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a b s t r a c t
This study investigated the feasibility of photocatalytic degradation and detoxiﬁcation of antiviral pharmaceuticals using a novel graphitic carbon nitride (g-C3 N4 )/TiO2 hybrid photocatalyst under visible light
irradiation. The results indicated that acyclovir is difﬁcult to be mineralized, although it could be completely degraded within 90 min using this high stable hybrid photocatalyst. Further investigation found
that three main intermediates (P1, P2, and P3) produced during the photocatalytic process remain persistent, due to the low oxidation potential of the highest occupied molecular orbital (HOMO) of g-C3 N4 .
The acute and chronic toxicities of acyclovir and these three intermediates were assessed at three trophic
levels with theoretical calculated data obtained by the “ecological structure-activity relationships” program. The results found that toxicities of two of the intermediates P1 and P2 were lower than the toxicity
of acyclovir to three levels tested organisms. However, the aquatic toxicity of the third intermediate P3,
guanine, was more than double that of acyclovir, although most toxicity values still fell in the same toxic
class except for the chronic impact on daphnia (acyclovir is harmful, and the guanine intermediary is
toxic). This study’s ﬁndings support the selection of new photocatalysts for purifying and detoxifying
environmental pharmaceuticals in water.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Pharmaceuticals can signiﬁcantly improve worldwide public
health and quality of life when used to treat infectious diseases.
However, the overuse of pharmaceuticals, especially antibiotics,
threatens both the environment and human health. Pharmaceuticals and their metabolites are becoming increasing ubiquitous in
aquatic environments and even in drinking water. These chemicals
are introduced as a result of human and animal use, or as residues
from manufacturers and hospitals [1–3]. The continuous usage and
perfusion of these pharmaceutical compounds in water environments may make them “pseudo-persistent,” even if they have short
half-lives [4,5]. Further, most pharmaceuticals, including antibiotics, may pose serious threats to the ecosystem and human health,
even at low concentrations [6–9].
Effectively removing pharmaceuticals from water is a challenge
[10–12]. Conventional wastewater and drinking water puriﬁcation
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treatments do not always efﬁciently eliminate pharmaceuticals,
because they were never designed to remove these emerging
organic contaminants (EOCs). Furthermore, conventional biological treatment processes create an environmentally suitable hotpot
for antibiotic resistant bacteria and genes, because bacteria are
continuously mixed with antibiotics at sub-inhibitory concentrations [13,14]. Therefore, new technologies are needed to effectively
eliminate these pharmaceuticals from water.
Semiconductor TiO2 photocatalysis has emerged as a promising
technology to purify wastewater containing a wide array of organics, including pharmaceuticals [12,15–17]. Its beneﬁts include
superior photocatalytic oxidation ability, nontoxic and stable characteristics. However, TiO2 photocatalysis uses UV light with  less
than 380 nm because of its wide band gap. This hampers its potential practical applications in environmental remediation, where
visible light is used [18].
Recently, graphitic carbon nitride (g-C3 N4 ) has attracted worldwide attention because of its low band gap, which can lead to
the efﬁcient light harvesting within the visible light region. This
unique property and its electric conductivity make it promising for
potential applications and theoretical predictions [19–21]. Wang
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et al. ﬁrst used g-C3 N4 as a photocatalyst to successfully produce
hydrogen [21], and since then, research has explored H2 evolution
and organics degradation [22,23]. However, pure g-C3 N4 has some
shortcomings, such as rapid recombination of photo-generated
electron–hole pairs, resulting in low photocatalytic activity [24,25].
Therefore, different g-C3 N4 -based photocatalysts have been synthesized to promote the visible light photocatalytic activity of
g-C3 N4 .
Among these abundant g-C3 N4 —based photocatalysts, gC3 N4 /TiO2 has been frequently constructed because of its
enhancement of electron hole separations and subsequent high
photocatalytic activity [26,27]. Nevertheless, most of these works
had mainly focused on using g-C3 N4 /TiO2 composite as a catalyst under visible light irradiation to produce H2 [28,29] or to
degrade common organics, such as dye [30–32], phenol [33,34],
formaldehyde [35], or dibenzothiphene [36]. To date, there has
been little research into the photocatalytic decontamination ability of g-C3 N4 /TiO2 and its mineralization mechanism for EOCs in
water, especially for the decomposition of pharmaceuticals. We
have, however, successfully used this newly-prepared promising
photocatalyst to explore the photocatalytic inactivation and further
decomposition of gram-negative bacterium Escherichia coli [37].
In this study, this fabricated hybrid photocatalyst was tested for
its possible use to decontaminate environmental pharmaceuticals
in water, given the coexistence of pharmaceuticals and biohazards in wastewater and drinking water. First, the photocatalytic
degradation and mineralization of acyclovir (an antiviral drug)
in the aquatic environment were attempted using this visiblelight-driven g-C3 N4 /TiO2 composite as photocatalyst. Second, the
decomposition mechanism was studied in detail, to identify various degradation intermediates. Third, the potential risks posed by
acyclovir and its photocatalytic degradation intermediates were
also evaluated using a high throughput computational tool, the
“ecological structure-activity relationships” (ECOSAR) program.
2. Experimental section
2.1. Synthesis of hybrid photocatalysts
The g-C3 N4 /TiO2 hybrid photocatalyst with visible light
response was synthesized using a facile hydrothermal-calcination
approach [37]. In this process, 1.0 g NH4 F (analytical grade,
Guangzhou Chemical Reagent Factory, China) and 1.0 g melamine
(analytical grade, Guangzhou Chemical Reagent Factory, China)
were ﬁrst dispersed into 40 mL deionized water, and then exposed
to ultrasound for 30 min. The mixtures were transferred into
100 mL Teﬂon-line autoclaves with the cleaned Ti foils (99.6%
purity, 50 × 25 × 0.16 mm, Baoji Haiji Titanium & Nickel Co., Ltd.,
China) placed vertically; the material was then hydrothermally
treated at 150 ◦ C for 72 h in an oven. After the hydrothermal reaction, the resultant materials were collected using a centrifuge,
thoroughly washed with distilled water, and dried at 80 ◦ C. Materials were then heated to 550 ◦ C in alumina crucibles sealed
with aluminum foil in a mufﬂe furnace for 4 h, at a heating
rate of 20 ◦ C min−1 . As a control for comparison, the pure TiO2
was prepared without added melamine and with 1.0 g NH4 F at
a hydrothermal temperature of 150 ◦ C for 72 h. The pure g-C3 N4
was also synthesized by directly heating melamine; the TiO2 was
prepared using identical heating procedure for the control.
2.2. Procedure for photocatalytic degradation
The photocatalytic degradation of acyclovir (98.0% purity, Tokyo
Chemical Industry Co., Ltd, Japan) was conducted in a 110 mL glass
reactor. Thirty milligrams of the catalyst was ﬁrst added to a 100 mL
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acyclovir solution (10 ppm). The reaction solution was kept at
approximately 25 ◦ C and stirred with a magnetic stirrer throughout
the experiment. Dark adsorption was allowed for 30 min to establish an adsorption-desorption equilibrium; then, a 300 W Xe lamp
(>420 nm with an UV ﬁlter, light intensity: 30 mW cm−2 ) was activated. Next, 3 mL sample solutions were collected at different time
intervals; each was ﬁltered through a 0.22 m Millipore ﬁlter for
later analysis.
Acyclovir concentrations were determined using high pressure liquid chromatography (HPLC, Agilent 1200) with a dual
absorbance detector (DAD) detector at a wavelength of 252 nm
equipped with a Kromasil ODS (5 m, 4.6 mm × 250 mm) reversephase column. The mobile phase was a mixture of methanol and
water (V:V = 1:9) with a ﬂow rate of 1.0 mL min−1 . HPLC tandem
mass spectrometry (HPLC/MS/MS, Waters Xevo TQ, Micromass MS
Technologies, UK) was used to identify degradation intermediates.
2.3. Total organic carbon (TOC)
The total organic carbon (TOC) in the degradation solution at
different intervals was measured using a TOC analyzer (Shimadzu
TOC–VCPH, Kyoto).
2.4. Eco-toxicity assessment
The acute and chronic toxicities of acyclovir and its degradation intermediates were assessed using calculated data from the
ECOSAR program [38]. This program has successfully predicted
aquatic toxicities and has been used to screen environmental EOCs
[39,40]. Exposure risks to aquatic organisms were considered at
three different trophic levels: green algae, daphnia, and ﬁsh. Acute
toxicity is expressed using EC50 values (the pollutant concentration that inhibits green algae growth by 50% growth after 96 h) and
LC50 values (the pollutant concentration that leads to the death of
50% ﬁsh and daphnia after 96 and 48 h exposures, respectively). The
lowest values for each LC50 and EC50 endpoint were used to yield
the most conservative estimates.
3. Results and discussion
3.1. The photocatalytic degradation of acyclovir under visible
light irradiation
This study examined the photocatalytic degradation of a typical antivirus pharmaceutical, acyclovir, to evaluate the visible light
activity of hybrid photocatalysts comprised of g-C3 N4 and TiO2 ,
prepared at various conditions. Pure g-C3 N4 and TiO2 were used as
control photocatalysts to provide a baseline comparison. As Fig. 1a
shows, the acyclovir was stable with pure TiO2 under visible light
irradiation; only a very slight change of acyclovir concentration was
seen within 300 min (5 h).
Comparatively, the photocatalytic degradation of acyclovir
using pure g-C3 N4 was much more efﬁcient than with TiO2
under visible light irradiation. Complete acyclovir degradation was
achieved within 240 min using g-C3 N4 /TiO2 as photocatalyst. The
degradation rate constant was 0.0076 min−1 (Table S1). This is
because g-C3 N4 has a small band-gap, and thus can harvest photons
within the visible light region to generate e− and h+ pairs [41,42].
In addition to the h+ of g-C3 N4 , the generated e− can subsequently
produce other reactive species (RSs), such as • O2 − and H2 O2 . These
species can also attack and decompose acyclovir.
The g-C3 N4 /TiO2 hybrid photocatalyst prepared at 1.0 g NH4 F at
a hydrothermal temperature of 150 ◦ C for 72 h demonstrated the
highest rate constant for acyclovir degradation, at 0.0157 min−1 .
This was approximately twice as fast as the pure g-C3 N4 and the
complete degradation of acyclovir could be achieved only within
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Fig. 1. The photocatalytic degradation of acyclovir under visible light irradiation using (a) pure TiO2 , g-C3 N4 , and g-C3 N4 /TiO2 ; (b) the photocatalysts prepared at 1.0 g NH4 F
and treated for 72 h with different hydrothermal temperatures; (c) the photocatalysts prepared at hydrothermal temperature of 150 ◦ C treated for 72 h with different NH4 F
concentrations; (d) the photocatalysts prepared at 1.0 g NH4 F and hydrothermal temperature of 150 ◦ C treated with different times.

90 min. Higher photocatalytic activity of g-C3 N4 /TiO2 occurred
because of the existed large number of amino, carboxyl, and
hydroxyl groups in the hybrid photocatalyst; these could form
cross-linked connections and covalent bonds between g-C3 N4 and
TiO2 [37]. This could strengthen the chemical interaction and may
be of signiﬁcance to the transfer carriers, inducing a synergetic
effect to enhance visible light absorbance and photocatalytic activity [43–45].
For the samples prepared at different hydrothermal temperatures (Fig. 1b), the highest rate constant (0.0157 min−1 ) for
the photocatalytic degradation of acyclovir was obtained using
the sample fabricated at 150 ◦ C (Table S1). Lower and higher
hydrothermal temperatures decrease the photocatalytic activity of
the resultant catalysts. For example, the rate constant of the catalyst obtained at 120 ◦ C (0.0081 min−1 ) was low and only slightly
higher than that of the pure g-C3 N4 . In addition, the sample prepared at 180 ◦ C also had very low photocatalytic activity under
visible light irradiation. This is due to that only solid agglomerated
g-C3 N4 and ﬂower-like anatase TiO2 were obtained at hydrothermal temperatures of 120 ◦ C and 180 ◦ C, respectively. In contrast, the
photocatalyst prepared at the hydrothermal temperature of 150 ◦ C
is composed of micron-sized TiO2 spheres wrapped with lamellar
g-C3 N4 , signiﬁcantly improving the visible light absorption of the
catalyst and effectively separating photo-generated electron-hole
pairs [37].
This study also assessed the photocatalytic degradation of acyclovir using the photocatalysts prepared with different added
amount of NH4 F (Fig. 1c). When less than 0.5 g NH4 F was added,
the rate constants of the obtained catalysts were slightly less than
that of pure g-C3 N4 (Table S1); complete removal of acyclovir could
be achieved within 240 min. Increasing NH4 F from 0.8 to 1.0 g,
signiﬁcantly increased degradation rate constants from 0.0097
to 0.0157 min−1 , and complete degradation of acyclovir could be
achieved within 150 and 90 min, respectively. This suggests that
photocatalytic activity was enhanced with more NH4 F. However,

further increasing NH4 F to 1.5 g led to a dramatic decrease of the
photocatalytic activity of resultant catalyst, with a rate constant of
0.0005 min−1 , and the removal of only 8% acyclovir within 300 min.
This drop is because the low amount of additional NH4 F could not
efﬁciently etch the Ti foil to produce good TiO2 crystal seeds in the
solution. As such, only g-C3 N4 was seen in the prepared samples
[37]. Too much NH4 F (e.g. 1.5 g) would led to the formation of the
highly acidic compound NH4 HF2 in hot water. This would result
in complete melamine hydrolysis, generating tricyanicacid rather
than g-C3 N4 [46]. That is, only micron-sized TiO2 spheres with the
diameter of ca. 4 m were observed under these conditions [37].
Hydrothermal time also signiﬁcantly affected the photocatalytic
activity of the resultant catalysts (Fig. 1d). Setting hydrothermal
time to less than 72 h increased photocatalytic activities of the samples, and acyclovir could be completely degraded within 90 min.
The rate constants for the photocatalysts prepared at 24, 48, and
72 h were obtained as 0.0041, 0.0099, and 0.0157 min−1 , respectively (Table S1). Further increasing hydrothermal time to 120 h
decreased photocatalytic activity of the prepared photocatalysts,
and decreased the rate constant to 0.0135 min−1 for the photocatalytic degradation of acyclovir. The reason is that the prepared
sample is composed of micron-sized TiO2 spheres and wrapped
with lamellar g-C3 N4 . According to the X-ray diffraction (XRD)
characterization, anatase TiO2 and g-C3 N4 diffraction peak intensities increase rapidly as hydrothermal time increased from 24 to
72 h, then dropped slightly as the hydrothermal time extended to
120 h [37].
All these results suggest that the hydrothermal temperature
and treatment time, as well as the added amount of NH4 F, significantly affect the visible light photocatalytic activity of acyclovir
degradation. The optimal conditions for the g-C3 N4 /TiO2 hybrid
photocatalyst for the degradation of acyclovir were: 1.0 g NH4 F,
at a hydrothermal temperature of 150 ◦ C, for 72 h. The optimal g-C3 N4 /TiO2 hybrid photocatalyst consists of micron-sized
TiO2 spheres (average diameter: ca. 2 m), wrapped with lamel-
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Fig. 2. Photocatalytic degradation of acyclovir with different scavengers by gC3 N4 /TiO2 hybrid photocatalyst prepared with 1.0 g NH4 F and hydrothermal
temperatures of 150 ◦ C for 72 h.

lar g-C3 N4 (thickness: ca. 2 nm), with narrowing band-gap (ca.
2.48 eV). The highest photocatalytic degradation efﬁciency of acyclovir (100% within 90 min) was seen with the highest rate constant
of 0.0157 min−1 .
Similar results were seen in our previous work, which found that
the best photocatalytic inactivation efﬁciency of E. coli occurred at
these same conditions [37]. Furthermore, the stability of the resultant optimal g-C3 N4 /TiO2 hybrid photocatalyst was also evaluated.
As Fig. S1 shows, after 5 recycling runs, there was a negligible decrease in acyclovir degradation efﬁciency using the optimal
hybrid photocatalyst. This suggests that g-C3 N4 /TiO2 has high stability and great potential practical applications for environmental
puriﬁcation under visible light irradiation.
3.2. Contribution of different RSs.
During the photocatalytic treatment process, different reac•
tive species (RSs), such as h+ , • OH, e− , H2 O2 , and O2 − , may be
generated and attack the acyclovir using g-C3 N4 /TiO2 as a photocatalyst. As such, experiments were done to add individual scavengers
to remove the respective RSs in the degradation reaction and to
further identify their contributions to the photocatalytic degradation of acyclovir. Studied scavengers included Na2 C2 O4 (10 mM)
for h+ , K2 Cr2 O7 (50 M) for e− , and isopropanol (10 mM) for • OH
[47,48]. As Fig. 2 and Table S2 show, without adding any scavengers,
faster degradation of acyclovir was observed, with a photocatalytic degradation rate constant of 0.0157 min−1 . However, adding
Na2 C2 O4 signiﬁcantly inhibited acyclovir degradation, with an acyclovir degradation rate constant of only 0.0083 min−1 .
This result indicates that the valence band (VB) h+ played an
important role in the photocatalytic degradation of acyclovir in this
system. Nevertheless, when • OH was scavenged by isopropanol, the
photocatalytic degradation efﬁciency dropped only slightly, compared to when no scavengers were used. This further conﬁrmed that
it is VB h+ , rather than its derivatives • OH, that play an important
role in this photocatalytic degradation system.
To further discriminate the role of the conduction band (CB)
RSs, K2 Cr2 O7 was added to quench e− . Photocatalytic degradation
efﬁciencies, as well as the rate constant (0.0073 min−1 ), decreased
even more than those when Na2 C2 O4 was added, indicating that
CB e− also played an important role in this system. To further
determine whether the acyclovir was attacked by e− itself or its
derivatives O2 •− or H2 O2 , a solution was added containing isopropanol and Na2 C2 O4 degassed with N2 . This was done to reserve
only CB e− . Only a slight decrease in the acyclovir concentration
was observed, suggesting that CB e− only plays a minor role in

Fig. 3. The HPLC chromatograms obtained for the photocatalytic treated acyclovir
samples at different reaction intervals by g-C3 N4 /TiO2 hybrid photocatalyst under
visible light irradiation. Retention time: tR (acyclovir) = 5.1 min; tR (P1) = 3.4 min;
tR (P2) = 3.0 min; tR (P3) = 2.8 min.

this photocatalytic process [47]. As such, other RSs derived from
CB e− , such as O2 •− and H2 O2 , were the predominant contributors to acyclovir degradation when g-C3 N4 /TiO2 was used as the
photocatalyst. Therefore, the photo-generated h+ and O2 •− or H2 O2
derived from CB e− were the main RSs for the photocatalytic degradation of acyclovir. These RSs directly oxidized and decomposed
acyclovir, while • OH only played a minor role in this visible light
driven system [49,50].
•
The ﬁnding that h+ and O2 − act as the main RSs in the photocatalytic degradation of organics generally aligns with other research
that has used g-C3 N4 -based photocatalysts [51,52]; however, • OH
was found to be dominantly responsible for acyclovir degradation
in the UV/TiO2 system in our previous work [12]. These different
results imply that the presence of g-C3 N4 with a TiO2 photocatalyst can signiﬁcantly affect the physic-chemical properties of hybrid
photocatalysts and inﬂuence main RSs in the photocatalytic organic
treatment process. This may lead to different degradation mechanisms.
3.3. Photocatalytic degradation mechanism of acyclovir
The photocatalytic degradation intermediates of acyclovir by
this visible-light-driven photocatalyst were also detected and identiﬁed with a HPLC/MS/MS. Fig. 3 shows the HPLC chromatograms of
acyclovir degradation at different irradiation times. For untreated
samples, there was an absorption peak with a retention time (tR ) of
5.1 min. This points to the original acyclovir molecule. After 30 min
of treatment, the acyclovir concentration decreased approximately
20%.
Simultaneously, three degradation intermediates (P1 with tR
3.4 min, P2 with tR 3.0 min and P3 with tR 2.8 min) were detected.
All of them were more hydrophilic than the original compound acyclovir, although these peaks are very tiny. After 60 min of treatment,
the acyclovir peak signiﬁcantly decreased, while the three degradation intermediates increased. The intermediate P1 increased the
most. After 90 min of treatment, the acyclovir peak decreased
to below the detection limit; the intermediate P1 concentration
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Fig. 4. Proposed visible-light-driven photocatalytic degradation pathway of acyclovir in water by g-C3 N4 /TiO2 hybrid photocatalyst.

Fig. 5. TOC reduction during the photocatalytic treatment of acyclovir.

increased gradually, and the peaks of intermediates P2 and P3 did
not signiﬁcantly change. As the reaction time continued, the three
intermediate peak heights are quite stable.
These trends can also be seen in the UV absorption spectrum
during the acyclovir decomposition process (Fig. S2). Acyclovir
structures and fragmentation patterns, as well as those of its degradation intermediates, were all identiﬁed from MS data and are
illustrated in Figs. S3 and S4, respectively. The main intermediate, P1 with m/z 214, was ﬁrst obtained during the photocatalytic
degradation process. This corresponds with the monohydroxylation of the purine ring and the breakdown of CC bond from the side
chain. The intermediate P2 with m/z 205 resulted from the breakdown of the acyclovir purine ring. By prolonging the irradiation
time, another intermediate, P3 with m/z 152, was identiﬁed as guanine; this was produced through the loss of the side chain (Fig. 4).
All three intermediates were also detected during the photocatalytic degradation of acyclovir in the previously studied UV/TiO2
system [12]. To conﬁrm the accurate identiﬁcation of the intermediate, the identity of intermediate P3 (guanine), was also validated
using the fragmentation pattern of an authentic standard.
This research also investigated the extent of mineralization
of acyclovir during the photocatalytic degradation process, using

the visible-light-driven hybrid g-C3 N4 /TiO2 photocatalyst (Fig. 5).
Unexpectedly, the TOC concentration of the degradation solution
showed negligible change, even after 7 h of irradiation time, while
the acyclovir could be degraded completely within 90 min. This
suggests that the degradation intermediates were very persistent,
and could not be fully mineralized by the RSs produced in this system under visible light irradiation. This trend was also seen during
the acyclovir biodegradation process [53], although TOC removal
can be decreased to more than 60% (within 120 min) in the UV/TiO2
system [12]. This outcome also differs from the conclusion that the
photocatalytic inactivation of bacteria, E. coli, could be completely
achieved by this fabricated g-C3 N4 /TiO2 hybrid photocatalyst under
visible light irradiation [37].
It was worth investigating why the degradation intermediates
of acyclovir are so persistent and difﬁcult to be mineralized during
the photocatalytic process. One reason may be the low capacity of
the g-C3 N4 /TiO2 hybrid photocatalyst. That is, under visible light
irradiation, the g-C3 N4 is photoexcited, separating e− and h+ in the
lowest (LUMO) and highest occupied molecular orbital (HOMO),
respectively. The CB of TiO2 with -0.4 V oxidation potential is more
positive than the LUMO of g-C3 N4 (−1.12 V); the VB of TiO2 (+2.8 V)
is lower than the HOMO of g-C3 N4 (+1.57 V) [54,55]. As such, the e−

Fig. 6. Theoretical calculated data of aquatic toxicity of acyclovir as zwell as its degradation intermediates.
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could efﬁciently transfer from the LUMO of photoexcited g-C3 N4 to
the CB of TiO2 .
As a result, a large number of e− could accumulate onto the TiO2
surface, forming O2 •− and then H2 O2 through the scavenging of e−
by the adsorbed O2 on the catalyst surface. Although the suitably
matching CB and VB levels effectively promote charge separations
and suppress photo-generated e− and h+ pair recombination [56],
the oxidation potential of the HOMO of g-C3 N4 was only 1.57 V. For
this reason, this system cannot completely mineralize acyclovir and
its degradation intermediates, due to the low oxidation potential of
the RS produced and not directly oxidized to generate • OH (2.7 V).
Despite this, the bacteria can be successfully inactivated and further
decomposed under certain conditions [37].
3.4. Toxicity predictions of degradation intermediates formed
during the photocatalytic degradation of acyclovir
The ECOSAR program was used to predict the acute and chronic
toxicities of acyclovir and its degradation intermediates at three
trophic levels. As Fig. 6 shows, the acute toxicity of acyclovir was
estimated as LC50 for ﬁsh and daphnia, and as EC50 for green algae.
These values were 1.76 × 103 , 69.2, and 2.62 mg L−1 , respectively.
According to the European Union criteria (Table S3), acyclovir is
classiﬁed as not harmful for ﬁsh, harmful for daphnia, and toxic
for green algae. Chronic toxicity values (ChVs) of acyclovir were
predicted as 3.89 mg L−1 for ﬁsh, 2.04 mg L−1 for daphnia, and
3.62 mg L−1 for green algae. Based on the Chinese hazard evaluation
guidelines for new chemical substances (HJ/T 154–2004) (Table S3),
acyclovir is classiﬁed as chronically harmful at all three trophic
levels.
To better understand the toxicity evolution during the photocatalytic degradation of acyclovir, the acute and chronic eco-toxicities
of the three persistent intermediates were also calculated. As Fig. 6
shows, both for acute and chronic toxicities, the LC50 (or EC50 ) and
ChV values of the intermediates P1 and P2 increased greatly, and
were about 3 (Fish ChV) to 454 times (Green algae EC50 ) higher than
those of acyclovir. The value was classiﬁed as non-harmful level for
all three tested organisms.
The degradation route I to form the P1 intermediate (the monohydroxylation of purine ring and the breakdown of CC bond from
the side chain of acyclovir) and the degradation route II to form the
P2 intermediate (the breakdown of purine ring in acyclovir) were
very effective in detoxifying acyclovir. The resulting intermediates
P1 and P2 were less toxic than acyclovir during this photocatalytic
degradation process. However, for degradation route III, the P3
(guanine) (formed from the losing the side chain from acyclovir)
was more toxic than acyclovir. That is, the LC50 (or EC50 ) and ChV
values of acyclovir were more than twice those of intermediate P3,
although most of these values fell in the same class except daphnia
ChV (acyclovir is harmful and intermediate P3 is toxic). These calculated eco-toxicities aligned with our previous experiments found
that guanine (P3) was a main intermediate and that the toxicity
to Daphnia magna increased gradually and then decreased when
extending the reaction time in the UV/TiO2 system [12]. The toxicity did not decrease because of the lower oxidation potential of the
HOMO of g-C3 N4 .
4. Conclusion
In summary, typical pharmaceuticals like acyclovir can be efﬁciently photocatalytically degraded using a g-C3 N4 /TiO2 hybrid
photocatalyst under visible light irradiation. However, this process
produces three persistent intermediates. Unfortunately, intermediary ecotoxicity, particularly the chronic toxicity of guanine (P3)
to daphnia, was signiﬁcantly enhanced during the photocatalytic
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degradation process. Given that the process produces persistent
intermediaries that resist mineralization, caution is needed. Using
g-C3 N4 /TiO2 as a visible light driven photocatalyst to decompose
pharmaceuticals must be carefully considered before applying the
technique to detoxify real pharmaceutical pollutants.
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