in Table 1. Finally, the mechanism pathway and 
kinetics of p-cresol degradation were studied, and deminer-
alization of organic carbon was examined.

The initial concentration of p-cresol was 100 ppm, pre-
pared by dissolved in deionized water 300 mL of reactor 
volume. Then, the p-cresol solution was adjusted pH to 
designed conditions by using 1.0 molar of NaOH and HCl 
solutions concentration. The adsorption process was done in 
30 min. Next, the H2O2 was dropped into the p-cresol solu-
tion to start the degradation reaction. The remained sample 
was collected about 5 mL at each reaction time (0, 3, 10, 15, 
30 and 60 min). After that, 2 droplets of NaOH solution were 
dropped into each sampling to stop the reaction, then the cat-
alyst was filtrated by using syringe nylon membranes filter 
pore size 0.45 µm. The concentration of p-cresol was analyzed 
by high-performance liquid chromatography (HPLC, Waters 
e2695, Harlow Scientific, USA) equipped with Hypersil C18 
ODS column with a UV-detector set at wavelength 250 nm. 
A mixture of 40% methanol (RCI Labscan Limited, HPLC 
grade, 99.99%) and 60% deionized water (RCI Labscan Lim-
ited, HPLC grade, 99.99%) were used as mobile phase with 
flow rate of 1.0 mL/min. Injection volume was 20 µL. The 
percent removal of p-cresol (at 3 min of reaction) and initial 
reaction rate (r0, mM/min) were computed from Eqs. (1), (2), 
respectively. Both the percent removal of p-cresol and initial 
reaction rate results were used as response values, which 
expressed in the mathematical model calculated by using the 
least-square of error technique to get the coefficients of the 
full quadratic equation as shown in Eq. (3).
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Here, Y1 is experimental percent removal of p-cresol, 
and C0 and Ct are initial and remained p-cresol concentra-
tion at each reaction time, respectively. Y2 is experimental 
initial reaction rate and C0 is initial p-cresol concentration, 
while Ct1 and Ct2 are a remained p-cresol concentration at 
the beginning of reaction, which displayed in linear trend, 
calculated by polynomial technique at 0.5 and 1 min, respec-
tively. Y3 is computed percent removal of p-cresol and Y4 is 
computed initial reaction rate.

The concentration of intermediates were measured by 
gas chromatography coupled with a mass analyzer (GC-
MS, GC-QP2010-MS, Shimadzu, Japan). The column was 
Rtx-5MS and injection volume 1 µL. The condition of GC 
was setup for injector at 250°C, initial oven temperature 
at 100°C and increasing rate about 20°C/min to final oven 
temperature 280°C and ion temperature of MS at 200°C. 
The SIM mode was used for analyst quantitative results 
of p-cresol, 4-methylcatechol, 4-hydroxybenzyl alcohol 
and 4-hydroxybenzaldehyde at 107, 124, 77 and 121 mz–1, 
respectively. Total organic carbon was measured by a TOC 
analyzer (Multi N/C 2100s, AnalytikJena, Germany) to con-
firm the demineralization process.

3. Results and discussion

Firstly, the blank tests were studied following various 
conditions such as p-cresol only, p-cresol with NaP1 zeolite, 
p-cresol with H2O2 (150 mM), p-cresol with NaP1 zeolite and 
H2O2 (150 mM) at pH 3.0 and p-cresol with NaP1 zeolite 
and H2O2 (150 mM) at pH 4.0 with initial concentration of 
p-cresol 100 ppm. The results were found that p-cresol can-
not be degraded in all conditions testing. Thus, NaP1 could 
not play as a catalyst, which was used as a support mate-
rial in this research. Then, the degradation of p-cresol was 
primarily studied as shown in Fig. 1. The influence of the 
amount of Cu and Fe mass ratio was examined to exhibit 
the synergistic of both Cu and Fe in Fenton-like reaction. 
The experiment was prepared for the Fenton-like reaction 
by following 100 ppm of initial p-cresol concentration, 3.5 of 
initial pH of the solution, 1 g/L of catalyst loading and 150 
mM of initial H2O2 concentration. The total content of both 
Fe and Cu was loaded on NaP1 at 10%wt. The results were 
observed that the concentration of p-cresol was completely 
removed over 100%Cu/NaP1 and 50%Cu-50%Fe/NaP1 
within 3 min of the reaction, whereas the percent removal 
of p-cresol revealed only 28% degradation on 100%Fe/
NaP1 in same reaction time (Fig. 1a). So that, the 100%Cu/
NaP1 and 50%Cu-50%Fe/NaP1 catalysts were selected to 
study in the next experiment by increasing of initial pH of 
the solution to 4.0 and 5.0 and decreasing of catalyst loading 
to 0.50 g/L with 100 ppm of initial p-cresol concentration 
and 150 mM of initial H2O2concentration. The removal of 

Table 1
Independent variables and levels of factors used for the 
optimization

Factors Levels

–1 0 +1

X1: Cu/Cu-Fe(%) 25 50 75
X2: Initial pH of solutions 4.0 5.5 7.0
X3: Initial hydrogen peroxide concentration (mM) 50 100 150
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p-cresol still showed 100% removal by 3 min of the reaction 
time of all initial pH of solutions. Therefore, the decrease 
of catalyst loading to 0.10 g/L at an initial pH of solution 
4.0 and 5.0 was selected in next study. The results exhib-
ited that 50%Cu-50%Fe/NaP1 catalyst gave higher percent 
removal of p-cresol on both initial pH values at 4.0 and 5.0 
than 100%Cu/NaP1 (Fig. 1b). These results demonstrated 
that the composite of Cu-Fe gave the higher activity than 
using the only Cu in Fenton-like reaction for degradation 
of p-cresol. Additionally, the comparison of initial pH on 
p-cresol degradation by using Cu-Fe/NaP1 catalyst were 
investigated, as shown in the red circle and the yellow tri-
angle line scatter. The p-cresol removals were slightly dif-
ferent. Therefore, the initial pH exhibited a little effect on 
p-cresol degradation by using Cu-Fe/NaP1 catalyst. Con-
versely, Cu/NaP1 catalyst with initial pH at 5.0 showed 
lower activity than with initial pH at 4.0 significantly. Thus, 
the initial pH revealed a significant effect on p-cresol degra-
dation by using Cu/NaP1 catalyst.

The synergistic effect between Cu and Fe catalysts was 
investigated as shown in Fig. 2a by using 0.10 g/L of 10%wt. 

of Cu-Fe/NaP1 (50%Cu-50%Fe/NaP1) compared with mixed 
100%Cu/NaP1-100%Fe/NaP1 at 100 ppm of initial p-cresol 
concentration, 4 of initial solution pH and 150 mM of ini-
tial H2O2 concentration. Cu and Fe contents on both catalyst 
types were used in the same amount to consider. The result 
was found that the 50%Cu-50%Fe/NaP1 catalyst showed 
higher removal of p-cresol than mixing of 100%Cu/NaP1 
and 100%Fe/NaP1 catalyst. Then, the percent content of 
50%Cu-50%Fe loaded on NaP1 was studied at 2%wt., 5%wt. 
and 10%wt. as exhibited in Fig. 2b. The experiment was done 
in the same amount of Cu-Fe in the reactor at about 0.01 g/L 
and initial p-cresol concentration at 100 ppm, initial pH of 
the solution at 4 and initial H2O2 concentration at 150 mM. 
The result was found that 5%wt. of 50%Cu-50%Fe on NaP1 
displayed the highest p-cresol degradation. Furthermore, 
the specific surface area values of 2%wt., 5%wt. and 10%wt. 
of 50%Cu-50%Fe loaded on NaP1 were about 41, 34 and 28 
m2/g, respectively. It can be concluded that the specific sur-
face area decreased with increasing metal contents on NaP1.

Therefore, the influence of Cu-Fe mass ratio at 
5%wt. was investigated on p-cresol degradation, where 

Fig. 1. p-Cresol degradation in effect of (a) Cu and Fe contents under 1 g/L catalyst loading and (b) initial pH of the solution under 
0.10 g/L catalyst loading (100 ppm of initial p-cresol concentration and 150 mM of initial H2O2concentration).

Fig. 2. p-Cresol degradation in (a) the synergistic effect of Cu and Fe, (b) effect of Cu-Fe loading (100 ppm of initial p-cresol concen-
tration, 4 of initial pH of solution and 150 mM of initial H2O2 concentration).
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ratios are 25%wt. of Cu (25%Cu-75%Fe), 50%wt. of Cu 
(50%Cu-50%Fe)and 75%wt. of Cu (75%Cu-25%Fe), labeled 
as 25%Cu/Cu-Fe, 50%Cu/Cu-Fe and 75%Cu/Cu-Fe, 
respectively. The SEM images of various Cu contents on 
Cu-Fe/NaP1 are displayed in Fig. 3. The morphology of 
all catalysts (Fig. 3b–d) was not obviously different when 
compared with NaP1 (Fig. 3a). This might be due to the 
low contents and well dispersion of Cu-Fe on NaP1. Table 2 
reveals the composition of NaP1 and Cu-Fe/NaP1 in all Cu 
mass ratios measured by XRF technique. The amounts of 
Cu compared with Fe amount without Fe content in NaP1 
structure were approximately 19, 42 and 67% of designed 
Cu-Fe contents at 25, 50 and 75%, respectively.

The oxidation states of Cu, Fe and O atoms in Cu-Fe/
NaP1 samples were analyzed by using XPS technique as 
displayed in Fig. 4. The spectrum intensity of both Cu 2p3/2 
and Cu 2p1/2 located at 932.5 and 952 eV increased with 
increasing of Cu contents, whereas the Fe 2p3/2 and Fe 2p1/2 
decreased. The located peaks at 932.5 and 952 eV were cor-
responded to Cu+ (Cu2O), in addition, the peaks at 942 and 
963 eV were referred to Cu2+ (CuO) [31,33]. Therefore, the 
composition of Cu-Fe/NaP1 samples was Cu2O and CuO. 
Considering the peak area of Cu2O and CuO, it was found 
that the amount of Cu+ (Cu2O) showed higher than Cu2+ 

(CuO) (Fig. 4a). On the other hand, the binding energies of 

Fig. 3. SEM images of (a) NaP1 and Cu-Fe/NaP1 for (a) 25%, (c) 50%, (d) 75% of percent Cu.

Table 2
Composition results of NaP1 and Cu-Fe/NaP1 characterized by 
XRF

Compositions NaP1 %Cu/Cu-Fe

25% 50% 75%

C K 7.31 11.7 0.43 – 0.31
O K 53.08 48.67 48.96 47.19
Na K 5.51 4.93 5.79 5.39
Mg K 0.87 0.75 0.86 1.01
Al K 7.14 6.25 7.99 7.63
Si K 12.24 10.58 13.35 13.15

S K 0.31 0.29 0.33 0.32
Cl K – 0.87 2.29 3.73
K K 0.33 0.31 0.34 0.38
Ca K 8.76 6.14 8.55 9.35
Ti K 0.22 0.17 0.21 0.2
Fe K 4.22 8.37(4.15)* 8.11 (3.89)* 6.79 (2.57)*
Cu K – 0.98 2.77 5.18
Cu(%)/Cu-Fe – 19.10 41.59 66.84

*Fe amount without Fe content in NaP1 structure
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Fe were observed at 710 and 725 eV, representing to Fe3+. 
Thus, the results can be concluded that there were the oxi-
dation states of Cu+, Cu2+ and Fe3+ on the surface of NaP1. 
Moreover, the O 1s peak was located at 530 eV, appearing 
in all catalysts [31]. Based on XPS results, the structures of 
Cu-Fe on NaP1 were mainly CuFeO2 alloy phase as corre-
sponded with the literature [31,33], besides the samples 
also contained CuO and Fe2O3 phases. The mechanisms of 

Fenton-like reaction were shown in Eqs. (4)–(14) and Figs. 
5a and b. It can be described in 9 paths as shown in Fig. 5. 
Fe3+–OH which is Fe3+ of Fe2O3 and CuFeO2 was covered 
by hydroxyl radical, then reacted with H2O2 to form Fe3+–
OH·(H2O2) as in Eq. (4) labeled to Fe3+(H2O2), which could 
produce OH2 and change to Fe2+ by electron exchange in 
Fe molecule displayed in Eq. (5) and path 1 and path 5. 
Then, ferrous reacted with H2O2 to produce continuously 
hydroxyl radical (Eq. (6), path 2 and path 6). Consequently, 
it reacted with p-cresol revealed in Eq. (14). Ferric was 
reduced to ferrous by reacted with OH2 and O2

– explained 
in Eqs. (7), (8). Moreover, Cu+ reacted with H2O2 [Eq. (9), 
path 3 and path 7] like ferrous reaction following Haber-
Weiss cycle of Fenton process. Then, producing Cu2+ could 
reduce to Cu+ again by reacting with H2O2, 

•OH2 and O2
– as 

shown in Eqs. (10)–(13).

Fig. 4. The XPS results of (a) Cu 2p, (b) Fe 2p and (c) O 1s spectra 
of Cu-Fe/NaP1 catalysts.

Fig. 5. Reaction mechanism of pollutant on (a) CuO and Fe2O3, 
and (b) CuFeO2.
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Fe3+-OH + H2O2 → (Fe3+-OH) ·(H2O2)  (4)

(Fe3+ ·(H2O2))-OH → Fe2+ + H2O + ·OH2  (5)

Fe2+ + H2O2 → Fe3+-OH + ·OH (6)

Fe3+-OH + ·OH2 → Fe2+ + H2O + O2 (7)

Fe3+-OH + ·O2
– → Fe2+ + OH– + O2 (8)

Cu+ + H2O2 → Cu2+ - OH + ·OH (9)

Cu2+-OH + H2O2 → (Cu2+ ·(H2O2)) - OH  (10)

(Cu2+ ·(H2O2)) - OH → Cu+ + H2O + O2  (11)

Cu2+ - OH + ·OH2 → Cu+ + H2O + O2 (12)

Cu2+ - OH + ·O2
- → Cu+ + OH– + O2 (13)

p-cresol + ·OH → … → degradation product  (14)

Cu+ + Fe3+ → Cu2+ + Fe2+ (15)

The formation of Cu-Fe catalyst on NaP1 is CuFeO2 
alloy, the oxidation state of Cu+ in CuFeO2 structure can 
reduce ferric to ferrous instructures of both molecules. This 
can be explained by standard electrode potentials (E°) of 
Cu+/Cu2+ and Fe3+/Fe2+ are 0.15 V and 0.77 V, respectively. 
Thus, the reduction of ferric to ferrous by copper (1+) can 
occur as following Eq. (15) and path 9. The effective regen-
eration of Fe2+ at the surface of the catalyst can increasingly 
react with H2O2 to enhance pollutant degradation [31].

The design of the experiment was done by using Box-
Behnken design (BBD) on 3 factors and 3 levels. The percent 
removal of p-cresol at 3 min of reaction time and initial reac-
tion rate was used as responses computed by Eqs. (1) and 
(2), respectively. The 15 run orders were design by using 
MiniTab 16 and every run order was done by 3 replications. 
The results are shown in Table 3. The estimated regression 
coefficients of Eq. (3) were calculated and are shown in 
Table 4 for percent p-cresol removal and in Table 5 for the 
initial reaction rate.

At 95% confidence, the main parameters, including the 
amount of Cu, initial pH of the solution and initial H2O2 
concentration were a significant effect on both percent 
p-cresol removal and initial reaction rate (Pvalue < 0.05). The 
square terms of all factors on percent removal of p-cresol 
were significant. On the other hand, the square terms of the 
amount of Cu and initial H2O2 concentration were signifi-
cant on initial reaction rate except the square term of initial 
pH of the solution. However, the interaction effects of all 
factors were insignificant on both responses. Thus, the esti-
mated regression coefficients were eliminated insignificant 
terms by using only significant terms as shown in Tables 4, 
5 and Eqs. (16) and (17) for percent removal of p-cresol and 
initial reaction rate, respectively.

Y X X X X X X3 1 2 3 1
2

2
2

3
294 44 16 70 11 30 10 32 24 95 3 28 12 85= + - + - - -. . . . . . .  (16)

Y X X X X X4 1 2 3 1
2

3
20 37 0 06 0 03 0 04 0 10 0 05= + - + - -. . . . . .  (17)

Here, Y3 and Y4 are calculated responses of percent 
removal of p-cresol and initial reaction rate, respectively. X1, 
X2 and X3 are coded independent variables.

The error of experiment orders was checked by using 
the normal probability of standard error for both responses 
as displayed in Fig. 6. The equations of full quadratic 
terms and significant terms of both responses were com-
pared with experimental results. According to Pvalue > 0.05 
of both responses, the significant errors were not found in 
every running order. Additionally, the comparison of the 
experimental results with the predicted results exhibited 
that every run order was closed to each other for p-cresol 

Table 3
p-cresol removal and initial rate results for every standard order 
designed by BBD

Std 
Order

Cu(%)/ 
Cu-Fe

pH of 
solution

H2O2 
(mM)

Y (%) Initial reaction 
rate (mM/min)

1 25 4 100 62.46 0.25
2 75 4 100 94.57 0.33
3 25 7 100 38.80 0.20
4 75 7 100 69.03 0.29
5 25 5.5 50 30.01 0.12
6 75 5.5 50 64.24 0.25
7 25 5.5 150 47.61 0.16
8 75 5.5 150 84.70 0.37
9 50 4 50 77.43 0.31
10 50 7 50 56.95 0.23
11 50 4 150 99.78 0.40
12 50 7 150 79.10 0.31
13 50 5.5 100 95.15 0.38
14 50 5.5 100 94.09 0.37
15 50 5.5 100 94.08 0.37

Table 4
Estimated regression coefficients for Y (%)

Parameter 
terms

Full terms Significant terms

Coefficients Pvalue Coefficients Pvalue

Constant 94.44 0.000 94.44 0.000
X1 16.70 0.000 16.70 0.000
X2 –11.30 0.000 –11.30 0.000
X3 10.32 0.000 10.32 0.000

X1
2 –24.95 0.000 –24.95 0.000

X2
2 –3.28 0.035 –3.28 0.009

X3
2 –12.85 0.000 –12.85 0.000

X1X2 –0.47 0.686
X1X3 0.72 0.544
X2X3 –0.05 0.965
R2 99.65 99.61

Radj
2 99.02 99.31
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removal (Fig. 7a) and initial reaction rate (Fig. 7b). R2 and 
R2

adj of percent removal of p-cresol for the full quadratic 
term were about 99.65 and 99.02%, respectively. A small 
different value between R2 and R2

adj suggested that the 
insignificant terms can be negligible or removed from the 
full quadratic equation. Then, R2 and R2

adj of the percentage 
of p-cresol removal for the significant terms were approxi-
mately 99.61 and 99.31%, respectively. Furthermore, R2 and 
R2

adj of initial reaction rate for the full quadratic terms were 
about 95.62 and 87.73%, respectively. However, R2 and R2

adj 
of initial reaction rate for the significant terms were about 
93.71 and 90.21%, respectively, approaching 100%. Thus, the 
predicted significant equations can explain the main effect, 
interaction effect and optimal condition of both responses. 

The ANOVA results were used to confirm the precision 
of the predicted equation by using 95% confidence (Table 
6). Regarding the response of percent removal of p-cresol, 
the regression term was significant (Pvalue < 0.05) because 
Fvalue (337.75) showed higher than Fcritical (F(0.05,6,8) = 3.58). The 
main effect and square terms were significant proven by 
Fvalue which was higher than Fcritical (F(0.05,3,8) = 4.07). Compar-
ing each variable, Cu content showed higher affectable than 

Table 5
Estimated regression coefficients for initial reaction rate

Parameter 
terms

Full terms Significant terms

Coefficients Pvalue Coefficients Pvalue

Constant 0.37 0.000 0.37 0.000
X1 0.06 0.002 0.06 0.000
X2 –0.03 0.028 –0.03 0.007
X3 0.04 0.011 0.04 0.002

X1
2 –0.10 0.002 –0.10 0.000

X2
2 –0.01 0.582

X3
2 –0.05 0.021 –0.05 0.005

X1X2 0.00 0.874
X1X3 0.02 0.240
X2X3 –0.00 0.874
R2 95.62 93.71

Radj
2 87.73 90.21

Fig. 6. Normal probability of standard error compared between experimental results and computed results of (a) percent removal 
of p-cresol and (b) initial reaction rate.

Fig. 7. Time series of experimental results and computed results of (a) percent removal of p-cresol and (b) initial reaction rate.
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other effects, initial pH of the solution and initial H2O2 con-
centration, according to Fvalue about 660.71, 301.97 and 252.57, 
respectively. Comparing square term of each variable, Cu 
content still showed the highest effect whereas initial H2O2 
concentration showed a higher effect than initial pH of solu-
tion referring to Fvalue about 680.04, 180.39 and 11.72, respec-
tively. On the other hand, for the response of initial reaction 
rate, the regression term was significant (Pvalue < 0.05) because 
Fvalue (26.79) was higher than Fcritical (F(0.05,5,9) = 3.48). The main 
and square terms was significantly confirmed by Fvalue about 
25.38 and 28.92 and showed higher than Fcritical (F(0.05,3,9) = 3.86 
and F(0.05,2,9) = 4.26). Considering the variable effect, it can be 
noted that Cu content showed the highest effect, following by 
initial H2O2 concentration and initial pH of the solution with 
Fvalue about 45.35, 18.99 and 11.79, respectively. Additionally, 
the square term of the influence of Cu content also showed 
higher than initial H2O2 concentration, while the initial pH 
of the solution was an insignificant effect on this response. 
Lack of Fit (LOF) term was considered for both percent 
removal of p-cresol and initial reaction rate responses. Fvalues 

of LOF term were 11.59 and 27.37 for percent degradation 
of p-cresol and initial reaction rate responses, respectively. 
The Fvalue(LOF) of percent degradation of p-cresol response 
was lower than Fcritical (F(0.05,6,2) = 19.33) and higher than Pvalue 
significant value (0.05) about 0.082, which can be described 
that the Lack of Fit of predicted results was insignificant. 
On the other hand, the Fvalue(LOF) of initial reaction rate 
response was slightly higher than Fcritical (F(0.05,6,2) = 19.33) and 
lower than Pvalue significant value (0.05) about 0.036, which 
can be described that the Lack of Fit of predicted results was 
significant. However, R2 and R2

adj closed to 100% in which 
the predicted equation have a good approximation for the 
experimental values [34]. Therefore, showing of high value 
for R2 correlation between predicted results and experiment 
results of both equations could be used to compute the influ-
ence of Cu content, initial pH of the solution and initial H2O2 
concentration on the percentage of p-cresol removal and ini-
tial reaction rate.

Although the interaction effects of parameter variables 
were statistically insignificant on both responses, the con-
tour plots were clearly found the interaction between Cu 
content and initial H2O2 concentration as shown in Fig. 8. 
According to Figs. 8a, b, d and e, the results demonstrated 
that the percent decomposition of p-cresol and initial reac-
tion rate increased with increasing Cu ratio of Cu-Fe on 
NaP1. The more Cu contents in Cu-Fe enhanced the per-
formance of Fenton reaction due to increasing the amounts 
Cu1+ to react with H2O2. As a results, OH radical increasingly 
generated and continuously reacted with pollutants accord-
ing to Eqs. (9) and (14). However, both responses decreased 
when the mass ratio of Cu exceeded 70%. The excessive 
Cu1+ on CuFeO2 reacted with OH radical, in which the per-
formance of catalysts decreased as displayed in Eq. (18).

Cu OH Cu OH1 2+ ⋅ + -+ → +  (18)

H O OH H O HOO2 2 2+ → +⋅ ⋅  (19)

HOO OH H O O⋅ ⋅+ → +2 2  (20)

Figs. 8a, c, d and f reveal that the percent removal p-cresol 
and initial reaction rate decreased with increasing of initial 
pH of solutions from 4.0 to 7.0. This because hydrogen per-
oxide could degrade to water at high pH condition resulting 
in OH radicals formed in low amounts [31,35]. Considering 
the influence of initial H2O2 concentration effect (Figs. 8b, c, 
e and f), the percent removal p-cresol and initial reaction rate 
increased with increasing the initial concentration of H2O2. 
This described that the increase of initial H2O2 concentration 
gave higher production of OH radicals as following Haber-
Weiss mechanism (Eqs. (6), (9) and (14)). However, the reac-
tivity of catalyst inhibited when the concentration of initial 
H2O2 concentration exceeded 125 ppm. The high amount of 
H2O2 concentration could react with OH· to form water and 
·OOH, subsequently reacted with OH· for the formation of 
water and oxygen as displayed in Eqs. (19) and (20), respec-
tively [30,36]. The optimal conditions of both responses were 
calculated by Eqs. (16) and (17). The maximal condition of 
percent removal of p-cresol and initial reaction rate showed 
the same values, which was Cu about 58%, initial pH of solu-
tion about 4.0 and initial H2O2 concentration about 120 mM, 
resulting in 107% for p-cresol removal and 0.419 mM/min 

Table 6
ANOVA for percent removal of p-cresol and initial reaction rate 
of significant terms

Percent removal of p-cresol at 3 min of reaction time

Sources DF Fvalue Pvalue Results
Regression 6 337.75 0.000 Significant
Linear 3 404.92 0.000 Significant
X1 1 660.71 0.000 Significant
X2 1 301.97 0.000 Significant
X3 1 252.08 0.000 Significant
Square 3 270.57 0.000 Significant

X1
2 1 680.04 0.000 Significant

X2
2 1 11.72 0.009 Significant

X3
2 1 180.39 0.000 Significant

Residual Error 8
Lack-of-Fit 6 11.59 0.082 Insignificant
Pure Error 2
Total 14
Initial reaction rate
Sources DF Fvalue Pvalue Results
Regression 5 26.79 0.000 Significant
Linear 3 25.38 0.000 Significant
X1 1 45.35 0.000 Significant
X2 1 11.79 0.007 Significant
X3 1 18.99 0.002 Significant
Square 2 28.92 0.000 Significant

1 47.71 0.000 Significant
1 13.46 0.005 Significant

Residual error 9
Lack-of-fit 7 27.37 0.036 Significant
Pure error 2
Total 14
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for the initial reaction rate. Therefore, predicted equations 
were verified by using 50% of Cu, 5.5 of initial pH of the 
solution and 120 mM of initial H2O2 concentration for tripli-
cate runs. The computed results were approximately 96.51% 
and 0.376 mM/min whereas the experimental results were 
87.34±2.42% and 0.344±0.0095 mM/min of percent degra-
dation of p-cresol and initial reaction rate, respectively. The 
experimental results showed slightly lower than predicted 
results of both terms. It could be described by Fvalue and Pvalue 
of LOF. Pvalue were approximately 0.082 and 0.036 of percent 
removal of p-cresol and initial reaction rate. Besides, Pvalue 
showed a little lower than the insignificant error of precision 

(Pvalue > 0.05). However, these results were different approx-
imately lower than 10%. The leach of Cu and Fe was inves-
tigated by collecting the sample carried out for 120 min and 
measured by using atomic absorption spectrometer (AAS, 
Perkin Elmer AAnalyst 300, USA). The concentrations of 
leaching Cu and Fe were found at 0.047 and 0.008 ppm, 
respectively. This can be noted that the Fenton reaction 
takes place on the heterogeneous reaction called Fenton-like 
reaction. Additionally, the concentrations of leaching met-
als were lower than standards for effluent discharge regu-
lations of factory wastewater announced from Ministry of 
industry, Thailand [37].

Fig. 8. Contour plots of interaction effects: (a, b, c) percent removal of p-cresol and (d, e, f) initial reaction rate.
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Furthermore, total organic carbon (TOC) was studied, 
indicating the degree of mineralization of Fenton-like reac-
tion as shown in Fig. 9. It was found that the TOC profile 
was sharply decreased at the first 20 min of reaction time 
then slightly decreased until 120 min of reaction time. At 
final reaction time, TOC can be removed approximately 
8.52 mg C/L or 76% of TOC removal. Since p-cresol was 
degraded to various intermediate via Fenton-like reaction, 
the intermediate formation was investigated by using gas 
chromatography-mass spectroscopy (GC-MS). The inter-
mediates of 4-methylcatechol, 4-hydroxybenzyl alcohol, 
4-hydroxybenzaldehyde and 4-hydroxybenzoic acid were 
found in the solutions. The intermediate chemicals were 
found similar to other researchers, who studied the oxida-
tion reaction of p-cresol by ozonation [8] and photocatalytic 
reaction [38–40]. Thus, the mechanism of p-cresol degrada-
tion can be purposed as displayed in Fig. 10.

The intermediates, 4-methylcatechol (B), 4-hydroxy-
benzyl alcohol (C), 4-hydroxybenzaldehyde (D) and 
4-hydroxybenzoic acid (E), were found at 3 min of reac-
tion time. After 1 h of reaction time, the intermediates 
were disappeared because they were degraded to aro-
matic opened ring products and accordingly degraded to 
CO2 and water [9,40]. However, 4-hydroxybenzoic acid 
was found in very low signal which could not measure 
in quantitative concentration. According to the mecha-
nism pathways of p-cresol degradation, OH· could possi-
bly react on two positions, including ortho- and methyl 
group- positions of p-cresol. If OH radicals attach at the 
ortho- position, 4-methylcatechol would be produced. On 
the contrary, if OH radicals attach on the methyl group- 
position, 4-hydroxybenzyl alcohol, 4-hydroxybenzalde-
hyde and 4-hydroxybenzoic acid would be generated 
[8,40]. The kinetic reaction can be purposed by elementary 
rate laws as shown in Eqs. (21)–(23). The concentrations 
of p-cresol, 4-methylcatechol and 4-hydroxybenzyl alcohol 
were labeled CA, CB and CC, respectively. The concentra-
tions of all chemicals were used from GC-MS results at 0, 3 
and 10 min of reaction times. The Gauss-Jordan technique 
was used to calculate the reaction rate constants. The cal-
culated results were displayed in Eqs. (24)–(26). The reac-
tion rate constants were 4.69, 22.41, 0.34, and 1.56 min–1 
for k1, k2, k3 and k4, respectively. According to reaction rate 
constant values, it can be explained that p-cresol preferred 

to be reacted at methyl group- position more than ortho- 
position to form 4-methylcatechol.

dC
dt k k CA

A= - +( )1 2  (21)

dC
dt k C k CB

A B= -1 3  (22)

dC
dt k C k CC

A c= -2 4  (23)

dC
dt CA

A= -27 10.  (24)

dC
dt C CB

A B= -4 69 0 34. .  (25)

dC
dt C CC

A c= -22 41 1 56. .  (26)

The p-cresol was almost completely degraded at reac-
tion time lower than 10 min then changed to the formation 
of intermediates. The intermediates were therefore decom-
posed to CO2 and H2O confirmed by the TOC results. Table 7 
shows the hazard identification of pollutant and intermedi-
ates. p-cresol is acute toxicity dermal and oral (Cat. 3) and 
skin corrosion (Cat. 1B) classified to danger category, while 
all of the intermediates are classified to warning category or 
less toxicity than an initial pollutant. Although, 4-hydroxy-
benzyl alcohol cannot even be completely demineralized 
until 120 min to carbon dioxide and water, this chemical 
was classified to warning category.

Fig. 9. Total organic carbon of the samples vs. reaction times.

Fig. 10. Mechanism pathway for p-cresol degradations.
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Table 7
The hazard identification of reactant and intermediate chemicals

Chemicals Hazard identification according to Regulation (EC) No 1272/2008

Category Symbol

p-cresol Acute toxicity Dermal (Cat. 3)
Acute toxicity Oral (Cat. 3)
Skin corrosion (Cat. 1B)

Dangera

4-methylcatechol Skin irritation (Cat. 2)
Eye irritation (Cat. 2)
Specific target organ toxicity single exposure (Cat. 3) (respiratory 
irritation)

Warningb

4-hydroxybenzyl alcohol Skin irritation (Cat. 2)
Eye irritation (Cat. 2)
Specific target organ toxicity single exposure (Cat. 3) (respiratory 
irritation)

Warningb

4-hydroxybenzaldehyde Eye irritation (Cat. 2)

Warningb

4-hydroxybenzoic acid Skin irritation (Cat. 2)
Eye irritation (Cat. 2)
Specific target organ toxicity single exposure (Cat. 3) (respiratory 
irritation)

Warningb

aDanger means a signal word indicating the more severe hazard categories. 
bWarning means a signal word indicating the less severe hazard categories.

4. Conclusions

Cu-Fe on NaP1 support was synthesized to CuFeO2 
alloy referring to the oxidation state of Cu and Fe elements. 
The synergistic effect between Cu and Fe in CuFeO2 alloy 
was observed to be an effect on p-cresol degradation. The 
Fenton-like reaction over Cu-Fe/NaP1 can be achieved 
at neutral pH of the solution. p-cresol was completely 
degraded at the reaction time less than 10 min. In the Fen-
ton-like reaction of p-cresol degradation, 4-methylcate-
chol, 4-hydroxybenzyl alcohol, 4-hydroxybenzaldehyde 
and 4-hydroxybenzoic acid were generated. However, all 
intermediates presented less toxicity, compared with the 
original substance. The degradation pathway of p-cresol 
exhibited that OH radicals preferred to react with p-cresol at 
the position of the methyl group to form 4-methylcatechol. 
The mineralization of pollutants showed about 76 percent 
removal for 2 h of reaction time.
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