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HIGHLIGHTS

« Novel composites named TIGCAB were successfully prepared.
« TIGCAB are excellent photocatalysts for the reduction of Cr(VI).
« TIGCAB can be separated from reaction medium easily.

« Fe(IlI) ions can inhibit electron-hole recombination and promote the photoreduction of Cr(VI).

« TIGCAB can be reused for at least three cycles in batch experiments.
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To overcome the limitation of powder TiO,, the TiO,-impregnated glutaraldehyde-crosslinked alginate
beads (TIGCAB) were prepared. The TIGCAB were characterized by DC, DBM, SEM, BET, XRD, Raman
and TG. These synthesized beads were applied to reduce toxic Cr(VI) to Cr(Ill) in acidic aqueous solution
under UV irradiation. In the system without TIGCAB or UV light, no chromium reduction was observed.
The reduction rate of Cr(VI) was about 8% when the system was exposed to UV irradiation with blank
beads. Photoreduction rate of Cr(VI) decreased with increasing pH. The reduction efficiency of Cr(VI)
decreased with the increase of initial Cr(VI) concentration in the range of 5-20 mg L~!. Fe(lll) ions
improved the photoreduction of Cr(VI) because they can promote the trapping of electrons and holes.
Moreover, TIGCAB can maintain full photoreduction activity for at least three cycles. The results show
that TIGCAB are promising materials for the photoreduction of Cr(VI) from acidic aqueous solution in

crosslinked alginate beads
Fe(Ill)

environmental pollution cleanup.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Every year, many industrial processes such as electroplating,
leather tanning, and corrosion protection generate large quantities
of wastewater containing various concentrations of chromium [1].
Chromium exists in natural and anthropogenically modified waters
in two common oxidation states, Cr(VI) and Cr(IlI) [2]. Cr(VI) is
very toxic to most organisms and has been classified as carcino-
genic and mutagenic, whereas Cr(IIl) is less toxic and readily pre-
cipitates as Cr(OH)s or as the solid solution Fe,Cr;_,(OH); under
alkaline or even slightly acidic conditions [2-4]. The Cr(VI) has a
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toxicity one hundred times higher than that of Cr(III) [5]. Reduction
of Cr(VI) to Cr(Ill) thus leads to drastic decrease in the bioavailabil-
ity and toxicity of this element, and it has become a key procedure
for treating Cr(VI)-containing wastewater [6,7].

Conventional chemical reduction methods of treating Cr(VI) in
water involve reduction of hexavalent chromium to the trivalent state
with the use of reducing agents such as sodium thiosulfate, ferrous
sulfate, sulfur dioxide gas and sodium bisulfite/metabisulfite, fol-
lowed by precipitation of the insoluble Cr(Ill) hydroxide at neutral
pH [2]. In general, with these methods large quantities of chemicals
and expensive systems are required [2,8]. Compared with the conven-
tional chemical reduction methods, the photocatalytic reduction of
aqueous Cr(VI) has some obvious advantages, such as simple opera-
tion, ambient conditions, low cost, high efficiency, reusability, direct
use of infinite, clean and safe natural solar energy, and no use and
no release of other unwanted chemicals [9]. Titanium dioxide (TiO,)
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is an effective catalyst and is often used for the photocatalysis process
owing to its optical and electronic properties, chemical stability and
nontoxicity for the environment [ 10]. However, the use of TiO, nano-
powder is limited to simple applications because significant post-
treatment filtration is required to remove the TiO, from the final solu-
tion [11]. Therefore, many researchers undertook many attempts to
entrap TiO, particles in some supports for degradation of dyes and
adsorption of heavy metal ions, such as entrapping TiO, in chitosan
[11,12], activated carbon [13] and SiO, [14]. Those materials could
provide considerable advantages: minimal clogging in continuous
flow systems, easier solid-liquid separation and ease of regeneration
and reuse of the TiO,.

Alginate, extracted mainly from brown seaweeds and bacteria,
is a water soluble linear polysaccharide composed of B-p-mannu-
ronic and o-L-guluronic acid residues arranged in a nonregular,
and blockwise fashion along the chain [15,16]. In the presence of
divalent cations such as Ca®*, Cu?" and Ba?*, alginate can form sta-
ble hydrogels with the formation of a three-dimensional network
[17]. Based on this property, alginate is widely used for the immo-
bilization of various materials, such as algal biomass, microorgan-
isms and enzymes [17]. Alginate is considered as promising
support for photocatalysts and has been continuously studied in
recent years. However, as the divalent cations are removed by a
chelating agent or by a high concentration of ions such as Na* or
Mg?* [18], the crosslinking in the gel decreases and the gels are
destabilized. This can lead to leakage of entrapped material and
solubilization of the alginate polymers [19]. To overcome such
problems, some cross-linking agents such as glutaraldehyde and
epichlorohydrin are used to ensure the beads have good mechani-
cal performance and stable chemical properties, and the glutaral-
dehyde is the most widely used. The crosslinking reaction took
place between the aldehyde groups of glutaraldehyde and the hy-
droxyl groups of alginate polymers [20].

Fe(Ill) ions are extensively present in both natural environment
and industrial effluents [21]. Fe(Ill) and Cr(VI) ions are often used
together in many industrial processes such as mining, iron-steel,
metal cleaning, plating, metal processing, automobile parts manu-
facture and dyeing [22]. Therefore, there is a high possibility that
Cr(VI) and Fe(III) could exist together in mixed contaminant sys-
tems and the existence of Fe(Ill) ions tend to influence the photo-
reduction of Cr(VI). The application of TiO,-impregnated
glutaraldehyde-crosslinked alginate beads (TIGCAB) as photocata-
lysts in the reduction of Cr(VI) ions from acidic aqueous solution
is still scarce, especially in the presence of Fe(Ill) ions. It is there-
fore important to study the reduction behaviors of Cr(VI) ions in
the presence of Fe(lIl) ions.

In the present paper, TiO,-impregnated glutaraldehyde-cross-
linked alginate beads (TIGCAB) were prepared. TiO, photocatalysts
were effectively dispersed and impregnated into the calcium algi-
nate beads. The beads were cross-linked with glutaraldehyde to
avoid the leakage of TiO,. The TIGCAB were characterized using
DC, DBM, SEM, BET, XRD, Raman and TG. Photocatalytic property
was investigated based on Cr(VI) as the reduction substance. Back-
ground experiments were conducted. The effects of the process
parameters such as pH, initial Cr(VI) concentration and Fe(III) ions
on Cr(VI) reduction were investigated. The possible Cr(VI) photore-
duction mechanism as well as the reusability of the TIGCAB were
investigated in detail.

2. Materials and methods

2.1. Chemicals

Sodium alginate (SA) and TiO, were provided by Sinopharm
Chemical Reagent Co., Ltd. The main physical and chemical charac-

teristics of the TiO, are shown in Table 1. Glutaraldehyde was pur-
chased from Tianjin Guangfu Fine Chemical Research Institute.
Stock solution (1gL™!) of Cr(VI) was prepared by dissolving
2.829 g K,Cr,07 in 1000 mL ultrapure water. The solutions of dif-
ferent concentrations used in various experiments were obtained
by dilution of the stock solution. The pH value of the solution in
present study was adjusted to the required values by adding neg-
ligible amounts of 0.1 M NaOH or HCl solutions.

2.2. Synthesis and characterization of TIGCAB

The TIGCAB were prepared by entrapping TiO, nanoparticles in
the calcium alginate beads. About 100 mL of the precursor solution
was prepared by mixing 1.5 g of sodium alginate powder and 1.5 g
of TiO, powder in ultrapure water and stirring until a homogenous
solution was achieved. The mixture (100 mL) was injected drop-
wise into 400 mL CaCl; solution (4%) using a syringe (10 mL) with
a needle (0.5 mm in diameter, 20 mm in length) to form TiO,-
impregnated alginate beads (TIAB). The TIAB were cured in the
CaCl, (4%) solution for 4 h at room temperature and then rinsed
with ultrapure water for several times. Then, the TIAB were
cross-linked with 200 mL glutaraldehyde (1%) and HCl (0.1 M)
solution at 40°C under magnetic stirring (120 rpm) for 4h
[23,24]. After the cross-linking period, the beads were washed sev-
eral times with ultrapure water and kept in 4% CaCl, solution and
stored at room temperature for use. The preparation process is pre-
sented in Fig. 1. Blank beads were prepared by the same method
without TiO, addition.

The size and morphology of the TIGCAB were determined by
digital camera (DC, Canon IXUS130), digital biological microscope
(DBM, Boyu DMS-655P) and scanning electron microscope (SEM,
Hitachi TM 3000). The size of the TiO, powder was obtained by
Zeta Sizer and Nano series equipped with a microprocessor unit
(Malvern ZEN3690). The BET specific surface areas of the TiO,
and TIGCAB were determined by the N, adsorption-desorption
method (Beckman Coulter SA 3100). The structure of TIGCAB was
determined by an X-ray diffractometer (XRD, Rigaku D/max-
2500). Quantitative analysis of the phases in the TiO, was carried
out via the Rietveld refinement method employing XRD Analysis
Software (Jade 9.0). The Raman spectra were carried out using a
Raman spectrometer (JY Labram-010). TG curves of TiO,, TIGCAB
and blank beads were recorded using thermoanalytical equipment
(NETZSCH STA 449C) under air from room temperature to 800 °C at
a heating rate of 10 °C min~".

2.3. Photocatalytic experiments

Photocatalytic experiments were conducted in a beaker in the
center of which was placed a quartz tube (25 mm in diameter,
140 mm long) housing an 8 W UV-lamp (Nanke, 365 nm, 18 mm
in diameter, 100 mm long). For all photocatalytic runs, 10 g (wet
weight) of TIGCAB were introduced into 1000 mL of Cr(VI) solution,
and the reactor contents were magnetically stirred. All experi-
ments were performed at 25 °C in presence of air in a thermostat

Table 1
Physical and chemical characteristics of TiO, used in the study.
Titanium dioxide content® >98%
Appearance? White powder
Loss of weight on ignition? <1.0%
Mean diameter® 35.5nm
Crystal structure® 80.2 + 0.2% anatasen, 19.8 + 0.1% rutile
BET surface area® 486m’g!

2 Reported by the manufacturer.
b Obtained from this study.
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Fig. 1. Scheme for the preparation of TIGCAB.

incubator. Samples were taken periodically from the mixture and
analyzed for the residual Cr(VI) concentration. The concentrations
of Cr(VI) solution were determined using an UV spectrophotometer
at a wavelength of 540 nm. The control experiments were con-
ducted under three other different conditions: (i) under UV light
in absence of TIGCAB; (ii) with blank beads under UV light irradi-
ation and (iii) with TIGCAB in dark.

3. Results and discussion
3.1. Characterization of TIGCAB

Digital photo and DBM image of the TIGCAB are shown in Fig. 2.
They reveal that the beads are of spherical shape with relatively
uniform size of about 1.5 mm. SEM images of the beads are shown
in Fig. 3. SEM characterization confirms the spherical shape of the
beads (Fig. 3A) and reveals that large quantities of TiO, particles
are deposited on the TIGCAB surface (Fig. 3B). The BET surface area
of the TIGCAB was measured to be 20.4 m? g '. Fig. 4A shows XRD
spectrum of TIGCAB. From the spectrum, the intensities and posi-
tions of the observed peaks are consistent with standard XRD data
for the TiO, with both the anatase phase (JCPDS No. 71-1166) and
the rutile phase (JCPDS No. 21-1276). The weight fractions of the
two crystal phases in the TiO, of the TIGCAB were calculated from
XRD patterns utilizing the Rietveld method [25] and the result
indicates that the TiO, in the TIGCAB is composed of 79.8 + 0.9%
anatase and 20.2 + 1.1% rutile. This agrees well with the values of
the pure TiO, powder (80.2 + 0.2% for anatase and 19.8 + 0.1% for
rutile). The crystalline phase of TiO, was further confirmed by
our Raman spectral determination. Fig. 4B shows Raman spectra
of pure TiO, and TIGCAB. For both of samples, the peaks at ca.
142, 192, 393, 513, and 637 cm™' are assigned to the five Ra-
man-active modes of anatse phase of TiO, with Eg, Eg, Big, Ajg,

and E,, respectively [26], and the weak peak located at ca.
448 cm~! is assigned to the rutile phase (other peaks may be over-
lapped by anatase peaks). This result shows that the TiO, contains
both anatase and rutile according to the Raman spectrum, which is
well accordant with the result of XRD (Fig. 4A). The TiO, content in
TIGCAB was determined by TG in air, and the results are shown in
Fig. 4C. The pure TiO, only lose about 1.04% of total weight up to
800 °C under air. However, the TIGCAB lose about 49.80% of total
weight, mainly ascribed to the loss of the alginate beads. Besides,
the blank beads lose about 82.64% of total weight. So the propor-
tion of the TiO, in TIGCAB is about 40.25%. The TG curve of TIGCAB
shows significant weight loss (13.76%) between 22 and 168 °C,
which is attributed to the dehydration process. TIGCAB were found
to have 36.04 wt.% weight loss when the temperature range from

Fig. 2. The digital photo (A) and DBM image (B) of the TIGCAB.
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Fig. 3. The SEM characterization of TIGCAB: (A) 100x and (B) 3000x.

168 to 800 °C, which is mainly due to oxidation of the organic
matters.

3.2. Background experiments

The results of background experiments are shown in Fig. 5. The
first background experiment was conducted to investigate the ex-
tent of Cr(VI) reduction by UV irradiation alone. Without any TIG-
CAB in the reactors, a solution containing 10 mg L' of Cr(VI) was
irradiated by UV light for 15 h at pH 2 at constant temperature
(25 °C). As can be observed from Fig. 5, without TIGCAB, photo-
chemical reaction of Cr(VI) under 15 h of UV light irradiation was
negligible. This indicates that Cr(VI) cannot be reduced by UV irra-
diation in the absence of any photocatalyst. A previous study by
Tsai et al. [7] also obtained a similar result. The second background
experiment was conducted with blank beads under UV irradiation,
and the rate of Cr(VI) reduction was about 8%. The percentage
reduction of the Cr(VI) may be due to the photoreduction via the
photoinduced electron transfer between the excited Cr(VI) ion
and the blank beads [27].

In order to investigate the adsorption effect of Cr(VI) onto TIG-
CAB, the third background experiment was conducted in the pres-
ence of TIGCAB in dark. Briefly, 10 g of TIGCAB were introduced
into 1000 mL of Cr(VI) solution (10 mg L") and stirred in a dark
room for 15 h at pH 2. The experimental data (Fig. 5) shows that
the final concentration of Cr(VI) after 15 h of adsorption was al-
most equal to the initial concentration (only about 1%). The result
showed that the adsorption of Cr(VI) by TIGCAB in dark was negli-
gible. Conversely, when the system was exposed to UV light, rapid
decrease in Cr(VI) concentration was observed. The results show
that UV light energy is of crucial importance in Cr(VI) reduction
and proposed that photocatalytic activity for the reduction of
Cr(VI) ions over TiO, of the TIGCAB may occur through direct
reduction by the photo-generated electrons [28].

3.3. Cr(VI) removal efficiency of the TIGCAB

3.3.1. Effect of pH

Solution pH is a critical variable since it directly relates to the
oxidative power for the photo-generated holes as well as the
reduction of Cr(VI) [29]. Fig. 6A exhibits the influence of pH (2, 3,
4, 5 and 6) on the photocatalytic process at 10 mg L~! Cr(VI) con-
centration and 10 g L~ TIGCAB at 25 °C. As seen from Fig. 6A, pho-
toreduction was strongly dependent on the solution pH and was
favored at acidic conditions. The photocatalytic efficiency is almost
100% at pH 2 after 15 h duration of irradiation, however, the effi-
ciency decreased with increasing pH, being approximately 10% at
pH 6. Similar trend was also observed with the removal of Cr(VI)

using magnetic photocatalyst beads [28]. Fig. 6B shows the influ-
ence of pH (2, 3, 4, 5 and 6) on the reduction of Cr(VI) with TIGCAB
and blank beads under UV, UV (without TIGCAB), TIGCAB in dark.
As can be observed, with blank beads, the reduction efficiency de-
creased with increasing pH. In the system without TIGCAB, no
appreciable photoreduction was observed at various pH values as
Cr(VI) is stable and cannot yet be decomposed [28]. Cr(VI) reduc-
tion rates at various pH values were only about 1% when the sys-
tem was not exposed to UV with TIGCAB.

The pH of the aqueous solution affects the speciation of chro-
mium and the ionization state of functional groups on the TiO, sur-
face. Cr(VI) exists in different forms in aqueous solution and the
stability of these forms is dependent on the pH of the system. In
the pH range of 1.0-6.0, different forms of chromium ions such
as Cr,0;, HCrO,, Cr;02%;, Cr,0%; coexist [30]. At pH 2, the chro-
mium ions exist predominantly in the form of HCrO, [31]. Besides,
UV irradiation exposes more TiO; on the surface of the beads, and
the hydroxyl groups of TiO, can act as efficient anchors for Cr(VI)
ions [11]. The hydroxyl groups (—OH) of TiO, would be in proton-
ated cationic form (—OH;) to a higher extent in acidic solution
which result in an attraction for the HCrO, ions in the solution. Un-
der UV light irradiation, pairs of electron-holes are created in the
TiO, when the energy provided (photon) is larger than or equal
to the band gap (3.2 eV), as written in the following equation:

(1)

where cb is the conduction band and vb is the valence band. Gener-
ated electron-hole pairs can either recombine and release heat en-
ergy or interact separately with other molecules. At lower pH
solution, Cr(VI) anions adsorbed on the surface of the TiO, capture
the photo-generated conduction band electrons and their reduction
occurs (Eq. (2)). And water is oxidized by the photo-generated va-
lence band holes (Eq. (3)), thus completing the redox cycle [32].
As pH increases, the interaction between chromium ions and TiO,
becomes weaker and led to the decrease of photocatalytic reaction.

@)

TiO, + hv — TiO; (e, + hiy)

HCrO, + 7H" + 3e_, — Cr’* + 4H,0

2H,0 + 4hj, — 0, +4H 3)

3.3.2. Effect of initial Cr(VI) concentration

It is important both from mechanistic and application points of
view to study the dependence of the photocatalytic reaction rate
on the substrate (pollutant) concentrations [33]. Hence, the effect
of the initial concentration of Cr(VI) (5, 10, and 20 mg L™!) on the
photoreduction efficiency was studied at pH 2 and the obtained re-
sults are illustrated in Fig. 7. As shown in Fig. 7, the photoreduction
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of Cr(VI) by TiO, of TIGCAB at an initial concentration of 5 mg L™"
reached equilibrium after 12 h, while for the initial concentrations
of Cr(VI) at 10 mg L~ and 20 mg L~! were around 15 h and 27 h,
respectively. At equilibrium, the reduction efficiencies of Cr(VI) at
initial Cr(VI) concentrations of 5, 10 and 20 mg L~! were 100%,
100% and 99%, respectively. The photoreduction was completed
within a reaction time of 12 h when the initial Cr(VI) concentration
was 5 mg L™}, but only about 90% and 37% of reduction were ob-
served at 10 mg L' and 20 mg L™, respectively. This may be due
to the fact that for a fixed dosage of TIGCAB, the total available
electron-hole pairs were limited to obtain a higher reduction effi-
ciency of Cr(VI) at higher concentration [28].
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Fig. 5. Comparison of the photocatalytic performance with UV (without TIGCAB),
TIGCAB in dark, blank beads and TIGCAB under UV. Conditions: initial Cr(VI)
concentration, 10 mg L™; volume, 1000 mL; amount of wet TIGCAB or blank beads,
10 g L~'; initial pH, 2.0; temperature, 25 °C.
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3.3.3. Effect of presence of Fe(lll) ions

Fig. 8A shows the time course of photoreduction of Cr(VI) in the
presence of various initial concentrations Fe(III) ions (0, 0.02, 0.05
and 0.1 mmol L™1). As seen from Fig. 8A, reduction of Cr(VI) in the
absence of Fe(Ill) ions was slow and could not be completely re-
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duced until 15 h of irradiation by UV light. However, reductions of
Cr(VI) were very fast and efficient, and evidently could be com-
pletely reduced within 3.5, 5, 6 h when the initial concentrations

of Fe(Ill) ions in the system were 0.1, 0.05 and 0.02 mmol L',
respectively. The presence of Fe(Ill) ions had a significant promot-
ing effect on the photoreduction of Cr(VI), which may be mainly
attributed to the inhibition of electron-hole recombination and
the reaction between Fe(II) and Cr(VI) [21]. When TiO, on the sur-
face of the TIGCAB is irradiated with photons whose energy is
equal to or greater than its band gap energy, an electron from
the valence band can be excited to the conduction band, thus cre-
ating an electron-hole pair. The photo-generated electron and hole
can be transferred to the adsorbed Cr(VI) ions or H,O on the surface
of the catalyst (Egs. (2) and (3)). In competition with charge trans-
fer to adsorbed species is electron and hole recombination [34]. If
the electron-hole recombination rate is too high it can decrease
the reduction efficiency of Cr(VI). In this investigation, the main
form of Cr(VI) is a negatively charged Cr(VI) complex ions
(HCrOy ), which is hard to capture the negative charge photo-gen-
erated electron (eg,) due to the electrostatic repulsion. Therefore,
some of the photo-generated electrons would recombine with
holes which result in a slow reduction of Cr(VI) when no Fe(III) ions
were present. However, when Fe(lll) ions were added, the positive
charge ferric ions (Fe**) could easily convert to Fe(ll) ions by trap-
ping the photo-generated electrons (Eq. (4)). And then, Cr(VI) was
reduced by Fe(Il) and the reduction process probably occurred via
three one-electron-transfer steps (Eq. (5)), ending in Cr(IIl) form
which is the stable final product [35]. The reductions of Cr(V)
and Cr(IV) are fast and only the one-electron reduction of Cr(VI)
to Cr(V) is the rate-limiting reaction due to the differences of
reduction potentials between the different Cr reduction steps
[36]. Therefore, the Fe(Ill) ions can promote the trapping of elec-
trons and holes at the surface of TiO, leading to a high efficiency
of photocatalysis. The proposed transfer mechanism of electrons
and holes is shown in Fig. 9.

Fe’" 4 ey, — Fe’" (4)
Cr(v) ™ cr(v) ™ crevy " er(a (5)

The overall reduction of Cr(VI) by Fe(Il) at acidic condition is
shown as:

3Fe’" + HCrO, + 7H" — 3Fe*" + Cr’* + 4H,0 (6)

Reactions (5) and (6) were confirmed in this study experimen-
tally. The first experiment was carried out without TIGCAB at pH
2.0 with initial concentrations of 0.1 mmolL~! Fe(lll) and
10mg L' Cr(VI) in the presence of UV. The experimental data
(Fig. 8B) showed that the reduction rate of Cr(VI) was negligible.

absence of ferric ions

l l

Cr(1v)
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Cr(vI)
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Fig. 9. The proposed photoreduction mechanism of Cr(VI) on the TIGCAB.
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Fig. 10. Reuse of the TIGCAB. Photocatalytic conditions: initial Cr(VI) concentration,
10 mg L~ !; volume, 1000 mL; amount of wet TIGCAB, 10 gL"!; initial pH, 2.0;
temperature, 25 °C. Regeneration conditions: regeneration solution, 100 mL CaCl,
(4%); contact time, 2 h; temperature, 25 °C.

In the second experiment, a solution with 0.1 mmol L~! Fe(II) and
10 mg L~! Cr(VI) was irradiated by UV light for 5 h at pH 2 in the
absence of TIGCAB. As can be observed from Fig. 8B, the Cr(VI) con-
centration decreased with illumination time, which may be due to
the homogeneous reaction between Cr(VI) and Fe(II).

3.4. Reuse of the TIGCAB

For practical application, the recycling of the photocatalyst is
essential. In this study, at the end of each cycle (initial Cr(VI) con-
centration, 10 mg L~!; amount of wet TIGCAB, 10 g L™!; initial pH,
2.0; temperature, 25 °C), the TIGCAB were separated from the solu-
tion by filtration and then added into 100 mL CaCl, solution (4%)
and stirred for 2 h at 25 °C and rinsed with ultrapure water. After
regeneration, the TIGCAB were used in the following cycle. From
Fig. 10, it is observed that the TIGCAB retained their activity fully
after recycle for three times, indicating that they have a good
reusability.

4. Conclusion

The TiO,-impregnated glutaraldehyde-crosslinked alginate
beads (TIGCAB) have been successfully synthesized and they can
be applied for the photoreduction of Cr(VI) from acid aqueous solu-
tion using a photocatalytic process. The results of background
experiments showed that both of TIGCAB and UV light are essential
in the photoreduction process. The solution pH and initial concen-
tration of Cr(VI) greatly influenced the photoreduction of Cr(VI).
The presence of Fe(Ill) ions may serve as an effective electron
acceptor to increase the photoreduction of Cr(VI) ions due to the
inhibition of electron-hole recombination and the reaction be-
tween Fe(Il) and Cr(VI). Finally, TIGCAB can be reused without los-
ing effectiveness for at least three cycles in batch experiments.
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