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ABSTRACT

Microcystin-LR (MC-LR) produced by freshwater cyanobacteria is commonly detected in contami-
nated aquatic systems and their removal becomes an emerging field recently owing to the toxicity.
In this paper, hydrogen-terminated porous Si (H-PSi) wafers, fabricated through a photo-electro-
chemical etching, were investigated as photocatalysts in MC-LR photodegradation systematically
under visible light irradiation. Photoluminescence (PL) spectra and scanning electron microscope
(SEM) images reveal that surface area and visible light availability of the etched samples increase
with the etching times increasing, inducing that the degradation efficiency of MC-LR increases with
prolonging the etching times. This degradation process can be well fitted with the pseudo-first-order
kinetic model. To evaluate the optimum conditions of degradation, the relationship between the deg-
radation efficiency of MC-LR and pH value, MC-LR concentration, or etching time is performed. We
demonstrate that the maximum MC-LR degradation rate of 99% can be obtained within 2 h reaction
under etching time of 10 min, initial pH of 5, and initial MC-LR concentration of 20 pg L. In addition,
it was found that H-PSi wafer exhibits a good reusability and the removal rate could be about 80%

after 6 times cycle.
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1. Introduction

The proliferation of cyanobacteria or blue-green algae
caused by eutrophication is a serious threat to aquatic eco-
systems throughout the world [1-3]. Microcystins (MCs),
which are produced mainly by Microsystis aeruginosa,
Anabaena spp., and Oscillatoria spp. during harmful bloom
events, have a potential health risk to animals and humans
who come into contact with the contaminated water [4].
Acute exposure can results in hepatic injury and in extreme
cases this can prove fatal [5]. One such incident reported
from Brazil resulted in the death of over 50 dialysis patients
because of the use of MC-contaminated water in their treat-
ment [5]. Furthermore, exposure to low concentrations of
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MCs in drinking water over a prolonged period may con-
tribute to life threatening illnesses such as primary liver
cancer [6]. To date, more than 90 types of MCs are known
[7], and the most commonly detected MCs is MC-LR.
MC-LRisacyclicheptapeptide containing theaminoacid
3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-
dienoic acid (adda), with arginine and leucine in the vari-
able positions [8]. Moreover, MC-LR is very stable in nat-
ural waters due to its cyclic structure [9]. Unfortunately,
conventional water treatment processes, such as coagula-
tion, flocculation, sedimentation and filtration, are ineffec-
tive in removing MC-LR from drinking-water supplies [10].
Recently, chemical oxidation and microbial degradation
techniques have attracted increasing interest, but there exist
some new questions. Chemical oxidants such as ozone [11],
and potassium permanganate [12] can completely remove
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MCs after relatively short reaction times (the half-life is
about several minutes), but the low selectivity and mineral-
isation capacity of these chemicals can lead to the formation
of degradation intermediates/byproducts [9]. Moreover,
although the biodegradation of cyanotoxins cannot result
in the formation of intermediates/byproducts, the half-life
for the biodegradation of microcystin-LR, -LF and nodu-
larin in water is between 4 and 18 d [13,14]. Therefore, it is
necessary to develop a method for the effective removal of
MC-LR from water.

Advanced oxidation processes (AOPs) have become
attractive alternatives to conventional chemical oxida-
tion methods for the generation of highly oxidizing and
non-selective hydroxyl radical that display higher sec-
ond-order rate constants (10%-10° ms™) than those of other
oxidants [15]. Among AOPs, titanium dioxide (TiO,) has
been used as the photocatalyst widely for the photodegra-
dation of hazardous contaminants due to its high oxidative
capacity and low toxicity-features [16-19]. However, its
large band gap (3.2 eV) [20] limits its applications in visi-
ble-light region, which reduces the degradation efficiency
and increases the amount of the photocatalyst. Compared to
TiO,, because porous Si can produce hydroxyl radical under
visible light irradiation, it has been used to photodegrade
pollutants [21-23]. For example, Su et al. [21] investigated
the performance of hierarchically porous silicon prepared
by electro-assisted chemical etching, under visible light
irradiation for the degradation of phenol. Qu et al. [22] and
Wang et al. [23] fabricated the porous Si by metal-assisted
chemical etching of n- and p-type Si wafers, and found that
the porous Si wafer had large surface area and displayed
good photodegradation of indigo carmine and methyl red.
Recently, Wang et al. [23] found that porous Si with hydro-
gen termination in the absence of light exhibited a high deg-
radation of methyl red due to the presence of Si-H bonds.
In addition, we also fabricated the H-PSi wafer by a pho-
to-electrochemical etching method and found that it can
efficiently degrade methyl orange due to the produce lots
of active radicals such as hydroxyl radical and hydrogen
radical in the presence of light [24,25]. To our best knowl-
edge, however, the degradation ability of the H-PSi wafer
for hepatotoxic cyanotoxins under visible light irradiation
has not carried out.

In this paper, highly ordered H-PSi wafer was pre-
pared by a photo-electrochemical etching method under
different etching times, and then the photodegradation
capacity of the H-PSi wafer for MC-LR in the presence
of the visible light was investigated. The main objec-
tive was two-fold, i.e., to evaluate the photodegradation
effects of etching time, initial pH, and initial MC-LR con-
centration, and to study reusability of H-PSi wafer for
MC-LR degradation.

2. Materials and methods
2.1. Chemical and reagent

MC-LR standard sample was obtained from Puhuashi
Technology Development Co., Ltd (China) and kept at
-25°C. A 100 mg L™ standard of MC-LR solution was pre-
pared by the addition of 1 mL of deionized water in 100 ng
of solid MC-LR. NaOH, HEF, and ethanol were purchased

from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). HCl was purchased from Shandong Provincial
Research Institute of Chemical Industry (Jinan, China).
The pH was adjusted by using NaOH (0.1 M) and HCI
(0.1 M) solution. All chemicals used were of analytical
grades and all solutions were prepared with deionized
water (18.25 MQ-cm).

2.2. Preparation and characteristics of H-PSi wafer

H-PSi wafers were fabricated by a photo-electrochem-
ical etching process, which was conducted in a two-elec-
trode cell at room temperature with p-type Si (100) wafers
(1 x 1 cm? squares, the resistivity of 0.5-1 Q cm, 510 pm
thick) as the anode and a platinum wire as the counter
electrode (cathode) in 49% HF/ethanol solution (V:V = 1:1)
under room light at a constant voltage of 15 V controlled
by a (GWINSTEK, GPD-3303S) source meter. After etching,
the samples were rinsed with ethanol and dried in N,. Fur-
thermore, the etched samples with etching time of 5 min,
10 min, and 15 min were named as H-PSi-5, H-PSi-10, and
H-PSi-15, respectively.

The morphologies of H-PSi wafer were characterized by
a scanning electron microscope (SEM) (Zeiss, SUPRA 55) at
5 kV of electron acceleration voltage. The surface areas of
H-PSi wafer with different etching times were measured by
a surface area analyzer (QUADRASORB SI, Quantachrome
Corporation, USA) at 77 K. The specific surface area (S,)
was calculated by using the Brunauer-Emmett-Teller (BET)
model. An X-ray diffraction (XRD) analysis was performed
with a D 8 Advance X-ray diffractometer, to study the crys-
tal structure of H-PSi wafer. The photoluminescence (PL) of
H-PSi wafer was excited by solid state laser at 325 nm, and a
wide-range optical spectrum analyzer (HORIBA Jobin Yvon
iHR320) was employed to study luminescence spectra.

2.3. Photodegradation of MC-LR by H-PSi wafer

The experiments were performed in a 15 mL quartz
tube, containing 3 mL MC-LR solution (initial MC-LR con-
centration are 20, 50, and 100 pg L7, respectively) and H-PSi
wafer (1 cm?), under constant stirring with a QB-600 High-
speed Oscillation Mixer (Kylin-Bell). The reaction system
was irradiated under a 30 W fluorescent lamp (TMS 018,
Philips) which has a wavelength range from 390 to 760 nm
[26] and a light intensity of 3000 Lux. All of the photodeg-
radation reactions were carried out under air ambient and
at 25 + 1°C. After 30, 60, 120, and 180 min of reaction, 50 uL
of the sample was taken out for the MC-LR analysis, respec-
tively. Furthermore, the MC-LR was detected using a Bea-
con Microcystin ELISA kit (Beacon Analytical Systems Inc,
Maine, USA). The method used for the detection of MC-LR
by ELISA was performed as previously reported [27].

2.4. Kinetic analysis

The photocatalytic oxidation kinetics of many organic
compounds, generally been modeled with the Lang-
muir-Hinshelwood equation expressed as Eq. (1),

r=dC/dt = kKC/(1 + KC) )
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Since KC is very small compared to 1.0, the presence
of KC as the denominator is negligible and integrated with
time ¢, Eq. (2) was simplified to a pseudo first order kinetic
equation as below:

In(C,/C) = kKt =k, (2)

where r was the reaction rate (ug L™ min™), C and C
were the concentration of reactant at time 0 and ¢, respec-
tively (mg L), k was the reaction rate constant (min™),
and K was the adsorption coefficient of targeted pollutant
on the photocatalyst (L ug™). The apparent reaction rate
constants (k, ) for the photodegradation of targeted pollut-
ant were evaluated from experimental data using a linear
regression.

3. Results and discussion

3.1. Characteristics and photodegradation activities of the
H-PSi wafer

Fig. 1 shows the SEM images of H-PSi wafers prepared
using different etching times: 5 min (a and d), 10 min (b
and e), and 15 min (c and f). As shown in Fig. 1, pore
diameter and pore depth of H-PSi wafer increase from
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B
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100 nm and 50 pm to 300 nm and 70 pm with increasing
etching times, respectively. It can also be observed that
the asymmetrical secondary pores exist between the first
pores (see the inset of Fig. 1d-f. Similar structures have
been observed in previous reports [25,28]. These results
indicate that the surface-to-volume (S/V) ratio of etched
samples increases with increasing the etching times,
which is in good agreement with the BET specific surface
area (see Table 1).

To investigate the quality of etched Si wafers, the
structural and optical properties were analyzed. The
XRD patterns of H-PSi wafers obtained using different
etching times are shown in Fig. 2. The intensity of H-PSi
(400) peaks increases with increasing the etching time,

Table 1
Characteristics of H-PSi wafers at different etching times

Etching Pore Pore  Pore Porosity  Specific

time diameter depth density (%) surface

(min) (nm) (um)  (pores/ area
cm?) (m*g™)

5 100 50 16x108 16 3.95

10 300 65 24x108 216 2543

15 300 70 25bx 108 22.5 27.32

1 pm

Fig. 1. The top-view and cross-sectional SEM images of H-PSi wafer obtained under the etching times: (a and d) 5 min, (b and e) 10
min, and (c and f) 15 min for 15 V. Insets are the corresponding magnified cross section images.
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Fig. 2. X-ray diffraction pattern of H-PSi wafer etched at differ-
ent etching times at room temperature. Etching voltage: 15 V.

which is, at least partially, due to physical surface rough-
ening which means that diffraction is out-coupled from
the crystal more efficiently, whereas the full width at half
maximum (FWHM) of the XRD peaks of the etched Si
wafers presents a slight widening with the etching time
increasing, indicating that the etching can lead to the
increase of defect density [29]. Fig. 3 shows the PL spec-
tra for H-PSi wafers in the range of 500-900 nm. It was
found that prolonging etching time results in an increase
of PL intensity as well as a blue shift from ~1.8 eV to
~1.89 eV, which may be due to the increasing of porous
porosity (see Table 1) and quantum confinement effect of
nanocrystalline particles [25].

To evaluate the effect of etching time on the photodeg-
radation of MC-LR under visible light irradiation, the rela-
tionship between the etching time and photodegradation
of MC-LR by H-PSi wafer was investigated. As shown in
Fig. 4a, the amount of MC-LR degraded by H-PSi wafer
increased from 41.6 to 97.4% after 180 min of reaction with
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:: Etching 15 min
=5
-
i
=
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'
=
T T T T T T T
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Fig. 3. Photoluminescence spectra of H-PSi wafer etched at dif-
ferent etching times at room temperature. Etching voltage: 15 V.
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Fig. 4. Degradation of MC-LR by H-PSi wafer with different
etching times under visible light irradiation (a) and the pseu-
do-first-order kinetics for photodegradation of MC-LR (b).
Etching voltage: 15 V. Initial pH: 7. Initial MC-LR concentration:
50 pg L.

increasing the etching time from 5 to 15 min. The pseudo
first-order kinetics for MC-LR degradation by H-PSi wafer
is given in Fig. 4b. The values of R? for flat Si, H-PSi-5,
H-PSi-10, and H-PSi-15 were 0.9718, 0.9842, 0.9922, and
0.9976, respectively, confirming the first order trend of the
degradation of MC-LR by H-PSi wafer. The ka10 values of
flat Si, H-PSi-5, H-PSi-10, and H-PSi-15 were caTculated as
0.0003, 0.0033, 0.0173, and 0.0196 min', respectively. The
results suggested that the apparent reaction rate constant
for H-PSi wafer increased with higher S/V ratio. Mean-
while, it was also found that the kapp value of H-PSi-10 was
similar to H-PSi-15, which may be attributed to the similar
porosity (see Table 1).

3.2. Photodegradation of MC-LR by H-PSi wafer

The impact of the experimental variables (initial pH
and initial MC-LR concentration) on the degradation of
MC-LR by H-PSi wafer was evaluated using a factorial
design system. Each variable was studied at two values
(initial pH levels of 5 and 9 and initial MC-LR concentra-
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tions of 20 and 100 pg L), which created a 2? complete
factorial design around a central point (initial pH: 7, initial
MC-LR concentration: 50 pg L) (Table 2). Furthermore,
H-PSi wafer was chosen with the etching time of 10 min
according to previous results (Fig. 4), and the analytical
response corresponds to the MC-LR degradation (%) at a
120 min reaction time.

To investigate the influence of initial pH and MC-LR
concentration, and their interaction on MC-LR degrada-
tion by H-PSi wafer, the geometric representation of 22
factorial design was designed (Fig. 5). The central point
was assayed in triplicate, showing a mean standard devia-
tion (SD) of 1.9%, and it can be found that the pH has a sig-
nificantly negative effect (-36.5, which was calculated by
[(67 +52)—(93 + 99)] /2 =-36.5) on the degradation capacity
of H-PSi wafer. The strong dependence of photodegrada-
tion ability on pH presumably results from the following

Table 2

Factorial design 22 matrix for the study of MC-LR degradation
under the photodegradation processes.Etching voltage: 15 V.
Etching time: 10 min. Reaction time: 120 min

Variable Level (-)  Level (0) Level (+)
pH 5 7 9
MC-LR (ng L") 20 50 100
. ) Variable MC-LR
xperiment pH MC-LR degradation (%)
1 - 99 +09
2 - + 93 +£1.5
3 + - 67 £2.1
4 + + 52+ 1.1
5 88+19
= Effects
g sot pH: -36.5£1.9;
‘; [MC-LR]: -10.5£1.9;
e pH % [MC-LR]: -4.5+1.9
= 60
§ 88+1.9%
= 40t
g
=
=
0 1 I 1 1 1
5 6 7 8 9
pH

Fig. 5. A geometric representation of the 22 factorial design used
to evaluate the effects of initial pH and initial MC-LR concen-
tration on the degradation efficiency of the photodegradation
processes. Etching voltage: 15 V. Etching time: 10 min. Reaction
time: 120 min. The numbers in the boxes represent the degrada-
tion (%) of MC-LR at a reaction time of 120 min.

two reasons. On the one hand, Si-H bonds are presented
on the surface of H-PSi wafer, therefore, the vibration by
the high-speed shock tester breaks Si-H bonds can lead
to the formation of Si dangling bonds with activated -5i*
and -H- radicals. These free negatively charged hydrogen
radicals may recombine with hydrogen ion in water via
reactions -H + H*— 2-H [25,30], promoting the production
of hydrogen radicals aforementioned. On the other hand,
the hydrophobicity of MC-LR increases as pH decreases.
Through the hydrophobic effect, hydrophobic compounds
(MC-LR) preferentially moved to H-PSi wafer surface
from the bulk of aqueous solvents [17,31]. Hence, the deg-
radation rate of MC-LR by H-PSi wafer could be improved
significantly with low pH value.

The initial MC-LR concentration also has a negative
effect (-10.5, which was calculated by [(93 + 52)—(99 + 67)]
= -10.5) on the degradation efficiency of H-PSi wafer. The
yield rate of free radicals was remained as a constant with
the same H-PSi wafer area, hence, the increasing concentra-
tion of MC-LR resulted in a decrease in the ratio of decom-
posed amount of MC-LR to the total amount of MC-LR [31],
presumably resulting from that more active sites are cov-
ered by MC-LR molecules and intermediates generated by
photodegradation of MC-LR, which reduce the production
of hydroxyl radicals on the surface of the H-PSi wafer and
cause a deactivation of active sites of the catalyst, resulting
in the degradation efficiency decrease [32]. Furthermore,
the interaction of initial pH and initial MC-LR concentra-
tion also has a slightly negative effect (—4.5, which was
calculated by [(52 + 99)-(93 + 67)] = —4.5) on the degrada-
tion efficiency of H-PSi wafer. This result means that the
increase of initial pH and MC-LR concentration at the same
time will lead to a lower degradation efficiency of H-PSi
wafer than the individual increase of initial pH and MC-LR
concentration.

3.3. Reusability of H-PSi wafer for MC-LR degradation

The reusability of the H-PSi wafer was investigated by
repeating the photodegradation of MC-LR under visible
light irradiation for 120 min six times. Because of the for-
mation of oxide layers on the Si surface or inside the pores,
the degradation rate decreases obviously with increasing
the recycle times [23]. Hence, after each cycle, the H-PSi
wafer was taken out and put into the HF solution (5%) for
1 min, which can remove the oxide layers formed during
the photodegradation of MC-LR and recover the photo-
degradation activity of H-PSi wafer [23], then washed
thoroughly with DI water before new experiments. Com-
pared Fig. 6a, b with Fig. 1b, e, it is obvious that the sur-
face of H-PSi wafer has some damage, which might be
attributed to the HF to remove the oxide layers on the
surface of porous Si wafer after each cycle. Furthermore,
the XRD pattern of the H-PSi wafer after 6 times cycle
was detected and the result is shown in Fig. 7. Because
the damage of H-PSi wafer surface, the intensity of H-PSi
(400) peak and FWHM increased compare with that before
recycle. However, it is encouraging to find that after six
repeated experiments, the photodegradation efficiencies
were remarkably stable, and during the last run was still
around 80% (Fig. 8). The H-PSi wafer therefore possesses
remarkable stability.
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Fig. 7. Photoluminescence spectra of H-PSi wafer before recycle
and after 6 times recycle at room temperature. Etching voltage:
15 V. Etching time: 10 min.

4. Conclusions

The H-PSi wafer was fabricated by a photo-electro-
chemical etching and characterized with XRD, SEM, and
PL, and then it was used to remove MC-LR from aqueous
solution under visible light irradiation. The degradation
efficiency of MC-LR was influenced by several parameters
which includes etching time of the H-PSi wafer, initial pH,
and initial MC-LR concentration. When the etching time
is 10 min, initial pH is 5, and initial MC-LR concentration
is 20 pg L', MC-LR degradation efficiency could be 99%
within 2 h reaction. Furthermore, the H-PSi wafer exhibits
a good reusability. Hence, H-PSi wafer is a highly efficient
photocatalyst for MC-LR degradation in aqueous solutions.
This study provides a promising technique to remove the
toxic effectively and prevent the harm of MC-LR to drink-
ing water production.
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