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A new method to estimate the photocatalytic (PC) and photoelectrocatalytic (PEC) mineralization efﬁciencies of large molecule biological compounds with unknown chemical formula in water was ﬁrstly
developed and experimentally validated. The method employed chemical oxidation under the standard
dichromate chemical oxygen demand (COD) conditions to obtain QCOD values of model compounds with
unknown chemical formula. The measured QCOD values were used as the reference to replace QCOD values
of model compounds for calculation of the mineralization efﬁciencies (in %) by assuming the obtained
QCOD values are the measure of the theoretical charge required for the complete mineralization of organic
pollutants. Total organic carbon (TOC) was also employed as a reference to conﬁrm the mineralization
capacity of dichromate chemical oxidation. The developed method was applied to determine the
degradation extent of model compounds, such as bovine serum albumin (BSA), lecithin and bacterial
DNA, by PC and PEC. Incomplete PC mineralization of all large molecule biological compounds was
observed, especially for BSA. But the introduction of electrochemical technique into a PC oxidation
process could profoundly improve the mineralization efﬁciencies of model compounds. PEC mineralization efﬁciencies of bacterial DNA was the highest, while that of lecithin was the lowest. Overall, PEC
degradation method was found to be much effective than PC method for all large molecule biological
compounds investigated, with PEC/PC mineralization ratios followed an order of BSA > lecithin > DNA.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
During the past several decades, an elevated interest is
observable in the oxidative damage of large molecule biological
compounds, such as protein, DNA and lipid (Dalrymple et al., 2011;
Kurz et al., 2011; Yin et al., 2011), since these biomolecules are the
building blocks of the living microorganisms, and the accumulation
of these pollutants can result in a number of detrimental effects on
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human being during the traditional water disinfection (Westgatet
and Park, 2010; Chuang et al., 2013). For instance, protein
contaminated water is very harmful due to their infection property
because they can be either free or attached to microorganisms
(Paspaltsis et al., 2009); Another large molecules biological compound, amino acids, the building block of protein, have been suggested as the likely precursors of carcinogenic nitrogenous
disinfection byproducts upon reacting with chlorine or chloramines (Chuang et al., 2013; Bond et al., 2015). In addition, the
antibiotic resistance genes are also a new kind of emerging contaminants in water environments, which has been a major driving
force behind the evolution of multidrug resistant bacteria
(Martinez, 2008). Therefore, much attention has been paid to the
degradation and mineralization of large molecules biological
compound in water environments.
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It is well known that various techniques can be employed to
oxidize these large molecules biological compound early (Sharma
et al., 2011; Zeleny et al., 2012; Cadet and Wagner, 2013; Nowicka
et al., 2013). However, the currently most employed quantiﬁcation method used their initial and ﬁnal mass concentrations to
calculate the degradation or mineralization extent of the target
biological compounds (Ji et al., 2014; Wang et al., 2014; Xu et al.,
2014). These methods using mass concentration just estimate the
mineralization extent without consideration of chemical structures
difference of various organics.
Recently, a unique rapid methodology (PECOD) was developed
by us to determine the degradation extent of dissolved organics in a
water with directly quantifying the extent of electron (e) transfer
onto a TiO2 nanoporous ﬁlm electrode with an exhaustive photoelectrocatalytic (PEC) degradation of organics process (Zhao et al.,
2004, 2007). This is because the different oxidation degrees of
same organic compound require different transferring numbers of
e (Zhao et al., 2007; Li et al., 2013b). The use of e transfer to
quantify the organics degradation extent allows a more meaningful
comparison of organics with different chemical structures with e
transfer numbers, due to such a non-characteristic unit represents
the e demands for the complete mineralization, regardless of their
mass concentration. Nevertheless, this method can only be used to
estimate the degradation extent of organics with known chemical
formula. For example, the complete mineralization of many small
biomolecules like nucleotides (Li et al., 2013b), nucleotide bases (Li
et al., 2015b) and amino acids (Li et al., 2015a) have already been
investigated in detail by us. However, compared with the small
molecule biological compounds, the quantiﬁcation of the mineralization/degradation extent of large molecules biological compound without chemical formula such as proteins, DNA and lipids
are more complex and very difﬁcult at present stage. One of the
most important difﬁculties is that the precise chemical formula of
these numerous large molecule biological compounds are unknown. Thus, this means that the method developed previously
cannot be properly used to investigate the mineralization of these
large molecules biological compound due to that the theoretical
charge required to mineralize these large biological compounds
cannot be calculated without their chemical formula.
In addition, as aforementioned, large molecule biological compounds are the building blocks of microorganisms for example
bacteria and virus. The conventional biohazards inactivation efﬁciency usually evaluated by the standard plate count method only
to estimate the cell viabilities before and after various disinfection
treatments (Li et al., 2011, 2013a; Nie et al., 2014; Tobaldi et al.,
2014). However, the decomposition products of the incompletemineralized components including various levels building blocks
are highly complex associated with various biological array during
these disinfection processes (Li et al., 2014; Sun et al., 2014). Thus,
the quantiﬁcation of the mineralization extent of the biohazards
can be examined by total organic carbon (TOC), but it is very
difﬁcult to build any relationship of the mineralization efﬁciencies
with the e transfer during the PC and PEC inactivation of
biohazards.
Thus, to overcome this difﬁculty, in this study, a new method
was ﬁrstly developed to estimate the photocatalytic (PC) and
photoelectrocatalytic (PEC) mineralization efﬁciencies of large
molecule biological compounds with unknown chemical formula
in water, and subsequently used to experimentally validate the
mineralization of the PC and PEC degradation of representative
building blocks of microorganisms, the large molecules biological
compounds, such as proteins, DNA and lipids. This built method
will provide an effective means to simply evaluate the degradation
and damage of these building blocks of biohazards as well as their
degradation products, which will be, in turn, offer us a quantitative
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method to understand the killing mechanism of bacteria and viruses as the damage was imposed on these building blocks.

2. Experimental section
2.1. Materials
Indium tin oxide conducting glass slides (ITO, 8 U/square) were
purchased from Delta Technologies Ltd. (USA). Titanium butoxide
(97%, Aldrich), sucrose (AR grade, UNIVAR), BSA (>98%, Biotech),
and L-a-lecithin (99%, Sigma) were used as received. Other chemicals used were of analytical grade and purchased from Sigma unless otherwise stated. Genomic DNA of Escherichia coli is extracted
according to the reference (Sambrook et al., 1989). All solutions
were prepared using high purity deionized water (Millipore Corp.,
18 M U cm).
2.2. Apparatus and methods
Both PC and PEC degradation experiments were performed
under identical UV intensity using the same UV-LED/TiO2 photoelectrochemical cell in Fig. S1 as Supporting information. The cell
consists of a TiO2 photoanode as the working electrode, an Ag/AgCl
reference electrode and a Pt mesh auxiliary electrode. The TiO2
photoanode was prepared by hydrolysis of titanium butoxide according to the method described in our previous publication (Zhao
et al., 2007). An UV-LED (NCCU033(T), Nichia Corporation) was
used as the illumination source. The speciﬁed peak wavelength of
the LED was 365 nm with a spectrum half width of 8 nm. The UV
intensity was adjusted by a power supply and measured with an
UV-irradiance meter (UV-A, Beijing Normal University). For PEC
degradation experiments, a 2.0 M NaNO3 solution was used as the
supporting electrolyte. A voltammograph (cv-27, BAS) was used for
electrochemical control. Potential and current signals were monitored using a Macintosh computer (7220/200) coupled with a
Maclab 400 interface (AD Instruments). PC degradation experiments were conducted under identical experimental conditions as
PEC experiments, except the electrochemical system was
disconnected.

2.3. Standard chemical oxygen demand (COD) and total organic
carbon (TOC) analyses
Standard COD value (dichromate method) of the samples was
measured with an EPA approved COD analyzer (NOVA 30, Merck).
Each COD value was the mean value of a triplicate measurement.
TOC content of samples was measured with TOC-VCPH-V/TOCVCPN Total Organic Carbon Analyzer (Shimadzu Corporation, Japan).
Standardization curves for the IC and TC determinations were
prepared according to the manufacturer's instructions. Triplicate
analyses were performed on each sample.

3. Results and discussion
3.1. Quantiﬁcation principle
An oxidative mineralization process is essentially an e transfer
process. Therefore, the ratio between the experimentally measured
number of transferred e (Qexp) during the degradation and the
theoretically required number of transferred e (Qth) for stoichiometric mineralization is the most simple and meaningful way of
quantifying the percentage of mineralization (h). That is:
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h¼
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Qexp
 100%
Qth

(1)

When the chemical formula of a compound is known, the
number of the transferred e (n) can be obtained from the stoichiometric mineralization of reactants (Zhao et al., 2004; Zhang
et al., 2006):

Cy Hm Oj Nk Xq þ ð2y  jÞH2 O/yCO2 þ qX  þ kNH3 þ ð4y  2j
þ m  3kÞHþ þ ð4y  2j þ m  3k  qÞe
(2a)
n ¼ 4y  2j þ m  3k  q

1
2
Qexp ¼ Qnet
 Qnet
1
2
 Qnet
¼ QDnet
where; Qnet
Z
 Z
Z
¼
i1 dt  iblank dt 
i2 dt

Z
 iblank dt
Z
Z
¼
i1 dt  i2 dt

Qth ¼ nFVC

(7a)

The percentage of PC mineralization (hPC ) can therefore be
written as:

(2b)

where N and X represents nitrogen and halogen atoms, respectively. The numbers of C, H, O, N and X atoms in the compound are
represented by y, m, j, k and q, respectively. n refers to the number
of transferred e for mineralization.
The Qth of a compound with known chemical formula can then
calculated based on Faraday's law:

(7)

hPC ¼

2
Qexp
Q 1  Qnet
 100% ¼ net
 100%
Qth
Qth

(8)

3.2. Calibration of equivalent electrons transferred for the
mineralization of large molecule biological compounds with
unknown chemical formula

(3)
From the Eqs. (3) and (4), we can obtain:

where, F is the Faraday constant and V and C are the sample volume
and concentration, respectively.
However, the precise chemical formulas of many complex large
molecule biological compounds are unknown. Under this circumstance, if the degradation of a large molecule biological compound
under the standard dichromate COD determination conditions can
be regarded as ‘stoichiometric mineralization’, then the experimentally measured change transfer (QCOD) from the determined
COD value can be used to replace the Qth. Considering that for COD
calculation, one O2 is equivalent to 4 transferred e (Zhao et al.,
2004), the Qth of large molecule biological compounds with unknown formula can therefore be expressed as:

Qth ¼ QCOD ¼

½COD ðmg=LO2 Þ
 4FV
32000

(4)

where, QCOD is the equivalent charge obtained from the determined
COD value. F is the Faraday constant; and V is the sample volume.
For PEC degradation, the Qexp can be readily determined by
measuring the net transferred charge (Qnet) originated from the
oxidative degradation of large molecule biological compounds, as
illustrated in Fig. S2 (Zhang et al., 2004). That is:

Z
Qexp ¼ Qnet ¼ Qtotal  Qblank ¼

Z
itotal dt 

iblank dt

(5)

where, itotal is the total photocurrent resulting from photocatalytic
oxidation of large molecule biological compound and water. iblank is
the photocurrent resulting essentially from photocatalytic oxidation of water in absence of large molecule biological compound.
Therefore, the percentage of PEC mineralization can be written
as:

hPEC ¼

Qexp
Qnet
 100% ¼
 100%
Qth
Qth

(6)

For PC degradation, the Qexp can be simply determined by PEC
method. In brief, the net transferred charges for the sample before
1 ) and after (Q 2 ) PC degradation treatment can be photo(Qnet
net
electrocatalytically determined as illustrated in Fig. S3. The Qexp of
PC degradation can be written as:

COD ¼ 8000 nC

(9)

Eq. (9) can be used to directly quantify the n value of a sample
when COD is obtained, since the C, the concentration, is known.
To determine whether the proposed method can be applied to
determinate the mineralization percentage of organics, two sets of
experiments were performed. Firstly, a pure organic compound
with known chemical formula, for example sucrose was subjected
to the examination. According to Eq. (9), the theoretical and
experimental mole of e can be obtained from theoretical and
experimental COD values. The relationship between the theoretical
and experimental mole of e and the sucrose concentration is given
in Fig. 1a.
Theoretically, the numbers of e required for the mineralization
of 1 mol of sucrose (C12H22O11) is n ¼ 48 mol as described by Eq.
(2b), which is the same value as slope obtained from the theoretical
curve in Fig. 1a. Experimentally, the mole of e (data from standard
COD results) obtained were directly proportional to the sucrose
concentration with an experimental slope value of 48.108.
Comparatively, two linear lines almost ﬁt into one linear line.
Considering the experimental errors and the purity of the reagent,
the experimental slope value of the curve (48.108) was found to be
almost the same as the slope value of the theoretical curve. These
results demonstrated that sucrose can be stoichiometrically
mineralized to CO2, H2O by a strong oxidizing agent (e.g., dichromate) under acidic condition. In other word, the QCOD obtained
using the standard COD method could be used to replace the Qth to
calculate the mineralization extent. This is because the same
amount of e transferred to the chemical oxidizing agent during a
chemical oxidation process. This is also because that the different
oxidation degrees of same organics require transferring different
numbers of e (Zhao et al., 2007).
To further validate the oxidation capability of standard COD to
organic compound, TOC test, which uses heat, ultraviolet light, or a
strong chemical oxidant (or a combination of the three) to
completely oxidize organic compounds to CO2 and H2O, was also
carried out simultaneously for sucrose analysis. TOC is correlated to
COD for a given organic compound. For a given organics, the correlation between the theoretical COD and the theoretical TOC
values (CODth/TOCth) should be a ﬁxed value, if the stoichiometric
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the numbers of e required for the mineralization of 1 mol of all the
amino acids residues of BSA without disulﬁde bonds can be
calculated as n ¼ 13,040 mol (Table S1). However, the BSA molecule
has 17 disulﬁde bonds. According to the following reaction:

2 RSH/RS  SR þ 2Hþ þ 2e

(10)



The numbers of e required for mineralization of 1 mol of BSA is
n ¼ 13,006 mol.
Similarly, the relationship between the theoretical and experimental mole of e and the BSA concentration is given in Fig. 2a.
Linear increase for both the theoretical and experimental mole of
e was observed with the increase of the BSA concentration. The
slope value of the theoretical curve was found to be 13,006 mmole
e per mmole of BSA, which represents the number of e required
for mineralization of 1 mol of BSA. The slope of the experimental
curve was found to be 12,495 mmole e per mmole of BSA, which is

Fig. 1. Correlation between (a) the mole of electrons and the concentration of sucrose;
(b) the number of electrons per liter and the number of carbons per liter of different
concentration of sucrose ( : theoretical; ,: experimental).

mineralization has been achieved during the chemical oxidation
process. In other word, the chemical stoichiometric mineralization
has been achieved when the ratio of experimental COD/experimental TOC (CODchem/TOCexp) is the same as the value of CODth/
TOCth. The TOC and COD values can be readily converted as the
number of carbons per liter and the number of e per liter,
respectively. Fig. 1b shows the plot of the number of e per liter (e
L1) against the number of carbons per liter (C L1) from both
theoretical and experimental data. As shown, the linear relationships between the number of e per liter and the number of carbons per liter were obtained. Slopes of 4.00 and 4.35 e C1 were
obtained for the theoretical and experimental data of sucrose,
respectively. The experimental slope value was 108.8% of the
theoretical slope value. Considering the analytical errors associated
with both the CODchem and TOCexp measurements as well as these
errors contribute to scatter on both axes, it is reasonable to claim
that the analytical correlation factor of number of e per carbon (e
C1) resulted from the experimental results are very close to the
theoretical results. It is doubtless to say that the sucrose was totally
oxidized. From studies such as these scheme, it was concluded that
the CODchem, which is also called standard COD (CODst) values, can
be used as a substitute for theoretical COD. QCOD can be calculated
according to the Eq. (4). Subsequently, the mineralization percentage of PEC and PC degradation of organics with known
chemical formula can be achieved according to the Eqs. (6) and (8).
A second series of experiments was carried out using BSA as a
model compound to represent the large molecules biological
compound with unknown chemical formula to validate the developed method. Though exact chemical formula of BSA is unknown,
BSA has been reported to consist of 607 amino acid residues
(Table S1), 17 disulﬁde bonds and a molecular weight of ~69.4 kDa
(Brown, 1975; Hirayama et al., 1990). Theoretically, according to the
e transfer number for complete mineralization of all BSA residues,

Fig. 2. Correlation between (a) the mole of electrons and the concentration of BSA ( :
theoretical; ,: experimental); (b) the measured amount of electrons and the theoretical amount of electrons with different concentration of BSA; and (c) the number of
electrons per liter and the number of carbons per liter of different concentration of BSA
( : theoretical; ,: experimental).
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very close to the slope value of the theoretical curve. This can be
further evidenced by plotting the measured amount of e against
the theoretical amount of e values as shown in Fig. 2b, where the
line of the best ﬁt with the slope of 0.959 and R2 ¼ 0.9999 were
obtained. This demonstrates that the method measures essentially
the theoretical amount of e values. Considering the experimental
errors and the purity of the reagent, it is reasonable to conclude
that there is no essential difference between the theoretical and
experimental results, and BSA can be fully mineralized by using
standard COD method.
Fig. 2c shows the plot of the number of e per liter (e L1)
against the number of carbons per liter (C L1) from both theoretical and experimental data. The linear relationships between the
number of e per liter and the number of carbons per liter were
achieved theoretically and experimentally. The slope values of 4.24
and 4.16 e C1 were obtained for the theoretical and experimental
data of BSA, respectively. The experimental slope value was 97.9% of
the theoretical slope value. Considering that there are analytical
errors associated with both the CODchem and TOCexp measurements
and that these errors contribute to scatter on both axes, it is
reasonable to claim that the analytical correlation factor of number
of e per carbon (e C1) resulted from the experimental results are
very close to theoretical values. It is doubtless that BSA was fully
mineralized. Accordingly, we can conclude that the complete
mineralization of BSA can be achieved via the chemical oxidation
process under the standard COD determination conditions. The
QCOD calculated based on the measured COD values according to the
Eq. (4) can therefore be use to replace Qth in the mineralization
percentages of PEC and PC degradation of organics with unknown
chemical formula according to the Eqs. (6) and (8).
3.3. PC and PEC degradation of large molecule biological
compounds with unknown chemical formula
3.3.1. PC and PEC degradation of BSA
PC and PEC degradation of BSA was ﬁrstly carried out. Fig. S4
shows a set of typical photocurrentetime proﬁles obtained from
BSA samples before (original sample) and after PC treatment. These
photocurrent proﬁles are used to obtain the net charges of the
sample before and after PC degradation and calculated in accordance with Eq. (7a).
Fig. S5 shows a set of typical photocurrentetime proﬁles obtained from BSA samples (8e80 mg L1) during PEC treatment.
These photocurrent proﬁles are used to obtain the net charges
(Qnet) of the sample after PEC degradation and calculated in
accordance with Eq. (5). The insert within Fig. S5 is the calibration
curve of the responses under a constant applied potential bias
(þ0.30 V vs. Ag/AgCl) and light intensity (8.0 mW cm2).
With the blank solution (2.0 M NaNO3), the photocurrent
decreased rapidly and attained its steady-state within 50 s. The
initial photocurrent spike was due to the PC oxidation of the
adsorbed water accumulated at the electrode surface. While for the
samples containing BSA, the initial photocurrent spikes were
higher than that of the blank solution and increased steadily with
the increase of BSA concentration. Within BSA concentrations
investigated, for all cases, well-deﬁned steady-state currents with
designated reaction endpoint of the PC degradation of BSA were
obtained. The endpoint herein refereed to the photocurrent of a
BSA containing sample reaches the same value as the steady-state
photocurrent of the blank solution. Within lower BSA concentration range (i.e., 8e40 mg L1), the photocurrents declined monotonically during the degradation process. Comparatively, the
photocurrent of 80 mg L1 BSA protruded at the beginning of the
reaction and then declined subsequently. A possible reason for
ﬂuctuating photocurrent curve at the beginning part of the reaction

could be due to the formation of stable intermediates and the
accumulation of these intermediates at the electrode surface as a
result of PC reaction. With the prolongation of the degradation
reaction, these intermediates together with the BSA residue can be
decomposed into smaller and less stable intermediates (Sun et al.,
2014), which were clearly reﬂected by the subsequent photocurrent decrease and the attainment to the blank solution steady-state
photocurrent level. It is worth noting that this phenomenon took
place only when organics concentration is high, because the produced intermediates can be instantly decomposed at low concentration of organics degradation process due to the powerful
photogenerated-hole oxidation capacity. It was also found that an
increase in BSA concentration can lead to an increase in the integration of photocurrents (total amount of transferred charge during
the degradation). The net charge increase was found to be directly
proportional to BSA concentrations, as shown in the insert of
Fig. S5, where a good linearity with a R2 value of 0.9997 was
obtained.
The applicability of the method developed in this study was
then tested for determining the PC and PEC mineralization percentages of large molecule biological compounds with unknown
chemical formulas. BSA was chosen as a model globular protein
because of its physiological importance, easy separation and puriﬁcation (Wang et al., 2009). Fig. 3a demonstrates the PC degradation percentages of BSA under the exhaustive condition in the thinlayer cell. The results show that PC mineralization of BSA was very
difﬁcult to be achieved. About 11.6% of 8 mg L1 of BSA can be fully
mineralized by converting the carbon atoms to CO2, hydrogen to
H2O and nitrogen to NH3. When the initial BSA concentrations were
increased to 16 and 40 mg L1, only 0.6% and 0.4% of the BSA can be
completely oxidized, respectively. The PC degradation was essentially stopped when the initial BSA concentration increased to
80 mg L1.
The reason for BSA hard to be PC degraded may be due to that
BSA molecule is a huge polymeric amide (AeCONHeB), and a chain
of amino acid “residues” linked by peptide bonds formed via the
condensation of amino acids. The photocatalytically generated OH
on the TiO2 particle surface is a powerful protein-modifying agent.
The PC degradation can produce a great number of intermediates
from 20 common side chains and the peptide backbone (Dean et al.,
1997; Hawkins and Davies, 2001; Paspaltsis et al., 2009). Exposing
to OH, two types of damage to the protein molecules may occur.
One is the fragmentation and another is aggregation (Bosshard
et al., 2010; Sun et al., 2014). In this research, BSA might undergo
progressive covalent cross-linking to form dimers, trimers and even
tetramers, partially form the intermolecular bityrosine (Puchala
and Schuessler, 1993). The formation of these polymer networks
intermediates could diminish the mobility of the intermediates and
reduce the access of the BSA to the TiO2 electrode surface for the PC
degradation reaction in the thin-layer cell. It is also possible that
these large size intermediates are difﬁcult to be further oxidized,
leading to the inhibition of the catalyst surface, terminating or
reducing the PC processes. The same phenomena was also observed
during the photocatalytic inactivation of bacteria although the
bacteria can be photocatalytically decomposed into some large
molecule biological compounds. But the photocatalytic activity of
catalysts can be easily found to be decrease fast with increase
recycling times due to the block of the organic debris of decomposed bacteria (Shi et al., 2014).
Additionally, it is also considered that the formations of OH
could potentially lead to the change of the pH values around the
microenvironment of BSA molecules, which can badly weaken the
inner hydrogen bonds of BSA molecules. Therefore, the disappearance of disulﬁde and hydrogen bonds that are the major attributors
to maintain the secondary structures of BSA molecules, which
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enhanced to nearly 4 times of the degradation efﬁciency for PC
treatment at low BSA concentration of 8 mg L1 (Fig. 3a). In strong
contrast to PC degradation, the PEC mineralization percentage only
decreased very slightly and no decomposition termination was
observed when the initial BSA concentration was further increased.
Such a performance enhancement can be attributed to the combined effect of electrochemical technique and PC oxidation process.
Introduction of electrochemical technique allows the application of
a potential bias, which can serve as an external motive force to
timely remove the photogenerated e from the conduction band. It
is effectively suppressing the recombination of photocatalytically
generated electrons/holes and leading to a dramatically improved
the light efﬁciency (Zhao et al., 2004; Zhang et al., 2006). The ability
to timely remove the photogenerated e from the conduction band
also prolongs the lifespan of photogenrated holes, enabling the hole
to directly react with BAS. The strong oxidative power of the hole
(þ3.1 V), which is more powerful oxidizing agent than OH (which
is the main oxidizing agent in PC process), could rapidly decompose
the BSA and produced intermediates with direct contact towards
the photoanode surface. Additionally, the reaction mechanisms/
pathways of PC (dominated by OH attacks) and PEC (dominated by
hþ attacks with assistance of OH attacks) processes enhance the
produced intermediates during PC and PEC processes could be
different (Zhao et al., 2014; Li et al., 2015a, 2015b). These mechanistic differences between PC and PEC processes could be the
essential attributors to the dramatically improved PEC
performance.

Fig. 3. PC and PEC degradation of (a) BSA; (b) lecithin; and (c) DNA.

cloud lead to the extension of the peptide chain (Wang et al., 2006).
Subsequently, the remaining amino acid may spread or adhere onto
the surface of TiO2 electrode (Park et al., 2008), causing diminution
of speciﬁc surface of catalyst accessible to light and the reactant.
Another reason is that amino acid side chains are very important
sites for oxidation agents attack at proteins due to the steric hindrance of main chain a-carbon (Hawkins and Davies, 2001). BSA is
characterized by a low content of tryptophan and methionine, and
a high content of cystine and the charged amino acids such as
aspartic acid, glutamic acids, lysine and arginine. However, other
research showed that the amino acids containing eOH (Ser), NH
(Trp, His), oreNH2 (Asn) in their side chain appeared to be adsorbed
more favorably towards photoanode and become more vulnerable
to the PC oxidation and showed high decomposition rates (Tran
et al., 2006).
To improve the degradation efﬁciencies, PEC treatment method
was then applied in this study. The PEC oxidation was ﬁrstly
investigated in the absence of organics. All experiments were carried out using the thin-layer photoelectrochemical cell. Compared
with PC oxidation, the PEC degradation efﬁciencies are signiﬁcantly

3.3.2. PC and PEC degradation of L-a-lecithin
It is well known that lipids are large molecule biological compounds, possessing very different chemical compositions and
properties to other large molecule biological compounds such as
proteins and DNA. They are also an important class of biological
compounds serving as the building bock for various microorganisms (Yin et al., 2011; Jacobson et al., 2015). To obtain evidence for
better understanding the mechanistic pathways of PC and PEC
decomposition of cell membranes and shed light on the need of
mimicking the environment in which the TiO2 particles will reside,
lecithin was used as a model lipid in this work. This is because
lecithin is not only one of the essential components of the cell
membranes (Stubiger et al., 2009), but also has been widely used as
a biosurfactant in the cosmetic industry for few decades (Zhao
et al., 2008).
Fig. 3b shows the PC and PEC mineralization percentage of L-alecithin. In case of BSA degradation, the effect of the concentrations
on PC mineralization percentage trend differed remarkably from
the mineralization percentage trend of the PEC process, as
demonstrated in Fig. 3a. In strong contrast, for the degradation of
lecithin, the effect of the concentration on the mineralization percentage trend for PC and PEC processes were found to be very
similar, except higher degradation efﬁciencies were obtained from
PEC treated samples. The obtained trend of mineralization percentages decreased gradually with the increased lecithin concentration ranged from 5 to 20 mg L1. No obvious further decrease in
the mineralization percentage was observed when the concentrations were greater than 50 mg L1. Though the obtained mineralization percentages of PEC were higher than those of PC within the
entire concentration range investigated, the magnitude of the
enhancement was not as dramatically as achieved for the case of
BSA degradation. This could be due to that lecithin is a kind of lipid,
in aqueous solution, its phospholipids can spontaneously form
either vesicles, liposomes, bilayer sheets, micelles, or lamellar
structures, depending on hydration and temperature (Bangham
and Horne, 1964). A new lecithin liposome might form after the
damage take place on the old lecithin liposome by PC and PEC
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treatment, because of its ﬂuid property.
3.3.3. PC and PEC degradation of DNA
Unlike lipids and proteins which are all constituents of the cell
surface, the nucleic acids are located in the center of cells and are
shielded against the attack by oxidants. Therefore, the shielded
nucleus will be attacked after the destruction of the cell membrane,
if a whole cell was subjected to PC and PEC treatment. This reaction
can occur when either the nucleic acids ﬂow out of the cell or the
reactive oxygen species diffuse into the cell and initiate the
oxidation of nucleic acids and other intracellular macromolecules
(Sun et al., 2014). That is why very low concentration of the DNA
was selected in this work as compared with that of other two large
molecule biological compounds for example BSA and L-a-lecithin. It
is therefore intended to investigate the PC and PEC degradation
properties of E. coli genomic DNA.
Fig. 3c shows the PC and PEC degradation efﬁciencies of DNA. It
revealed that 51.4% and 88.2% of 0.1 mg L1 DNA were completely
mineralized in the PC and PEC, respectively. That is, carbon atoms
were converted to CO2, hydrogen to H2O and nitrogen to NH3. The
degradation efﬁciencies of both PC and PEC gradually decreased as
the DNA concentration increased. However, the PEC degradation
efﬁciencies curve decreased much ﬂatter than those of PC degradation with the increase of concentration. In addition, it is worth
noting that, as expected, the PC degradation ability is profoundly
enhanced because the recombination of photogenerated electrons/
holes can be suppressed by applied potential bias in PEC system
(Zhang et al., 2006).
3.3.4. Comparison of PC and PEC degradation of large molecule
biological compounds
From the above results, it was found that the degradation efﬁciencies of three different kinds of the biological building blocks of
microorganisms can vary even at identical experimental conditions
because of their unique prosperities.
Fig. 4 shows the plot of Qmineralization obtained from PC degradation against the QCOD obtained from chemical degradation under
standard COD conditions for BSA, lecithin and DNA. In case of BAS
(Fig. 4a), as the initial BSA concentration increased, the Qmineralization
decreased when plotted against the QCOD, suggesting a higher
mineralization efﬁciency of dichromate method towards BSA. The
nonlinear relationship can be attributed to the inability of PC
degradation of BSA as demonstrated in Fig. 3a.
In contrast, a good linearity with R2 value of 0.9808 and 0.9996
were obtained from PC degradation of lecithin and DNA, respectively (Fig. 4b and c). The slope values of 0.046 for lecithin and 0.420
for DNA were obtained, suggesting the measured Qmineralization
values were of 4.6% and 42% of the measured QCOD values for lecithin and DNA samples, respectively. Assuming the obtained QCOD
values are the measure of the theoretical charge required for
complete mineralization, then these results demonstrated that
using QCOD values as the reference, the mineralization efﬁciencies of
4.6% for lecithin and 42.0% for DNA were achieved under PC
degradation conditions.
Fig. 5 shows the plot of Qmineralization obtained from PEC degradation against the QCOD obtained from chemical degradation under
standard COD conditions for BSA, lecithin and DNA. As seen, the
good relationships with R2 values of 1.0 for BSA, 0.9995 for lecithin
and 0.9999 for DNA were obtained. These excellent linear relationships suggest that under PEC degradation conditions, the
background charge generated from the water oxidation is ﬁxed
regardless of type of substrates and their concentrations.
Slope values obtained under such PEC degradation conditions
were of 0.410, 0.198 and 0.831 for BSA, lecithin and DNA, respectively. If the measured QCOD values are the measure of the

Fig. 4. Mineralization charges obtained versus initial chemical charges of (a) BSA, (b)
lecithin and (c) DNA during PC degradation.

Fig. 5. Mineralized charges obtained versus initial chemical charges of BSA, lecithin
and DNA during PEC degradation.
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theoretical charge required for the complete mineralization, then
these results demonstrated that using the QCOD values as the
reference, the mineralization efﬁciencies of 41.0% of BSA, 19.8% of
lecithin and 83.1% of DNA can be achieved under PEC degradation
conditions, which is much higher than those of PC mineralization
efﬁciencies. These reveal that DNA is the easiest one to be PEC
decomposed, while lecithin is the most difﬁcult one to be decomposed among the three different types of biological compounds,
under identical experimental conditions. A possible reason for high
PEC degradation efﬁciencies of DNA could be due to its molecular
structure. Chemically, DNA consists of two long polymers of simple
units called nucleotides, with backbones made of sugars and
phosphate groups joined by ester bonds. Two nucleotides binding
together by hydrogen bonds, which can be broken relatively easily
(Clausen-Schaumann et al., 2000). As previously explained, low PEC
degradation efﬁciencies of lecithin could be also due to its unique
molecular structures as some difﬁcult oxidizable intermediates
such as malondialdehyde, 4-hydroxynonenal, and lipophilic aldehydes can be produced during this process (Blake et al., 1987),
although lipid is particularly susceptible to the oxidative damage
(Massa et al., 2012).
4. Conclusions
As a part of the developed “bottom-up” strategy, PC and PEC
degradation of large molecule biological compounds such as BSA,
lecithin and bacterial genomic DNA have been quantitatively performed. To estimate the mineralization of efﬁciencies of these large
molecule biological compounds with unknown chemical formula, a
new method has been ﬁrstly developed and experimentally validated. For all large molecule biological compounds investigated are
found to be PC and PEC degradable, and incomplete PC mineralization has been observed for all large molecule biological compounds investigated, especially for BSA. Furthermore, the PEC
degradation method is more effective than that of PC degradation
for all large molecule biological compounds investigated. And the
PEC mineralization efﬁciency of DNA is the highest among lecithin
and BSA, while the lowest PEC mineralization efﬁciency is obtained
for lecithin. The PEC/PC mineralization ratios are found to follow an
order of BSA > lecithin > DNA. This built fundamental research will
provide quantitative information for further evaluation of PC and
PEC destruction of microbiological pollutants with unknown
chemical formulas such as bacteria and virus.
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