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Abstract In this paper, four TiO2/β-FeOOH photocata-

lysts were synthesized by a simple deposition–precipitation

method and characterized by X-ray diffraction, fourier

transform infrared, scanning electron microscope and

transmission electron microscope. The characterization

showed the presence of nano-sized β-FeOOH particles on

the TiO2 support. The photocatalytic efficiency of the

catalysts was examined on the Cr(VI) reduction under

ultraviolet irradiation in aqueous suspension. The photo-

catalyst denoted as 25TiO2/β-FeOOH appeared to be most

efficient, which is due to effectively inhibiting the recom-

bination of photoinduced electrons and holes. A 24 factorial

design methodology was employed to evaluate the statis-

tically important operating conditions (pH of the solution,

loading of catalyst, Cr(VI) concentration and reaction time)

and their interactions on the photocatalytic reduction effi-

ciency of Cr(VI) over 25TiO2/β-FeOOH.

Keywords Chromium reduction · Photocatalysis ·

TiO2/β-FeOOH · Composites · Factorial design

Introduction

Hexavalent chromium is toxic and mobile, causing particular

environmental concern. Thus, it is essential to be removed

from industrial wastewater (Barrera-Dı́az et al. 2012). A

strong oxidizing agent, hexavalent chromium is carcinogenic

and mutagenic and diffuses quickly through soil and aquatic

environments. The most probable Cr(VI) species in aqueous

solution are Cr2O7
2−, CrO4

2−, H2CrO4, and HCrO4
−, the rel-

ative distribution ofwhich depends on the solution pH, Cr(VI)

concentration and redox potential (Cespón-Romero et al.

1996). However, none of these Cr(VI) species form insoluble

precipitates making its separation impossible with a direct

precipitation method (Nriagu and Nieboer 1988), whereas Cr

(III), being less toxic and mobile, can be readily precipitated

out of solution in the form of Cr(OH)3 (Eary and Rai 1988;

Yurik and Pikaev 1999). To remove Cr(VI) from the aqueous

media, it is necessary to reduce Cr(VI) to Cr(III) first (Olmez

2009; Singh et al. 2011).

Recently, the photocatalytic reduction of hexavalent

chromium in aqueous solutions using semiconductor par-

ticles has been widely studied (Ku and Jung 2001; Jiang

et al. 2006; Yoon et al. 2009). The strong interest in TiO2

lies in the fact that it is non-toxic, inexpensive, highly

photoactive, harmless, and easily synthesized and handled.

However, electron transfer and the recombination between

electron–hole pairs results in low quantum yields for most

photocatalytic reactions (Rengaraj et al. 2007; Parida and

Sahu 2008; Qiu et al. 2012). The application of coupled

semiconductors in the photocatalytic process is regarded as

an alternative to enhance the photocatalytic activity of

TiO2 by inhibiting the recombination of electron–hole pairs

(Pal et al. 1999; Fresno et al. 2008; Banić et al. 2011; Sun

et al. 2012; Yu et al. 2013). Fe2O3 is considered to be a

suitable semiconductor to be coupled with TiO2 due to its

high photocatalytic activity and approximate band gap

energy as compared with TiO2 (Pal et al. 1999; Banić et al.

2011; Sun et al. 2012; Yu et al. 2013). Fe2O3 can be pre-

pared by the forced hydrolysis of Fe3 solutions. Iron
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oxyhydroxides (α-FeOOH and β-FeOOH) are intermediate

products and can transform to Fe2O3 through the dissolu-

tion/recrystallization process (Sugimoto and Muramatsu

1996; Liu et al. 2005; Liang et al. 2006; Štajdohar et al.

2012). Akaganéite (β-FeOOH) has a channel structure

parallel to the c-axis (Yuan et al. 2004). This tunnel

structure makes β-FeOOH an especially interesting mate-

rial as promising photo-Fenton catalyst in the

heterogeneous system (Benz et al. 1998; Zhao et al. 2010).

Based on these literatures, we are motivated to work in this

direction and engage in fabricating TiO2/β-FeOOH com-

posite photocatalysts with various TiO2 dosages by wetness

impregnation method. Herein, for the first time, we report

the modification of TiO2 (P25) by β-FeOOH nanoparticles

as a composite photocatalyst, which exhibits excellent

photocatalytic activity for the reduction of Cr(VI). All the

experiments had been completed at Nanjing Agriculture

University by the end of June 30, 2013.

Materials and methods

Catalyst preparation

All the chemicals were of analytical grade and used with-

out further purification. All glasswares were cleaned by

soaking in 1 M HCl for 12 h and thoroughly rinsed with tap

water and then deionized water.

Four TiO2/β-FeOOHmaterials, with the different content

of TiO2, were obtained by deposition–precipitation method;

10.8116 g FeCl3·6H2O was added to a solution of 2.4000 g

urea in 100 ml deionized water under permanent magnetic

stirring for 30 min. Without adjusting the pH value, the

required mass of TiO2 (Degussa P25) was added to the

above mixed solution. After additional stirring for 24 h, the

obtained suspension was transferred into a Teflon-lined

stainless steel autoclave (200 ml). The sealed autoclave was

maintained at 90 °C for 8 h, and then cooled to room

temperature naturally. The resulting sample was collected

by centrifugation, washed several times with absolute eth-

anol and deionized water, and finally dried at 60 °C for 24 h.

By applying this procedure, 4 samples with the TiO2/Fe
3

mole ratio of 10:90, 25:75, 40:60, and 50:50 in the initial

suspensions (denoted as 10TiO2/β-FeOOH, 25TiO2/β-Fe-
OOH, 40TiO2/β-FeOOH, and 50TiO2/β-FeOOH) were

prepared. The sample obtained by the same procedure but

without addition of TiO2 was denoted as β-FeOOH.

Catalyst characterization

The powder X-ray diffraction (XRD) patterns were recor-

ded at a scanning rate of 4°min−1 in the 2θ range of 10°–80°
using a Bruker D8 Advance instrument with Cu–Kα

radiation (λ = 1.5406 Å) at room temperature. The mor-

phologies and nanostructures of synthesized products were

further observed using a Hitachi S-3400N scanning electron

microscope (SEM) at the acceleration voltage of 20 kV and

a Hitachi H-7650 transmission electron microscope (TEM)

at the acceleration voltage of 80 kV. Fourier transform

infrared (FT-IR) spectrum measurements were performed

on a Bruker Vector 22 FT-IR spectrophotometer, with

scanning from 4,000 to 400 cm−1 using KBr pellets.

Photocatalytic reduction of Cr(VI)

K2Cr2O7, used as a source of hexavalent chromium,was dried

at 120 °C for 2 h before weighing. A CyberScan pH2100

Bench Meter (Eutech Instruments), after three-point calibra-

tion, was applied to measure pH values. A phosphate buffer

with a pH of 3.0 was prepared using H3PO4 and NaOH. The

photocatalytic reduction of Cr(VI) was conducted in a XPA-7

photochemical reactor (Xujiang Electromechanical Plant,

Nanjing, China) equippedwith amagnetic stirrer and a device

controlling temperature. A 100-Wmedium pressure Hg lamp

as a source of ultraviolet (UV) light was positioned inside a

cylindrical Pyrex vessel surrounded by a circulating water

Pyrex jacket to cool the lamp.

For typical photocatalytic runs, TiO2/β-FeOOH com-

posite catalysts (0.01 g) were suspended in 50 mL aqueous

solution of potassium dichromate buffered by phosphate.

The initial concentrations of Cr(VI) and phosphate were

100 μM and 0.01 M, respectively. Prior to illumination, the

suspension was first magnetically stirred in dark for 30 min

to ensure the establishment of adsorption–desorption

equilibrium on catalyst surface so that the loss of Cr(VI)

was taken into account due to adsorption. The reaction

mixture was maintained at 25 ± 1 °C by a magnetic stirrer

at 600 rpm before and during the irradiation. The temper-

ature of the reaction suspension was maintained by cooling

water circulation. At appropriate time intervals, approxi-

mately 2 mL sample was drawn out from the quartz tube

using a syringe and immediately filtered through a 0.45-μm
filter membrane to remove catalyst. Finally, 1 ml aliquot of

the filtrate was utilized for Cr(VI) analysis.

Analysis of Cr(VI) concentration

The developer, 1, 5-diphenylcarbazide (DPC), was pur-

chased from Sigma-Aldrich, and its stock solution was kept

in a refrigerator in a brown bottle prior to use. Cr(VI)

concentration was determined by DPC colorimetric method,

using a dilute sulfuric acid solution (pH 2.0) to control pH

for the color development. The absorbance was measured in

a 1-cm cell at 540 nm on a UV-9100 Spectrophotometer

(Beijing Ruili Corp.). The reduction efficiency of Cr(VI)

was calculated with the following formula:
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gR ¼ C0 � Ctð Þ
C0

� 100% ð1Þ

Where ηR is the reduction efficiency of Cr(VI), C0 and

Ct are the concentration of Cr(VI) solution at initial time

and after irradiated at t time, respectively.

Results and discussion

Structural characteristics of prepared photocatalysts

Figure 1 exhibits the X-ray diffraction patterns of TiO2

(Degussa P25), β-FeOOH, and 25TiO2/β-FeOOH photo-

catalysts. The XRD pattern of the β-FeOOH sample

matched the diffraction of tetragonal pure β-FeOOH
(JCPDS card No. 34-1266) very well with cell constants of

a0 = 10.51 Å, b0 = 10.51 Å, and c0 = 3.033 Å, and no

impurity peak can be detected. It is known that Degussa

P25, considered as one of the best photocatalyst, is a mix-

ture (Konlen’ko et al. 2004). As shown in Fig. 1, the

diffraction peaks at 2θ of 25.28°, 36.98°, 37.80°, 38.58°,
48.02°, 53.89°, 55.06°, 62.69°, 68.76°, 70.31°, and 75.03°
can be indexed to the characteristic peaks (101), (103),

(004), (112), (200), (105), (211), (204), (116), (220), and

(215) of anatase (JCPDS card No. 21-1272), respectively.

Whereas, the other diffraction peaks of TiO2 sample can be

indexed to the characteristic peaks of rutile (JCPDS card

No. 21-1276). For the samples of 10TiO2/β-FeOOH and

25TiO2/β-FeOOH, several small peaks located at 2θ values

of 11.84°, 26.72°, 35.16°, and 55.90° suggest the appear-

ance of β-FeOOH phase, which was mixed with the anatase

TiO2 phase and rutile TiO2 phase. In addition, negligible

changes of all diffraction peak positions of anatase and

rutile phase TiO2 compared with that of the TiO2 sample

suggest that Fe3 does not incorporate into the lattice of

TiO2, but as β-FeOOH deposits on the surface of TiO2.

Furthermore, it can be observed that the diffraction peaks of

β-FeOOH phase become slightly broader, which indicates

that the β-FeOOH particle size reduces. This result will be

further tested and verified by SEM and TEM observation.

However, the diffraction peaks of β-FeOOH phase almost

disappeared in the 40TiO2/β-FeOOH and 50TiO2/β-FeOOH
samples, which suggests that excess of TiO2 is not condu-

cive to the formation of β-FeOOH crystalline.

The photocatalysts were analyzed by FT-IR spectropho-

tometer for further identification. As shown in Fig. 2, the

absorptionpeak atwavelength 1,639cm−1was attributed to the

O–H vibrations of absorbed H2O molecules or structural OH

groups (Cheng and Zhao 2011; Tong et al. 2011). The wide

band between 1,000 and400 cm−1 of TiO2 samplewas aroused

by stretching vibration of Ti–O (Wang et al. 2006). For the

catalyst of β-FeOOH, the absorption peaks at wavelength 852,
698, 646, and 496 cm−1 were assigned to the vibration modes

of the FeO6 coordination octahedron (Ristic et al. 2005; Cheng

and Zhao 2011). Compared with FT-IR spectra of 10TiO2/β-
FeOOH, 25TiO2/β-FeOOH, 40TiO2/β-FeOOH, and 50TiO2/

β-FeOOH, the most interesting point is probably that the

absorption peaks at wavelength 852, 698, 646, and 496 cm−1

gradually weakens and almost completely disappeared with

the increase inTiO2/Fe
3mole ratio of in the initial suspensions.

This phenomenon indicates that β-FeOOH was not simply to

cover the surface of TiO2, but likely to form the strong inter-

action (such as Fe–O–Ti bond) with TiO2 (Li et al. 2009).

Figure 3a–c shows the SEM images of TiO2, β-FeOOH,
and 25TiO2/β-FeOOH catalysts, respectively. It demon-

strates that TiO2 is characterized by a single morphology

with approximately globular structure and loose agglom-

eration. The observed average particles’ diameter of the

Fig. 1 XRD patterns of TiO2, β-FeOOH, and TiO2/β-FeOOH
composites (filled square Anatase; filled circle Rutile; filled inverted
triangle Pure β-FeOOH)

Fig. 2 Characteristic parts of the FT-IR spectra of TiO2, β-FeOOH
and TiO2/β-FeOOH composites
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TiO2 sample is about 0.24 μm. β-FeOOH catalyst exhibits

shuttle-like shape with an average width of about 0.25 μm
and length of about 0.86 μm. However, the 25TiO2/β-Fe-
OOH composite shows nest-like morphology with diameter

range from 2 μm to more than 12 μm. It is clearly shown

that smaller short-rod-like particles cover the surface of the

nested structure. Based on the above discussion, the

smaller short-rod-like particles should be β-FeOOH parti-

cles whose average lengths are around 0.31 μm. During the

synthesis of composite, the titanium dioxide nanoparticles

served as heterogeneous nuclei for the growth of β-FeO-
OH, while the existence of TiO2 nanoparticles also

inhibited the growing up of β-FeOOH nanoparticles. It is in

accordance with the XRD result. Further observation of the

25TiO2/β-FeOOH sample by TEM (Fig. 3d) reveals that

the short rods of β-FeOOH nanoparticles are attached to the

surface of TiO2 nanoparticles.

Photocatalytic reduction of Cr(VI)

The temporal concentration variation of Cr(VI) by different

photocatalysts is illustrated in Fig. 4. Eary and Rai (1991)

observed that 0.01 M NaH2PO4 could effectively displace Cr

(VI) species adsorbed on the soil surfaces. As shown in Fig. 4,

only a little concentration decrease in Cr(VI) was observed

during the test time in the presence of 25TiO2/β-FeOOH and

the dark. Negligible concentration change of Cr(VI) was also

observed in the dark reaction over other catalysts (data now

shown), which suggests that the adsorption of Cr(VI) on

catalysts surface in 0.1 M phosphate buffer can be ignored

when investigating the photocatalytic reduction of Cr(VI).

In the presence of photocatalyst, Cr(VI) can be reduced

to Cr(III) by the excited electrons initiated by UV irradi-

ation. The overall reaction of Cr(VI) photoreduction could

be described as follows (Jiang et al. 2006):

Fig. 3 SEM images of different

catalysts (a TiO2; b β-FeOOH; c
25TiO2/β-FeOOH; the whole

scale bar is 5 μm) and TEM

image of 25TiO2/β-FeOOH (d
the whole scale bar is 50 nm)
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Cr2O
2�
7 þ 14Hþ þ 6e� ! 2Cr3þ þ 7H2O ð2Þ

2H2Oþ 4hþ ! O2 þ 4Hþ: ð3Þ
It was found that pseudo-first-order kinetics was obeyed

for the photocatalytic reduction of Cr(VI). The calculated

kinetics constants are listed in Table 1. All these catalysts

were capable of reducing Cr(VI) in the order of β-
FeOOH\TiO2 ≈ 10TiO2/β-FeOOH\ 50TiO2/β-FeOOH
\ 40TiO2/β-FeOOH \ 25TiO2/β-FeOOH. The results

reveal that the photocatalytic activity of β-FeOOH is

lower than that of TiO2 (P25) and TiO2/β-FeOOH.
Compared with β-FeOOH or TiO2 catalyst, 25TiO2/β-
FeOOH composite catalyst significantly promoted the

photocatalytic reduction of Cr(VI). The enhanced

photocatalytic activity can be ascribed to the formation

of TiO2/β-FeOOH heterostructure, which plays an

important role in the composite photocatalyst. When the

25TiO2/β-FeOOH composite is under UV irradiation,

electrons (e−) are excited to the conduction band of β-
FeOOH, leaving equal holes (h) in the valence band. Then

holes will transfer from the valence band of β-FeOOH to

that of TiO2, the recombination of photoinduced carriers

can be effectively inhibited, and thus can prolong the

life time of photoinduced carriers. Consequently, the

photocatalytic activity of 25TiO2/β-FeOOH composite

will be greatly improved.

Apart from the method of photocatalyst preparation, one

of the key factors that governs the efficiency of composite

photocatalyst is content of component in the heterostruc-

ture (Banić et al. 2011; Liu et al. 2012). The lower

photocatalytic activity of the 10TiO2/β-FeOOH composite

can be ascribed to two main reasons. Firstly, during the

preparation of the composite photocatalyst, β-FeOOH grew

on the surface of TiO2 and a core–shell heterostructure

might form. At a low mole ratio of TiO2/Fe
3 level, outer

layer of β-FeOOH might grow too thick, and the photoin-

duced holes had to migrate over longer distance to the TiO2

kernel. Secondly and more importantly, the higher contents

Fe3 ions in the composite catalyst played the role of

recombination sites to trap the photoinduced electrons and

holes (Banić et al. 2011), and thus decreased the photo-

catalytic efficiency of TiO2/β-FeOOH catalyst. However, at

a high mole ratio of TiO2/Fe
3 level, the higher contents of

TiO2 in the composite catalysts might be not conducive to

the formation of β-FeOOH crystalline structure, which

leads to the low photocatalytic activity. Therefore, the

photocatalytic activities of the 40TiO2/β-FeOOH and

50TiO2/β-FeOOH composites were also not high.

Analysis of operating conditions and their interactions

on the Cr(VI) photocatalytic reduction efficiency by a

statistical approach

In this study, a statistical approach was chosen based on a

factorial experimental design that will allow us to infer

about the effect of the operating conditions and their

interactions on the Cr(VI) photocatalytic reduction effi-

ciency with a relatively small number of experiments (Xu

et al. 2013). Four factors in the experiment process, viz. pH

of the solution, loading of catalyst (25TiO2/β-FeOOH), Cr
(VI) concentration and reaction time were taken into

account as independent variables. As shown in Table 2,

each variable receives two values, a high value (indicated

by the sign) and a low value (indicated by the −sign). The
experimental design followed in this work was a full 24

experimental set, which required 16 experiments. The 24

factorial experimental design matrix and the experimental

results (response factor or dependent variable) obtained in

photocatalytic reduction of Cr(VI) were presented in

Table 3. Experimental data were analyzed by the use of

Design-Expert 8.0.6 program.

In general, high levels of Cr(VI) reduction efficiency

can be achieved at low pH of the reaction solution, low

initial Cr(VI) concentration, high loading of catalyst, and

long reaction time. The effect of solution pH on the con-

version of Cr(VI) into Cr(III) is mainly ascribed to the

Fig. 4 Kinetics of photocatalytic reduction of Cr(VI) by TiO2/β-
FeOOH under UV light (100 W). Conditions: Cr(VI) concentra-

tion = 100 mg/L; pH 4.0; loading of catalyst = 0.010 g/50 mL

Table 1 Apparent kinetic values for the photocatalytic reduction of

Cr(VI) by different catalysts

Name of the catalyst Kinetic constant (min−1) R2 value

TiO2 0.0014 0.8362

10TiO2/β-FeOOH 0.0015 0.8544

25TiO2/β-FeOOH 0.0065 0.9193

40TiO2/β-FeOOH 0.0036 0.9576

50TiO2/β-FeOOH 0.0024 0.9089

β-FeOOH 0.0007 0.8735
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enhanced chemical thermodynamic driving force for the

reduction of Cr(VI). The lower the pH value of solution is,

the higher the electrode potential of Cr(VI)/Cr(III) is, and

thus accelerating the photocatalytic reduction of Cr(VI). In

a hetero-catalytic reaction system, the catalytic reaction

basically occurs on the surface of the catalyst. When at

higher loading of catalyst, there will be more reactive

centers in the photocatalytic reaction system and high

levels of Cr(VI) reduction efficiency is achieved. As can be

seen in Table 3, the highest Cr(VI) reduction efficiency of

100.0 % is obtained in entry 11.

According to the methodology of factorial design (Box

et al. 1978), the estimation of the main effect, as well as the

interaction effects, is also made by means of the Design-

Expert 8.0.6 program, and the results are summarized in

Table 4. The standardized effects of main effects and inter-

action effects are the difference between Z1 and Z2, where Z1

and Z2 are the average response factors at the high and low

level of the independent variables or their interactions,

respectively. A key element in the factorial design statistical

procedure is the determination of the significance of the

estimated effects. As shown in Table 4, pH of the solution

exhibited the highest contribution (47. 76 %) followed by

reaction time (30.03 %), Cr(VI) concentration (10.43 %),

and loading of catalyst (7.80 %), whereas the interaction

effects only accounted for 3.98 % of the total contribution.

This suggests the main effects have a direct effect on the Cr

(VI) reduction efficiency, whereas the interaction effects on

the response factor can almost be ignored.

Another common way to identify the most important

effects is to construct the normal probability plot (Box et al.

1978). In such plot, all small effects will appear on a straight

line, and any effect with a significant contribution will lie

away from the normal probability line. The normal proba-

bility plot for the photocatalytic reduction of Cr(VI) is shown

in Fig. 5. There are basically six effects lie away from the

straight line: in order of significance, pH of the solution,

reaction time, Cr(VI) concentration, loading of catalyst, the

interaction effects X1·X3 and X1·X2. These effects are

positive indicating that an increase in their level brings about

an increase in the photocatalytic reduction efficiency of Cr

(VI), while a negative effect indicates an antagonistic effect.

To confirm these results, Pareto chart, a very useful pic-

torial presentation of the estimated effects and their

Table 2 Independent variables of the 24 factorial design of

experiments

Level

of value

X1,

pH

X2, loading of

catalyst (g/50 ml)

X3, Cr(VI)

concentration

(μM)

X4, reaction

time (min)

− 4.0 0.01 100 15

+ 5.0 0.02 300 60

Table 3 The 24 factorial experimental design matrix and the corre-

sponding response factor (Y—photocatalytic reduction efficiency of

Cr(VI))

Entry X1 X2 X3 X4 Y (%)

Exp.a Pred.b

1 −1 −1 −1 −1 54.98 56.51

2 1 −1 −1 −1 21.29 18.20

3 −1 1 −1 −1 72.04 69.46

4 1 1 −1 −1 30.52 31.15

5 −1 −1 1 −1 33.59 35.27

6 1 −1 1 −1 14.26 9.50

7 −1 1 1 −1 45.33 48.22

8 1 1 1 −1 18.75 22.45

9 −1 −1 −1 1 75.71 81.91

10 1 −1 −1 1 45.63 43.61

11 −1 1 −1 1 100.0 94.86

12 1 1 −1 1 52.08 56.56

13 −1 −1 1 1 59.97 60.67

14 1 −1 1 1 35.14 34.90

15 −1 1 1 1 78.90 73.62

16 1 1 1 1 46.55 47.85

aExperimental values of response
bPredicted values of response by the proposed model

Table 4 Standardized effects and contribution of main effects and

their two or higher-order interactions

Effect Standardized effects Contribution (%)

Main effects

X1 −32.04 47.76

X2 12.95 7.80

X3 −14.97 10.43

X4 25.40 30.03

Two−factor interactions

X1·X2 −5.06 1.19

X1·X3 6.27 1.83

X1·X4 −1.76 0.14

X2·X3 −1.31 0.08

X2·X4 2.32 0.25

X3·X4 1.75 0.14

Three−factor interactions

X1·X2·X3 1.36 0.086

X1·X2·X4 −1.29 0.077

X1·X3·X4 −1.06 0.052

X2·X3·X4 1.21 0.068

Four−factor interactions

X1·X2·X3·X4 1.22 0.069

Lenth’s ME 5.25

Lenth’s SME 10.67
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statistical importance, is also employed. The Pareto chart

displays the absolute values of the effects in a bar chart, as

well as the decision lines for a margin of error (ME) and a

simultaneous margin of error (SME). The ME and SME

values are estimated by the use of Design-Expert 8.0.6

program. All estimated effects greater than the ME, in

absolute values, are deemed significant. On the other hand,

all other effects whose values are lower than the ME can be

attributed to random statistical error. Moreover, an effect

that exceeds the ME but lower than SME should be viewed

with some caution, as it may be an artifact of testing several

effects. In other words, there is at most a 5% chance that one

individual inactive effect will exceed the ME, while there is

at most a 5 % chance that any inactive effect will exceed the

SME (Zhang et al. 2010). This method offers a simple and

fast approach to assess the significance of the main and

interaction effects in un-replicated factorial designs.

The Pareto chart of the effects for the photocatalytic

reduction efficiency of Cr(VI) is shown in Fig. 6. Four

main effects are greater than the SME decision threshold.

Among them, the effect of pH and reaction time is much

greater than that of Cr(VI) concentration and loading of

catalyst. Among the interactions, only the effect of

X1 9 X3 is significant, which needs to be handled with

some caution. These results are in good agreement with

those shown in Fig. 5. Based on the variables and inter-

actions that are statistically significant, a model describing

the experimental response is constructed as follows:

Y ¼ 49:05�16:02X1 þ 6:48X2�7:48X3 þ 12:70X4

þ 3:13X1 � X3 ð4Þ
where Y is the photocatalytic reduction efficiency of Cr(VI),

andXi are the transformed forms of the independent variables.

To ensure the adequacy of the developed model and avoid

poor or ambiguous results, an adequate fit of themodel should

be evaluated (Myers and Montgomery 2002). Analysis of

variance (ANOVA) shows the model F value of 90.66 and a

very low probability value ((Prob[ F)\ 0.0001), which

confirms that the model is significant for Cr(VI) reduction

catalyzed by 25TiO2/β-FeOOH. The obtained R2 value and

adjusted R2 are 97.84 and 96.76 %, respectively. Thence, the

model developed in this study for predicting Cr(VI) photo-

catalytic reduction efficiency over 25TiO2/β-FeOOH was

considered to be satisfactory.

Conclusion

The TiO2/β-FeOOH photocatalysts were successfully syn-

thesized by a simple deposition–precipitation route. The

TiO2 content influenced the photocatalytic activity of the

prepared catalysts for Cr(VI) reduction, and the photocat-

alyst denoted as 25TiO2/β-FeOOH appeared to be most

efficient. The enhanced photocatalytic activity of 25TiO2/

β-FeOOH can be ascribed to effectively inhibiting the

recombination of photoinduced electrons and holes, which

indicates the possibility of the industrial applications of this

photocatalyst for the Cr(VI) reduction. The photocatalytic

reduction efficiency of Cr(VI) over 25TiO2/β-FeOOH was

further studied focusing on the influence of operating

parameters such as pH of the solution (X1), loading of

catalyst (X2), Cr(VI) concentration (X3), and reaction time

(X4) by using a 24 factorial design approach. The results

obtained from the present study reveal that the main effects

(X1, X2, X3, and X4) and interaction effect of X1 9 X3 have a

significant effect on the Cr(VI) reduction efficiency,

whereas the other interaction effects on the response factor

can be ignored. ANOVA shows that the developed model

in this study for predicting Cr(VI) photocatalytic reduction

Fig. 5 Normal probability plot of the effects for Cr(VI) reduction

efficiency

Fig. 6 Pareto chart of the effects for Cr(VI) reduction efficiency for

the full 24 factorial design. Olive bars positive effects; gray bars
negative effects
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efficiency has a high coefficient of determination value

(R2 = 97.84 %).
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