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a b s t r a c t

Modeling of photocatalytic degradation of nonylphenol (NP), an endocrine disrupter and toxic compound,
has been investigated in synthetic aqueous solutions containing ZnO nanoparticles as semiconductor
using multivariate approach. In this regard, a full factorial experimental design was performed in order
to study the main variables affecting the degradation process as well as their most significant interactions.
Initial NP concentrations ([NP]0) of 0.454–9.08 �M, were treated with UV–vis/ZnO using different pH and
nanocatalyst loading rates. Effect of experimental parameters on the NP degradation rate constant was
established by the response surface plots. The degradation rate constant decreased with an increase in
the initial concentration of NP, while it increased with ZnO loading until a concentration of 0.5 g L−1. The
hoto-nanocatalysis

odeling
actorial design
ultivariate approach

SM plots

rate constant increases with increase in pH up to 10, after which a significant decrease is observed.
The results showed that most influential factors on NP degradation constant are the [NP]0, pH of reaction

media, and ZnO loading rate, and the most significant interaction is [NP]-pH. Finally, two mathematical
models have been proposed to estimate NP degradation rate constant (k) on the basis of the significant
variables and interactions. Predicted results of models showed good agreement with the experimental

data (R2 = 0.83 and 0.93).

. Introduction

During biological wastewater treatment nonylphenol
olyethoxylates (NPnEOs) which they are common non-ionic
urfactants partially converted to more persistent and toxic
etabolite nonylphenol (NP) [1–4]. Additionally, NP is a raw mate-

ial for the production of NPnEOs as well as other chemicals such
s phosphate antioxidants, modified phenolic resins, additives to
achine oils and metallurgical oils [1]. NP, which has numerous

somers, is an endocrine disrupter, toxic to aquatic organisms and
enobiotic compound from sewage disposal plants, show estro-
enic activities at very low concentrations (ppb level), and their
eminizing effect on fish is a serious problem in terms of ecological
ystem conservancy [5,6]. Currently the EPA has accepted the
isks of nonylphenol and has prepared a guideline for ambient
ater quality that recommends nonylphenol concentrations in

reshwater be below 6.6 �g L−1 and, in saltwater, below 1.7 �g L−1
7].
Due to its refractory and toxic nature, and the relatively low

fficiency of the current remediation process, the advanced oxida-
ion processes (AOPs), based on the generation of highly reactive
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species such as hydroxyl radicals (•OH), appear to be a promising
alternative for the removal of such a substance. Among different
AOPs, photocatalysis processes have been widely used for different
treatment purposes.

Recently, removal of aqueous NPs by electrochemical [8], ozona-
tion [8–12], photolysis with UV [13], Photocatalysis with UV/TiO2
and UV/BiVO4 [12,14–16], and Sonolysis with Fe(II) and Fe(III) [17]
has been reported.

However, photocatalysis with UV/ZnO, one of the most promis-
ing advanced oxidation processes for the destruction of aquatic
pollutants, has not been reported for the degradation of NPs. One of
the most important aspects of environmental photocatalysis is the
selection of semiconductor materials such as ZnO and TiO2: two
ideal photocatalysts in several respects. For example, they are rela-
tively inexpensive, and they provide photogenerated holes with
high oxidizing power due to their wide band gap energy. Since
ZnO has nealrly the same band gap energy (3.2 eV) as TiO2, its
photocatalytic capacity is anticipated to be similar to that of TiO2.
The greatest preference of ZnO in comparison with TiO2 is that it
absorbs over a larger fraction of the UV spectrum and the corre-

sponding threshold of ZnO is 425 nm [18]. For this reason, ZnO
photocatalyst is the most suitable for photocatalytic degradation
in the presence of sunlight.

Reaction mechanisms of photocatalytic processes have been dis-
cussed extensively in the literature [19,20]. Briefly, illumination of

dx.doi.org/10.1016/j.jhazmat.2010.10.042
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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ig. 1. The response surface plot of the NP degradation rate constant as the function
f initial NP concentration (�M) and medium pH.

queous ZnO suspension with irradiation energy greater than the
and gap energy (Ebg) of the semiconductor (h� > Ebg = 3.2 eV) gen-
rates valence band holes (h+

vb) and conduction band electrons (e−
cb).

hese electron–hole pairs can either recombine or interact sepa-
ately with other molecules. The holes at the ZnO valence band
an oxidize adsorbed water or hydroxide ions to produce hydroxyl
adicals. Electrons in the conduction band can reduce molecular
xygen to superoxide anions (O−

2
•) [21]. Produced hydroxyl radicals

•OHads) along with other oxidants, e.g., superoxide radical anion
O−

2
•), can further mineralize organic compounds to end products

water and CO2) (Eq. (1)).

rganics + (•OHads, O−
2

•, etc.) → products (1)

The UV/ZnO technique depends on various parameters that can
odify the degradation of organic matter present in aqueous sam-

les, such as the ZnO concentration, pH, reaction time, illumination
ntensity, initial composition of the water and/or wastewaters and
oncentration of organic matter in the water and/or wastewaters.

However, the response obtained from a waste treatment
ethod, results from the interactive influences of the different

ariables. When a combination of several independent variables
nd their interactions affect desired responses, response surface
ethodology (RSM) is an effective tool for optimizing the process

22]. RSM uses an experimental design such as the factorial design

o fit a model by least squares technique. This technique provides
systematic way of working that allows conclusions to be drawn

bout the variables (or combinations of variables) that are most
nfluential in the response factor [23].

ig. 2. The response surface plot of the NP degradation rate constant as the function
f initial NP concentration (�M) and ZnO loading rate (g L−1).
Fig. 3. The response surface plot of the NP degradation rate constant as the function
of medium pH and ZnO loading rate (g L−1).

Several researchers have studied the application of experimen-
tal design to the determination of influential variables in AOPs and
their impacts in the degradation process [22,24–40]. However, it
has never been applied to NP degradation. The aim of this report,
therefore, is modeling of NP degradation by the UV–vis/ZnO pro-
cess. Experimental design methodology was used to evaluate the
influence of the ZnO loading rate, pH of reaction media, and initial
concentration of NP on the NP removal rate constant in the water.

2. Experimental

2.1. Materials

Nonylphenol (NP) with purity of 99.5% was obtained from
Dr. Ehrenstorfer-Schafers (Germany). ZnO, NaOH, H2SO4 were
purchased from Merck (Germany) and used without further purifi-
cation. Solutions were prepared by dissolving required quantity of
NP in DDW before each experiment. For the photodegradation of
NP, a solution containing known concentration of the NP and ZnO
nanopowder was prepared and it was allowed to equilibrate for
30 min in the darkness, then 1 L of the prepared suspension was
transferred to the reactor, then the lamp was switched on to initiate
the reaction.
2.2. Photocatalytic reaction system

Photo-oxidation of nonylphenol was conducted in an annular
cylindrical batch reactor with a double layer quartz sleeve at the

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

6543210
ZnO Loading (g/L)

k 
(1

/m
in

)

[NP]=0.454μM; pH=3.6

[NP]=9.08μM; pH=3.6

[NP]=0.454μM; pH=10

[NP]=9.08μM; pH=10

Fig. 4. Effects of ZnO loading on the photocatalytic degradation of NP.
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Table 1
Design matrix and results obtained for samples (ZnO loading = 0.1–0.5 g L−1).

Assays [ZnO] (g L−1) [NP] (�M) pH k (min−1) Assays [ZnO] (g L−1) [NP] (�M) pH k (min−1)

1 0.1 0.454 3.6 0.01365 41 0.25 0.454 3.6 0.02249
2 0.1 0.454 6.2 0.02556 42 0.25 0.454 6.2 0.04059
3 0.1 0.454 7.5 0.03052 43 0.25 0.454 7.5 0.05250
4 0.1 0.454 8.7 0.03807 44 0.25 0.454 8.7 0.05929
5 0.1 0.454 10 0.04226 45 0.25 0.454 10 0.07269
6 0.1 2.27 3.6 0.00608 46 0.25 2.27 3.6 0.01390
7 0.1 2.27 6.2 0.01271 47 0.25 2.27 6.2 0.02899
8 0.1 2.27 7.5 0.01519 48 0.25 2.27 7.5 0.03089
9 0.1 2.27 8.7 0.01684 49 0.25 2.27 8.7 0.03620

10 0.1 2.27 10 0.02379 50 0.25 2.27 10 0.04399
11 0.1 4.54 3.6 0.00381 51 0.25 4.54 3.6 0.00947
12 0.1 4.54 6.2 0.01020 52 0.25 4.54 6.2 0.02095
13 0.1 4.54 7.5 0.01174 53 0.25 4.54 7.5 0.02442
14 0.1 4.54 8.7 0.01300 54 0.25 4.54 8.7 0.02797
15 0.1 4.54 10 0.01738 55 0.25 4.54 10 0.03574
16 0.1 9.08 3.6 0.00243 56 0.25 9.08 3.6 0.00626
17 0.1 9.08 6.2 0.00814 57 0.25 9.08 6.2 0.01518
18 0.1 9.08 7.5 0.00791 58 0.25 9.08 7.5 0.01848
19 0.1 9.08 8.7 0.00987 59 0.25 9.08 8.7 0.02160
20 0.1 9.08 10 0.01187 60 0.25 9.08 10 0.02701
21 0.2 0.454 3.6 0.02037 61 0.5 0.454 3.6 0.02046
22 0.2 0.454 6.2 0.03708 62 0.5 0.454 6.2 0.03827
23 0.2 0.454 7.5 0.04780 63 0.5 0.454 7.5 0.04803
24 0.2 0.454 8.7 0.05425 64 0.5 0.454 8.7 0.05231
25 0.2 0.454 10 0.06789 65 0.5 0.454 10 0.06793
26 0.2 2.27 3.6 0.00989 66 0.5 2.27 3.6 0.01495
27 0.2 2.27 6.2 0.01800 67 0.5 2.27 6.2 0.03145
28 0.2 2.27 7.5 0.02414 68 0.5 2.27 7.5 0.03342
29 0.2 2.27 8.7 0.02719 69 0.5 2.27 8.7 0.03838
30 0.2 2.27 10 0.03471 70 0.5 2.27 10 0.04678
31 0.2 4.54 3.6 0.00701 71 0.5 4.54 3.6 0.01102
32 0.2 4.54 6.2 0.01405 72 0.5 4.54 6.2 0.02577
33 0.2 4.54 7.5 0.02101 73 0.5 4.54 7.5 0.02905
34 0.2 4.54 8.7 0.02347 74 0.5 4.54 8.7 0.03129
35 0.2 4.54 10 0.02865 75 0.5 4.54 10 0.04159
36 0.2 9.08 3.6 0.00511 76 0.5 9.08 3.6 0.00840
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tonitrile during 25 min. Analytes were monitored by fluorescence
detection (�ex: 222 nm, �em: 305 nm) and quantified by external
calibration using peak area measurements. The extent of NP min-
eralization was determined through TOC analysis using a Shimadzu
model TOC-VCSH analyzer (Shimadzu, Japan).
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ZnO Conc. (g/L) NP Conc. (μM) pHb
37 0.2 9.08 6.2 0.01038
38 0.2 9.08 7.5 0.01457
39 0.2 9.08 8.7 0.01757
40 0.2 9.08 10 0.02084

enter of the reactor to house a UV–vis light source. Experiments
ere conducted with 1 L suspension of ZnO and nonylphenol (Labor
r. Ehrenstorfer-Schafers, Germany) in DDW. A magnetic stirrer
as used to induce satisfactory mixing of the solution in the reactor.

he temperature of the system was maintained at 26 (±0.5) ◦C by a
uartz cooling water jacket surrounding the quartz sleeve. Depend-

ng on the degradation rates under individual reaction conditions,
liquots were sampled and ZnO was separated from suspensions
sing a centrifuge prior to analysis. Total volume of the withdrawn
ample was less than 2% (by volume) of the solution. To investi-
ate pH effects, pH of the reaction media was adjusted using H2SO4
nd NaOH to a desired value throughout the experiments. Tem-
erature and pH (using Metrohm 744 pH-meter, Switzerland) of
eaction media were measured throughout each experiment. Non-
orous ZnO (Merck, Germany) with primary particle diameter of
3 nm was used as the catalyst. Illumination was performed with
V–vis medium pressure mercury lamp (125 W, �max = 360 nm),
hich was placed in central of the quartz sleeve. The UV–vis light

ntensity in the vicinity of the bulk solution was measured at the
xternal quartz sheath surface and internal reactor surface using a
igital UVA radiometer (model EC1 UV-A, Hagner, Bosham, UK). The
verage intensity of illumination at � > 300 nm was 9.3 mW cm−2.
.3. Chemical analysis

Nonylphenol was analyzed using a Shimadzu 10Avp Series high
erformance liquid chromatography system (Shimadzu, Japan)
oupled with a RF-10AXL programmable fluoresces detector. HPLC
77 0.5 9.08 6.2 0.02224
78 0.5 9.08 7.5 0.02370
79 0.5 9.08 8.7 0.02735
80 0.5 9.08 10 0.03284

separations were performed using a Kromasil 100 C18 column
(4.6 mm × 150 mm, 5 �m) from Eka Chemicals AB (Bohus, Sweden)
thermostatted at 40 ◦C, injection volumes of 20 �L, flow rate of
2 mL min−1 and isocratic elution with 40% water and 60% ace-
5.00.5
0.01

9.0800.454 10.03.6

Fig. 5. Main Effects Plot for NP degradation rate coefficient (k (L min−1)). ZnO loading
rate 0.1–0.5 g L−1 (b) ZnO loading rate 0.5–5.0 g L−1.
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Table 2
Design matrix and results obtained for samples (ZnO loading = 0.5-5.0 g L−1).

Assays [ZnO] (g L−1) [NP] (�M) pH k (min−1) Assays [ZnO] (g L−1) [NP] (�M) pH k (min−1)

1 0.5 0.454 3.6 0.02046 41 2.0 0.454 3.6 0.01987
2 0.5 0.454 6.2 0.03827 42 2.0 0.454 6.2 0.04144
3 0.5 0.454 7.5 0.04803 43 2.0 0.454 7.5 0.05179
4 0.5 0.454 8.7 0.05231 44 2.0 0.454 8.7 0.05866
5 0.5 0.454 10 0.06793 45 2.0 0.454 10 0.07251
6 0.5 2.27 3.6 0.01495 46 2.0 2.27 3.6 0.01390
7 0.5 2.27 6.2 0.03145 47 2.0 2.27 6.2 0.02737
8 0.5 2.27 7.5 0.03342 48 2.0 2.27 7.5 0.02979
9 0.5 2.27 8.7 0.03838 49 2.0 2.27 8.7 0.03560

10 0.5 2.27 10 0.04678 50 2.0 2.27 10 0.04488
11 0.5 4.54 3.6 0.01102 51 2.0 4.54 3.6 0.00995
12 0.5 4.54 6.2 0.02577 52 2.0 4.54 6.2 0.02660
13 0.5 4.54 7.5 0.02905 53 2.0 4.54 7.5 0.02962
14 0.5 4.54 8.7 0.03129 54 2.0 4.54 8.7 0.03443
15 0.5 4.54 10 0.04159 55 2.0 4.54 10 0.04127
16 0.5 9.08 3.6 0.00840 56 2.0 9.08 3.6 0.00705
17 0.5 9.08 6.2 0.02224 57 2.0 9.08 6.2 0.02018
18 0.5 9.08 7.5 0.02370 58 2.0 9.08 7.5 0.02162
19 0.5 9.08 8.7 0.02735 59 2.0 9.08 8.7 0.02543
20 0.5 9.08 10 0.03284 60 2.0 9.08 10 0.02979
21 1.0 0.454 3.6 0.02241 61 5.0 0.454 3.6 0.01524
22 1.0 0.454 6.2 0.04231 62 5.0 0.454 6.2 0.03333
23 1.0 0.454 7.5 0.05276 63 5.0 0.454 7.5 0.04136
24 1.0 0.454 8.7 0.06111 64 5.0 0.454 8.7 0.04404
25 1.0 0.454 10 0.07389 65 5.0 0.454 10 0.05263
26 1.0 2.27 3.6 0.01509 66 5.0 2.27 3.6 0.00931
27 1.0 2.27 6.2 0.02983 67 5.0 2.27 6.2 0.02381
28 1.0 2.27 7.5 0.03205 68 5.0 2.27 7.5 0.02532
29 1.0 2.27 8.7 0.03877 69 5.0 2.27 8.7 0.02950
30 1.0 2.27 10 0.04804 70 5.0 2.27 10 0.03862
31 1.0 4.54 3.6 0.01092 71 5.0 4.54 3.6 0.00753
32 1.0 4.54 6.2 0.02713 72 5.0 4.54 6.2 0.02310
33 1.0 4.54 7.5 0.02977 73 5.0 4.54 7.5 0.02540
34 1.0 4.54 8.7 0.03552 74 5.0 4.54 8.7 0.02808
35 1.0 4.54 10 0.04255 75 5.0 4.54 10 0.03384
36 1.0 9.08 3.6 0.00808 76 5.0 9.08 3.6 0.00468
37 1.0 9.08 6.2 0.02057 77 5.0 9.08 6.2 0.01578
38 1.0 9.08 7.5 0.02271 78 5.0 9.08 7.5 0.01845
39 1.0 9.08 8.7 0.02590 79 5.0 9.08 8.7 0.02171
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40 1.0 9.08 10 0.03037

.4. Experimental design

Multivariate analysis has become an important tool for obtain-
ng valuable and statistically significant models of a phenomenon
y performing a minimum set of well-chosen experiments. With a
etermined number of assays, information can be obtained regard-

ng the importance of each variable and their interaction effects
41]. A full factorial design was selected, which this design is
onsidered to be the most suitable when the study is directed
owards modeling of a process. The computer program used was
he Windows version of MINITAB®. This is a statistical software
ackage for the design of experiments and obtaining graphs, statis-
ical parameters and modeling a process. The variables considered
or this study were: ZnO loading rate, pH of reaction media, and
nitial concentration of NP. The variables and the values are as
ollow:

ZnO loading rate: 0.1, 0.2, 0.25, 0.5, 1, 2, and 5 g L−1.
pH: 3.6, 6.2, 7.5, 8.7, and 10.
NP concentration: 0.454, 2.27, 4.54, and 9.08 �M.

Reaction time: 120 min.

A total of 140 experiments with 120 min reaction time were
arried out in triplicate.
80 5.0 9.08 10 0.02564

3. Results and discussion

3.1. RSM plots

The NP degradation rate constant response surface graphs are
shown in Figs. 1–3. Fig. 1 illustrates the effect of initial NP concen-
tration and pH on NP degradation constant for ZnO loading rate
and reaction time of 0.1–5.0 g L−1 and 120 min, respectively. As it
is obvious from Fig. 1, NP degradation efficiency decreased with
increasing initial NP concentration. At a higher initial NP concen-
tration, two factors could impede the degradation of NP; at first,
increased amount of NP may cover a greater number of ZnO active
sites, which afterwards suppresses generation of the oxidants and
results in lower degradation rate constants. Secondly, a higher
NP concentration absorbs more photons, consequently decreasing
available photons to activate ZnO. Thus, an insufficiency of pho-
tons to activate ZnO surface basically retarded the degradation of
NP at a high initial concentration. Hence, the overall reaction rates
were lowered with the higher initial NP concentration. As is also
evident from the Fig. 1, increasing the medium pH from 3.6 up to
10 increased NP degradation rate constant. This can be attributed

to enhanced formation of •OH, because at high pH (e.g., 10) more
hydroxide ions available on ZnO surface can be easily oxidized and
form more •OH, which consequently increases the efficiency of NP
degradation. On the other hand, the reaction rate constant signif-
icantly decreased at pH 11.5, mainly due to surface ionization of
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ig. 6. Interaction Plot for NP degradation rate coefficient (k (L min−1)). (a) ZnO
oading rate 0.1–0.5 g L−1 (b) ZnO loading rate 0.5–5.0 g L−1.

nO. Therefore, the optimum value of pH was obtained 10 in this
tudy.

NP degradation rate constant obtained as a function of initial NP
oncentration and ZnO loading rate was depicted in Fig. 2. As it is
lear from this figure, NP degradation rate constant increased with
he increase of ZnO loading rate and reached a plateau at a ZnO load-
ng of 0.5 g L−1, and decreased slightly beyond 2.0 g L−1. According
o the Fig. 4 the curves are reminiscent of a Langmuir-type isotherm,
uggesting that the k of the photo-oxidation reaches a saturation
alue at higher ZnO concentrations. This observation can be eluci-
ated in terms of availability of active sites on the catalyst surface
nd the penetration of UV light into the suspension [31]. Addition-
lly, at a larger catalyst loading, more of the originally activated ZnO
ay be deactivated through collision with ground-state catalysts

32]. Since agglomeration and sedimentation of ZnO under large
atalyst loadings would also take place [33,34], available catalyst
urface for photon absorption would definitely decrease, causing
inor increase in the degradation rate beyond an optimum ZnO

osage, 0.5 g L−1 in this research.
Fig. 3 shows the response surface for NP degradation rate con-

tant as a function of medium pH and ZnO loading rate at initial
P concentration of 0.454–9.08 �M. As can be seen from Fig. 3, the
ptimum values for medium pH and ZnO loading rate were 10 and
.5 g L−1, respectively.

.2. Experimental design
Tables 1 and 2 show the design matrixes obtained with the
INITAB computer program, which includes the conditions and

esults for each assay with respect to the response factor defined as
eaction rate constant (k (min−1)). According to the effects of vary-
Fig. 7. Pareto chart of the standardized effects for NP degradation rate. (a) ZnO
loading rate 0.1–0.5 g L−1 (b) ZnO loading rate 0.5–5.0 g L−1. (response is k (L min−1),
Alpha = 0.05).

ing the ZnO loading rate on the observed reaction rate constant (k)
of the NP degradation (Figs. 2–4), which shows that the degrada-
tion rate of NP increased with ZnO loading and reached a plateau at
a ZnO loading of 0.5 g L−1, and decreased slightly beyond 2.0 g L−1,
therefore, in order to obtain the best results of the model, the ZnO
loading rate 0.1–5.0 g L−1 separate into two range as 0.1–0.5 and
0.5–5.0 g L−1 and two design matrixes were prepared.

Fig. 5 shows main effects plots (data means), representing the
effect of each variable on the response factor. According to the
Fig. 5, the effects of [NP] and pH of reaction media on the degrada-
tion of the NP in both range of ZnO loading rate is very similar in
terms of negative and positive effects on response factor, respec-
tively. Vice versa, the effect of ZnO loading rate on response factor
is quite different in the two range of ZnO dosage. The degradation
rate constant of NP decreased when the initial concentrations of
NP increased from 0.454 to 9.08 �M. However, increasing the pH
of reaction media produces a higher degree of degradation. The ZnO
loading rate has both positive and negative effects in ZnO dosage
ranges of 0.1–0.5 and 0.5–5.0 g L−1, respectively. This observation
can be elucidated in terms of availability of active sites on the cat-
alyst surface and the penetration of UV light into the suspension
[42]. Additionally, at a larger catalyst loading, more of the orig-
inally activated ZnO may be deactivated through collision with
ground-state catalysts [43]. Since agglomeration and sedimenta-
tion of ZnO under large catalyst loadings would also take place
[44,45], available catalyst surface for photon absorption would def-

initely decrease, causing minor increase in the degradation rate
beyond an optimum ZnO dosage, 0.5 g L−1 in this research. In Fig. 5,
the slope of the plot is elucidative of the significance of the vari-
able, and it can thus be seen that the NP concentration and pH of
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ig. 8. Comparison between experimental and predicted rate constants for the pho-
ocatalytic oxidation of NP, (a) ZnO loading rate 0.1–0.5 g L−1 (b) ZnO loading rate
.5–5.0 g L−1.

eaction media are very influential variables while the ZnO loading
ate is much less important for the confidence level selected.

Fig. 6 demonstrates full interaction plots showing the existence
r otherwise of interaction among the variables. An interaction
etween variables occurs when the change in response from the

ow level to the high level of one variable is not the same as the
hange in response at the same two levels of a second variable.
hat is, the effect of one variable is dependent upon a second vari-
ble. Parallel or almost parallel plots in Fig. 6 represent that the
nteraction between the variables is not significant, whereas plots

hich are crossed or tending to cross show a significant interac-
ion between the variables in question. As Fig. 6 indicates, the most
ignificant interaction is: [NP]-pH (pvalue < 0.05). According to the
esults, for low NP concentrations, the pH of reaction media has
ore influence in increasing of the response factor.
Eventually, a Pareto chart is used to draw conclusions as which of

hese variables and interactions are most significant. The MINITAB®

tatistical analysis program uses Lenth’s method [24] in the case
f factorial designs. This chart shows both the magnitude and the
mportance of the effects (variables or interactions). It exhibits the
ll variables and their iteractions in the ordinate and the pseudo-
rror standard of the effects in the abscissa. The study is done for
95% confidence interval. On the Pareto chart there is a reference
ine (the discontinuous vertical plot), and any effect that extends
ast this line is potentially important. The reference line corre-
ponds to a simultaneous margin of error. Pareto charts are shown
n Fig. 7a and b (ZnO loading rate 0.1–0.5 g L−1 and ZnO loading rate
.5–5.0 g L−1). The variables and interactions which can be consid-
Materials 185 (2011) 1273–1279

ered as especially important for the treatment of NP samples by
UV–vis/ZnO treatment are: pH of reaction media, NP concentration,
ZnO loading rate, [NP] × pH interaction.

The reduced models have been obtained taking into account the
most significant variables and their interactions (pH of reaction
media, NP concentration and ZnO loading rate and the [NP] × pH
interaction) in this photocatalysis process. For the treatment of NP
samples with ZnO loading rate 0.1–0.5 g L−1, the reduced model
that describes the degradation process is governed by the following
Eq. (2):

k = 0.02384 + 0.00678[ZnO] − 0.01105[NP]

+ 0.01305pH − 0.00539[NP] × pH (2)

In the case of ZnO loading rate 0.5–5.0 g L−1, the following equa-
tion applies (3):

k = 0.02643 − 0.00329[ZnO] − 0.009914[NP]

+ 0.01456pH − 0.00486[NP] × pH (3)

Fig. 8 shows the experimental rate constants values obtained
in each experiment (Tables 1 and 2) vs. the predicted values for
the NP degradation rate constant calculated by proposed mod-
els. It can be observed that the predicted k has good agreement
with the experimental k (R2 = 0.83 and 0.93 with ZnO loading range
0.1–0.5 and 0.5–5.0 g L−1, respectively). Comparison between cal-
culated and experimental values of the response variable of NP
degradation was evaluated by linear equations. The values of R2

were found to be 0.80 and 0.89, with ZnO loading range 0.1–0.5
and 0.5–5.0 g L−1, respectively. Results confirm that the experimen-
tal values are in best fit with the predicted values according to the
exponential equations.

In spite of the satisfactory results obtained with the reduced
models, it is important to emphasis that this research work is a
preliminary study addressed mainly towards gaining knowledge of
the influential variables in the UV–vis/ZnO process applied to treat-
ment of NP. The models can satisfactorily describe the photocataly-
sis technology in homogeneous phase as applied to such treatment.

4. Conclusions

This work shows that NP can be degraded by UV–vis/ZnO
process. Effect of experimental parameters on the degradation effi-
ciency of NP was established by the response surface plots of
the response factor (k). Experimental results showed that the NP
degradation rate constants decrease with an increase in the ini-
tial concentration of NP, but increased with larger ZnO loading and
reached a plateau at ZnO concentration of 0.5 g L−1 and decreased
slightly at a very high concentration of 5.0 g L−1. The rate constant
increases with increase in pH up to 10, after which a significant
decrease is observed. The influence of each variable and of their
interactions with respect to the response factor has been studied
by means of a full factorial design with three replicates. The most
important variables and interactions in the process and empirical
models that describe degradation process have been established. It
is observed that the degree of NP removal depends mainly on the
initial NP concentration, ZnO dosages and pH of reaction media
and [NP] × pH interaction, while all other interactions variables
were not significant in this study and each variable influence the

response factor (k) independently. The reduced empirical models
were chosen on the basis of the significant variables and inter-
actions obtained in the Pareto chart. It is demonstrated that the
models can be used to predict the reaction rate constant of this
treatment.
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