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Abstract

Background: The interactions of p-cresol photocatalytic degradation components were studied by response
surface methodology. The study was designed by central composite design using the irradiation time, pH, the
amount of photocatalyst and the p-cresol concentration as variables. The design was performed to obtain
photodegradation % as actual responses. The actual responses were fitted with linear, two factor interactions, cubic
and quadratic model to select an appropriate model. The selected model was validated by analysis of variance
which provided evidences such as high F-value (845.09), very low P-value (<.0.0001), non-significant lack of fit, the
coefficient of R-squared (R2 = 0.999), adjusted R-squared (Radj

2 = 0.998), predicted R-squared (Rpred
2 = 0.994) and the

adequate precision (95.94).

Results: From the validated model demonstrated that the component had interaction with irradiation time under
180 min of the time while the interaction with pH was above pH 9. Moreover, photocatalyst and p-cresol had
interaction at minimal amount of photocatalyst (< 0.8 g/L) and 100 mg/L p-cresol.

Conclusion: These variables are interdependent and should be simultaneously considered during the
photodegradation process, which is one of the advantages of the response surface methodology over the
traditional laboratory method.
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Background
Advanced oxidation processes (AOPs) are physicochemical
procedures, which designed to remove environmental or-
ganic and inorganic pollution. Photocatalysis, the current
interest of AOPs, is applied for decontamination the pollu-
tions [1-4]. The photocatalysis, under suitable light illumin-
ation, produces hydroxyl radical (●OH) and hole (h+) which
are powerful and non-selective oxidants to degrade a variety
of organic compounds [5-7]. Since the photocatalytic deg-
radation (photodegradation) is dependent on several para-
meters including irradiation time, pH, photocatalyst and
pollution concentration, it need to study the relationship
between the variables during the process [8,9]. In the design
of experiments, the independent variables are controlled to
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determine the relationship to an observable phenomenon
[10]. The single variable (one-variable-at-a-time) method
considers the photodegradation process as a projection
while the multivariate method generalizes the observation
of the photodegradation [11]. Therefore, the multivariate,
which, increases the dimension of the system and produces
more generalized results is preferred in comparing with the
single variable approach. Recently the semi-empirical meth-
ods were used as an efficient technique to apply multivari-
ate modeling for the photodegradation by response surface
methodology (RSM) [12-18], however, no study has yet
been conducted on the parameters interaction. This work
looks at the parameters interaction of p-cresol photodegra-
dation as a sample of organic pollution in present of ZnO
as a photocatalyst by the RSM. The interaction between ir-
radiation time, pH, photocatalyst loading, and p-cresol con-
centration (as variables) were investigated during the
photodegradation process.
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Table 1 Independent variables and their levels employed
in the central composite design

Variables Units Level of Variables

Low High

X1 Irradiation time min 0 360

X2 p-cresol Mg/L 0 75

X3 Photocatalyst g/L 0.5 4

X4 pH - 4 10

Figure 1 The scatter plot of predicted values versus actual
values of p-cresol photodegradation. The coefficient of R-squared
(R2) is 0.9987.
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Experiment
Empirical methodology
To study of the interactions or cross-product effects be-
tween the photodegradation parameters, the experiments
were designed with multi factors (Table 1) by the RSM.
The designed experiments were performed according to
previous work procedure [19] to obtain actual responses
that used as input for Design-Expert 8 software. To detect
and suggest a valid model, the actual responses were fitted
with existing linear, two factor interactions (2FI), cubic
and quadratic model by central composite design (CCD).
Based on suggested model, the quadratic model was
selected to continue the progress. The selected model was
validated by a few numbers of statistical evidences in the
analysis of variance (ANOVA). The evidences were includ-
ing Fisher variation ratio (F-value), probability value (P-
value), Lack of Fit, coefficient of determination R-squared
(Rd

2), adjusted R-squared (RAdj
2 ), predicted R-squared

(RPred
2 ) and adequate precision (PRESS). PRESS is a signal-

to-noise ratio, which compares the range of the predicted
values at the design points to the average prediction error.
The ratios greater than 4 indicate adequate model dis-
crimination [20]. RAdj

2 and the RPred
2 are measurements of

the amount of variation around the mean and new
explained data respectively. F-value is a statistically valid
measure of how well the factors describe the variation in
the data about its mean while P-value represents the de-
gree of significance of each variable. Most of these para-
meters are clearly defined in experimental design texts
[20]. The validated model is able to predict the interac-
tions between variables such as X1X2 (Table 1) during the
photodegradation process.

Analysis of the results
The model validation
The selected quadratic model displayed expresses the rela-
tionship between responses of actual variables and the
variables themselves (Eq. 1).

Y ¼ �602:66146þ 1:004X1 þ 108:590X2

þ 113:696X3 þ 1:478X4 � 1:736� 10�3X1X2

þ 0:072X1X3 þ 6:458� 10�4X1X4 � 4:375X2X3

� 2:50� 10�3X2X4 � 0:393X3X4 � 1:996X2
1

� 6:416X2
2 � 20:746X2

3 � 9:498X2
4 ð1Þ

where ‘Y’ is photodegradation % and the actual values of
the variables X1, X2, X3 and X4 are shown in Table 1. As
observed, the ANOVA of the model indicated that high
model F-value, the values of Prob.>.F, the Lack of Fit, the
determination coefficient, the RAdj

2 , the RPred
2 and the ad-

equate precision were 845.09, 0.0001 (<.0.0500), not sig-
nificant, R2.=.0.999, 0.998, 0.994 and 95.94, respectively.
Moreover, Figure 1 shows the actual values versus
predicted values of the photodegradation, which indicates
an excellent agreement between actual and predicted
values. As observed, the validity (significance and ad-
equacy) of the model was confirmed by the reasonable
evidence.

Interaction of variables
The validated model (Eq. 1) shows interaction effects of
variables on the photodegradation % (Y). The interaction
parameters are demonstrated by X1X2, X1X3, X1X4, X2X3,
X2X4, X3X4 which, presented in Table 1. The parameters
were related by coefficients and the signs (+, −) in the
model. The coefficients indicate the specific weight of the
parameters in the model. While the signs (+) and (−) affect
the synergistic and antagonistic effects of variables on the
response (Y). The coefficients indicated the weight of vari-
ables in the model, which determine the importance roles
of the parameters in the photodegradation. As the coeffi-
cients illustrated, the importance of the interactions are
X1X2.>.X2X3.>.X3X4.>.X1X3.>.X2X4.>. X2X4.. The synergis-
tic effect in the model translates to an improvement the
photodegradation while the antagonistic effects were
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recessive. As observed, the interactions X1X3 and X1X4

had synergistic effect while X1X2, X2X3, X2X4 and X3X4

were antagonistic effect. Moreover, the model is capable
to present the interactions graphically during the photode-
gradation process. In each case, the graphs display behav-
ior of the two parameters while other two variables kept
constant in the process. It should be mentioned that the
red and black lines on the Figures 2 and 3 are the above
and below axes as showed on the figures respectively
which provided by the software (RSM). Figure 2a shows
the interaction between irradiation time and amount of
photocatalyst while pH and concentration of cresol was
7.5 and 75 mg/L respectively. As observed, the variables
are interdependent below 180 min of irradiation. There-
fore, these variables are not independence over the study
Figure 2 Interaction between two parameters of p-cresol photodegra
process, (a) interaction between irradiation time and photocatalyst am
interaction between concentration of p-cresol and photocatalyst. The
below axes as showed on the figures respectively which provided by the s
time (0–180 min). To consider the interactions, it is ne-
cessary to study simultaneously several variables (multi
variation) during the photodegradation, which is one of
the advantages of the response surface method over the
traditional laboratory method. The interaction between
pH (6 – 9) and photocatalyst (0.5 – 2.5 g/L) was simultan-
eously studied with constant p-cresol concentration (75
mg/L) at the end of irradiation time (Figure 2b). The vari-
ables were dependent above 2.0 to 2.5 g/L of photocatalyst
and pH 9 to 10. This can be attributed to the shift in sur-
face characteristics above pH 9 [21], which also mean
interdependence of these variables dependent in the range
of pH. However, the variables were independent within 0.5
g/L to 2.0 g/L photocatalyst concentration and pH 6 to 9
which, may be due to charge of photocatalyst, which is
dation while other two variables kept constant during the
ount, (b) interaction between pH and photocatalyst, (c)
red and black lines on the Figures 2 and 3 are the above axes and
oftware (RSM).



Figure 3 The simultaneous behavior of the variables during p-cresol photodegradation in the quadratic model, (a) behavior irradiation
time and pH, (b) behavior concentration of p-cresol and irradiation time, (c) behavior of pH and concentration of p-cresol. The red and
black lines on the Figures 2 and 3 are the above and below axes as showed on the figures respectively which provided by the software (RSM).
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positive under zero point charge [21]. Moreover, Figure 2c
represents the simultaneous behavior of p-cresol concen-
tration (0 – 75 mg/L) and photocatalyst amount (0.5 – 2.5
g/L) in constant pH (7.5) and at the end of irradiation time
(240 min). As illustrated, the interaction was observed at
100 mg/L of p-cresol concentration. On the other view,
the variables had interaction at minimal amount of photo-
catalyst (< 0.8 g/L) and concentration of p-cresol
(Figure 2d). It may be related to the probability interaction
between p-cresols and photocatalyst surface [22,23].
Figure 3 shows, the simultaneous behavior of p-cresol
photodegradation variables during irradiation time. It may
be observed from Figures 3a, b and c, that there are no
clear interactions between irradiation time with pH, irradi-
ation time with p-cresol and pH with p-cresol. Therefore,
these variables can be independently investigated.

Conclusion
The study of four photodegradation variable’s behavior
including irradiation time, pH, amount of photocatalyst
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and p-cresol concentration, experiments were designed
by central composite design (CCD). The design was per-
formed to obtain actual responses. The actual responses
were fitted with linear, two factor interactions (2FI),
cubic and quadratic model by RSM to obtain an appro-
priate model. The model was validated by analysis of
variance (ANOVA). The obtained visual results from the
validated model demonstrated that there is no clear
interaction between irradiation time with pH, p-cresol
with irradiation time, and pH with p-cresol. Therefore,
these variables can be independently investigated. How-
ever, the component of photocatalyst amount interacted
with other variables as following. The component had
interaction with irradiation time under 180 min of the
time while the interaction with pH was above pH 9.
Moreover, photocatalyst and p-cresol had interaction at
minimal amount of photocatalyst (< 0.8 g/L) and 100
mg/L concentration of p-cresol. Therefore, these vari-
ables should be simultaneously considered during the
photodegradation process.

Competing interests
Are there any non-financial competing interests (political, personal, religious,
ideological, academic, intellectual, commercial or any other) to declare in
relation to this manuscript? The author(s) declare that they have no
competing interests.

Authors’ contributions
Yadollah Abdollahi (AB, JY, MT) Azmi Zakaria (FG) Khamirul Amin Matori (FG)
Hossein Jahangirian (JY) Kamyar Shameli (JY) Majid Rezayi (JY) Tahereh
Abdollahi (JY, MT) AB carried out the catalyst design and ligand screening
studies. JY carried out the synthesis, purification and characterization of the
compounds. MT carried out the computational experiments. FG conceived of
the study, and participated in its design and coordination and helped to
draft the manuscript. All authors read and approved the final manuscript.

Acknowledgements
The authors would like to express acknowledgement to Ministry of Higher
Education Malaysia for granted this project under Research University Grant
Scheme (RUGS) of No. 04-01-04-SF0470.

Author details
1Material Synthesis and Characterization Laboratory, Institute of Advanced
Technology, Universiti Putra Malaysia, 43400 UPM Serdang Selangor,
Malaysia. 2Department of Chemistry, Faculty of Science, Universiti Putra
Malaysia, 43400 UPM Serdang Selangor, Malaysia.

Received: 22 June 2012 Accepted: 28 August 2012
Published: 11 September 2012

References
1. Jo W, Shin M: Visible-light-activated photocatalysis of malodorous

dimethyl disulphide using nitrogen-enhanced TiO2. Environ Technol 2010,
31:575–584.

2. Ngouyap Mouamfon MV, Li W, Lu S, Qiu Z, Chen N, Lin K:
Photodegradation of sulphamethoxazole under UV-light irradiation at
254 nm. Environ Technol 2010, 31:489–494.

3. Poulios I, Aetopoulou I: Photocatalytic degradation of the textile dye
reactive orange 16 in the presence of TiO2 suspensions. Environ Technol
1999, 20:479–487.

4. Tang W, Zhang Z, An H, Quintana M, Torres D: TiO2/UV photodegradation
of azo dyes in aqueous solutions. Environ Technol 1997, 18:1–12.

5. Glaze W: Drinking-water treatment with ozone. Environ Sci Technol 1987,
21:224–230.
6. Litter MI: Heterogeneous photocatalysis: transition metal ions in
photocatalytic systems. Appl Catal Environ 1999, 23:89–114.

7. Peiró AM, Ayllón JA, Peral J, Doménech X: TIO2-photocatalyzed
degradation of phenol and ortho-substituted phenolic compounds. Appl
Catal Environ 2001, 30:359–373.

8. Abdollahi Y, Abdullah AH, Zainal Z, Yusof N: A: photodegradation of m-
cresol by Zinc Oxide under visible-light irradiation. Int J Chem 2011,
3:31–43.

9. Abdollahi Y, Abdullah AH, Zainal Z, Yusof NA: Photodegradation of p-
cresol by zinc oxide under visible light. Int J Appl Sci Technol 2011,
1:99–105.

10. Staff RH, House R: Random House Webster’s unabridged dictionary. New York:
Random House Reference Publishing; 2003.

11. Abhyankar S, Bajaj C: Automatic parametrization of rational curves and
surfaces. Part II: cubics and cubicoids’. Comput.-Aided Des 1987, 19(9):499–502.

12. Sin JC, Lam SM, Mohamed AR: Optimizing photocatalytic degradation of
phenol by TiO2/GAC using response surface methodology. Korean J
Chem Eng 2011, 28(1):1–9.

13. Cho I-H, Zoh K-D: Photocatalytic degradation of azo dye (Reactive Red
120) in TiO2/UV system: optimization and modeling using a response
surface methodology (RSM) based on the central composite design.
Dyes Pigments 2007, 75:533–543.

14. Lin Y, Ferronato C, Deng N, Wu F, Chovelon J-M: Photocatalytic
degradation of methylparaben by TiO2: multivariable experimental
design and mechanism. Appl Catal Environ 2009, 88:32–41.

15. Betianu C, Caliman FA, Gavrilescu M, Cretescu I, Cojocaru C, Poulios I:
Response surface methodology applied for orange II photocatalytic
degradation in TiO2 aqueous suspensions. J Chem Technol Biotechnol
2008, 83:1454–1465.

16. Tao Y, Ye L, Pan J, Wang Y, Tang B: Removal of Pb (II) from aqueous
solution on chitosan/TiO2 hybrid film. J Hazard Mater 2009, 161:718–722.

17. Yeber MC, Soto C, Riveros R, Navarrete J, Vidal G: Optimization by factorial
design of copper (II) and toxicity removal using a photocatalytic process
with TiO2 as semiconductor. Chem Eng J 2009, 152:14–19.

18. Sakkas V, Calza P, Islam MA, Medana C, Baiocchi C, Panagiotou K, Albanis T:
TiO2/H2O2 mediated photocatalytic transformation of UV filter 4-
methylbenzylidene camphor (4-MBC) in aqueous phase: statistical
optimization and photoproduct analysis. Appl Catal Environ 2009, 90:526–534.

19. Abdollahi Y, Abdullah AH, Zainal Z, Yusof NA: Photocatalytic
Degradation of p-Cresol by Zinc Oxide under UV Irradiation. Int J Mol
Sci 2012, 13(1):302–315.

20. Montgomery DC: Design and analysis of experiments. New York: Wiley; 2008.
21. Lathasree S, Rao AN, SivaSankar B, Sadasivam V, Rengaraj K: Heterogeneous

photocatalytic mineralisation of phenols in aqueous solutions. J Mol
Catal A-Chem 2004, 223:101–105.

22. Konstantinou IK, Albanis TA: TiO2assisted photocatalytic degradation of
azo dyes in aqueous solution: kinetic and mechanistic investigations: a
review. Appl Catal Environ 2004, 49:1–14.

23. Abdollahi Y, Abdullah AH, Zakaria A, Zainal Z, Masoumi HRF, Yusof NA:
Photodegradation of p-cresol in Aqueous Mn (1%)-Doped ZnO
Suspensions. J Adv Oxid Technol 2012, 15:146–152.

doi:10.1186/1752-153X-6-100
Cite this article as: Abdollahi et al.: Interactions between
photodegradation components. Chemistry Central Journal 2012 6:100.

Open access provides opportunities to our 
colleagues in other parts of the globe, by allowing 

anyone to view the content free of charge.

Publish with ChemistryCentral and every
scientist can read your work free of charge

W. Jeffery Hurst, The Hershey Company.

available free of charge to the entire scientific community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours     you keep the copyright

Submit your manuscript here:
http://www.chemistrycentral.com/manuscript/


	Abstract
	Background
	Results
	Conclusion

	Background
	Experiment
	Empirical methodology

	Analysis of the results
	The model validation
	Interaction of variables

	Conclusion
	Competing interests
	Authors´ contributions
	Acknowledgements
	Author details
	References

