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a  b  s  t  r  a  c  t

Advanced  oxidation  processes  (AOPs)  relying  on in situ  generated  highly  reactive •OH  are  successfully
applied  to water  purification.  The  absolute  reaction  rate  constants  for •OH with  three antiviral  drugs  were
first reported  through  pulsed  radiolysis  experiments.  Results  found  that •OH reacted  quickly  with  these
substrates,  with  bimolecular  reaction  rate  constants  of  6.31 × 109, 5.13 × 109, and  7.05  ×  109 M−1s−1 for
1-amantadine,  2-amantadine,  and  rimantadine,  respectively.  The  photocatalytic  degradation  kinetics  of
substrates  were  followed  pseudo-first-order  kinetics  according  to  Langmuir–Hinshelwood  model  in  TiO2

suspensions,  and  the  apparent  rate  constants  were  obtained  as  0.076,  0.084,  and 0.102  min−1 for  three
antiviral  drugs,  respectively.  Scavenger  experiments  revealed  that •OH was  the  major  reactive  species
involved  in  antiviral  drugs  degradation.  To  probe  the  photocatalytic  degradation  mechanism,  the  fate
of nitrogen  elements  and  the  change  of total  organic  carbon  were  also  examined,  and  the  data  showed

− +
cotoxicity assessment that  all  three  drugs  could  be completely  mineralized  into  CO2, H2O, and  inorganic  ions  (NO3 and  NH4 )
without  generating  any  detectable  products  with  enough  degradation  time.  To  further  insight  into  the
potential  adverse  effect  of  three  antiviral  drugs  and  their  degradation  products,  the  acute  aquatic  toxicity
of degradation  solutions  were  evaluated  at three  different  trophic  levels,  and  the  toxicities  first  increased
slightly  and  then  decreased  rapidly  as  the  total organic  carbon  decreased.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Pharmaceuticals and personal care products (PPCPs) are emerg-
ng organic contaminates (EOCs) that have attracted extensive
ttention recently due to their occurrence in waters [1,2]. Personal
are products are washed directly into the wastewater streams,
hile a significant portion of pharmaceuticals also enter aquatic

nvironments as both the original forms and metabolized products
fter use and excretion. Although PPCPs are commonly presented at
ow concentration (typically ng–�g L−1), they constitute an impor-
ant concern due to their potential risks to aquatic ecological
ystems and human health even at trace levels [3–5].
Amantadine and its associated drug, rimantadine, have been
pproved to protect and treat influenza and Parkinsonism for sev-
ral decades [6,7]. Both of them are primarily used as therapeutic

∗ Corresponding author. Tel.: +86 20 85291501; fax: +86 20 85290706.
E-mail address: antc99@gig.ac.cn (T. An).

ttp://dx.doi.org/10.1016/j.cattod.2015.01.004
920-5861/© 2015 Elsevier B.V. All rights reserved.
influenza drugs of people and used as additive drugs for various
livestock [8,9]. Both drugs have been widely used in the developing
countries, because they are the cheapest ones against flu and afford-
able drugs. The extensive usage provides a continuous release of
them to the water environment, but it is difficult to eliminate these
EOCs by traditional wastewater treatment technologies [10,11].
Furthermore, their degradation as well as their potential risk to
aquatic ecological systems have never been attempted, although
amantadine was known to cause several pharmacologic effects on
the central nervous system stimulation at relatively high dose [12].

Advanced oxidation processes (AOPs), based on the produc-
tion of hydroxyl radical (•OH) as the main oxidative species, can
successfully degrade most organic contaminants. Among various
AOPs, TiO2 heterogeneous photocatalysis has been proved to be a
promising destructive technology to decontaminate water-soluble

refractory pharmaceuticals efficiently and cost-effectively [13,14],
due to the process can be carried out under mild condition [15].
The possibilities as well as the mechanisms of the photocatalytic
degradation of some pharmaceuticals have been reported [16,17].

dx.doi.org/10.1016/j.cattod.2015.01.004
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2015.01.004&domain=pdf
mailto:antc99@gig.ac.cn
dx.doi.org/10.1016/j.cattod.2015.01.004
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owever, most studies were mainly focused on the elimination of
arental compounds [17–19], although some degradation products
ere identified to be more toxicity to the aquatic ecosystems and

he public health [20]. Thus, the assessments of possible adverse
ffects of degradation products on environment are very essen-
ial. To our knowledge, the works concerning the photocatalytic
ecomposition of amantadine and rimantadine in water was never
ttempted until now. Therefore, their photocatalytic transforma-
ion kinetics and mechanism in AOPs, as well as the risk assessment
f degradation products are of great concern during the photocat-
lytic process.

With these backgrounds, the photocatalytic degradation kinet-
cs of three antiviral drugs with the protonation and neutral forms
re systematically studied under UV irradiation. In addition, the
ontribution of different reactive oxygen species to the photo-
atalytic degradation of substrates is also examined to properly
nderstand its environmental fate and transformation mechanism
sing different scavengers’ addition. Finally, the ecotoxicity risks
f three antiviral drugs as well as its degradation products were
ssessed at three different tropic levels as the total organic carbon
ecreased slowly.

. Materials and methods

.1. Materials

1-Amantadine, 2-amantadine, rimantadine (the structure as
hown in Scheme S1) and dansyl chloride (≥99% purity) were pur-
hased from Tokyo Chemical Industry Co., Ltd. Titanium dioxide
TiO2, P25, Degussa AG, Germany) was used as the photocatalyst.
uminescent bacterium Ptotobacterium phosphoreum (P. phos-
horeum) was purchased from the Institute of Soil Science, Chinese
cademy of Sciences (CAS), China. Selenastrum capricornutum (S.
apricornutum) and monoclonal Daphnia magna (D. magna)  were
indly provided by Prof. Xiangping Nie, Institute of Hydrobiology,
inan University, China. All the solutions were prepared using HPLC
rade water, which was obtained by the Milli-Q system by constant
llumination with a xenon arc lamp at 172 nm to keep total organic
arbon concentration below 13 �g L−1. Methanol and acetonitrile
HPLC grade) obtained from Sigma were used as solvent, and all
ther chemicals used were of at least analytical-reagent grade.

.2. Determination of •OH reaction rates

Bimolecular rate constants of •OH reaction with three antivi-
al drugs were determined using pulse radiolysis with competition
inetic model at Notre Dame Radiation Laboratory (NDRL), with the
-Mev Titan Beta model TBS-8/16-1S linear accelerator. Dosime-
ry was performed using N2O-saturated 0.87 mM KSCN solutions
t � = 472 nm,  with average doses of 3–5 Gy per 2–3 ns pulse. The
adiolysis of water is described in Eq. (1), where the numbers in
he parentheses are the G-values in �M J−1. All the experimental
ata were determined by averaging 8–12 replicate pulses using the
ontinuous flow mode of the instrument.

2O → e−
aq[2.7] + •H[0.55] + •OH[2.7] + H2[0.45]

+ H2O2[0.71] + H+[2.7] (1)

.3. Photocatalytic degradation experiments and toxicity assays
The photocatalytic degradation was carried out in an open Pyrex
eactor (150 mL,  Fig. S1) with a double-walled cooling-water jacket
o maintain the constant temperature of the solution (25 ± 1 ◦C)
hroughout the experiment. The light source was  a high-pressure
 258 (2015) 602–609 603

mercury lamp (GGZ-125, Shanghai Yaming Lighting, Emax = 365 nm)
with a power consumption 125 W,  which paralleled to the pho-
tocatalytic reactor. The UV light intensity at the surface of the
reactor was  controlled at 0.36 mW/cm2, measured with an UV-
irradiance meter (UV-A, Beijing Normal University). A 150 mL
solution (100 �M)  of substrate and certain amount of TiO2 was
added into the reactor according to the experimental designed val-
ues. Prior to illumination, the suspension was stirred in the dark
for 30 min  to achieve the adsorption equilibrium. Then the light
was turned on, signaling the start of photocatalysis. At given time
intervals, 3 mL  treated solution was sampled, and filtered through
0.22 �m Millipore filters to remove TiO2 particles for further anal-
ysis.

The ecotoxicities of treated drug solution were evaluated at
three trophic levels: P. phosphoreum,  S. capricornutum and D. magna.
The detailed procedure can refer to our previous publications
[21,22]. For the toxicity bioassay with P. phosphoreum,  the lumines-
cence was  determined with Dxy-3 analyzer (Nanjing Kuake, China),
and the toxicity was determined after 15 min  incubation. S. capri-
cornutum bioassay was  carried out according to the Organization
for Economic Co-operation and Development (OECD) guideline for
alga growth inhibition test No. 201, and the measurement of algal
biomass at different exposure times was done by manual cell count-
ing under microscope. D. magna bioassay was  carried out according
to the OECD guideline for D. magna acute immobilization test No.
202. The neonates (<24 h hold) of D. magna were used in all toxicity
assay and 10 animals were used at each treatment in Pyrex beakers
containing 50 mL  of the test solution. Toxicological endpoint was
the immobilization after 24 and 48 h exposure to the treated drug
solutions and the definition of immobilization is that daphnia are
not able to swim within 15 s after gentle agitation of the test ves-
sel. All the degradation and toxicity assessment experiments were
replicated in triplicate.

2.4. Analysis procedure

The analysis of three antiviral drugs was  performed with Agi-
lent 1200 series high-performance liquid chromatography (HPLC)
equipped with a florescent detector after they were derived with
dansyl chloride as shown in Scheme S2. Derivation procedure is
shown as follows: The 500 �L dansyl chloride solution was added
to 500 �L aliquot of 1-amantadine, 2-amantadine or rimantadine
solution and optimized to pH 9.0 as shown in Fig. S2, with sodium
bicarbonate–sodium hydroxide buffer solution. The mixture was
vortexed and incubated in air bath at 50 ◦C for 60 min. After the
derivation, conditions optimized and shown in Fig. S3, the solution
was subjected to HPLC analysis.

HPLC analysis: The concentrations of derivatives were analyzed
by Agilent 1200 series HPLC system under the following conditions:
Agilent XDB-C18 Eclipse (4.6 × 150, 5 �m particle size) performed
at 30 ◦C. The mobile phases used were water (A) and acetonitrile
(B) at flow rate of 1 mL  min−1, with the linear gradient elution set
as following: 0 min  20% B, 3 min  40% B, 4 min 70% B, 5 min 90% B,
11 min  90% B and 12 min  20% B. The fluorescence detection was
setup as excitation at 320 nm and emission at 523 nm.

Ion chromatography (IC): A Dionex ion chromatograph (ICS-900)
equipped with a conductivity detector was  used for determina-
tion of NH4

+ and NO3
−. For NH4

+, the separation was  performed
on an Ion Pac CS12A (4 × 250 mm,  Dionex) column, and 11 mM
H2SO4 was used as eluent at flow rate of 1.0 mL  min−1. For NO3

−,
the separation was performed on an Ion-Pac AS23 anion col-
umn (4 × 250 mm,  Dionex), and a mixture of sodium carbonate

(4.5 mM)/sodium bicarbonate (0.8 mM)  was used as eluent at a flow
rate of 1.0 mL min−1.

Total organic carbon (TOC): TOC contents of samples were mea-
sured with a Shimadzu TOC-5000 analyzer (catalytic oxidation
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Fig. 1. (a) The formation kinetics of (SCN)
•−
2 at 472 nm in N2O saturated 0.87 mM

SCN− containing different concentration of 1-amantadine in phosphate-buffered
solutions at pH 7.0 and room temperature; (b) competition kinetic plot for hydroxyl
radical reaction with 1-amantadine, 2-amantadine and rimantadine using SCN− as
a  standard. The straight line is the weighted linear plots, and the bimolecular reac-
tion rate constants were obtained as 6.31 × 109, 5.13 × 109 and 7.05 × 109 M−1 s−1,
respectively.
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n Pt at 680 ◦C). Triplicate analyses were performed for each
ample.

. Results and discussion

.1. Reaction with •OH

Due to the importance of •OH in both photochemical and photo-
atalytic degradation of organic process, it is necessary to evaluate
he absolute reaction rate constant between organics with •OH.
or 1-amantadine, 2-amantadine and rimantadine, their reaction
ate constants with •OH were determined using SCN− competition
inetics based on monitoring the (SCN)

•−
2 absorption at 472 nm.  The

eaction of substrates with •OH were shown in Eqs. (2) and (3):

OH + Substrates
k1−→H2O + Substrateintermediate (2)

OH + 2SCN− k2−→HO− + (SCN)
•−
2 (3)

Combining these two equations gives the expression

[(SCN)
•−
2 ]0

[(SCN)
•−
2 ]

= 1 + K1[Substrates]
K2[SCN−]

(4)

here [(SCN)
•−
2 ]0 is the absorbance of this transient at 472 nm when

nly SCN− is present and [(SCN)
•−
2 ] is the reduced yield of this tran-

ient with increasing concentration of substrates. Therefore, a plot
f [(SCN)

•−
2 ]0/[(SCN)

•−
2 ] against the ratio [Substrates]/[SCN−] yields

 straight line of slope k1/k2. With the known rate constant of •OH
eaction with SCN−, k2 = 1.1 × 1010 M−1 s−1, the rate constant (k1)
f substrate can be determined.

Fig. 1a shows the transient absorbance intensity of (SCN)
•−
2

ith increasing concentration of 1-amantadine, and a decreased
bsorbance intensity of (SCN)

•−
2 was observed with increasing 1-

mantadine amounts. Similar patterns of the transient absorbance
ntensity of (SCN)

•−
2 were also obtained for other two antiviral

rugs as 1-amantadine (figures are not shown). The slope of the
ransformed plot of Fig. 1a shown in b gives a weighted linear
t corresponding to a reaction rate constant, 6.31 × 109 M−1 s−1,

or 1-amantadine, so does 5.13 × 109 and 7.05 × 109 M−1 s−1 for
-amantadine and rimantadine, respectively. Their reaction rate
onstants were all at the 109 order of magnitude, indicating that
OH was highly reactive to these three antiviral drugs with a diffu-
ion controlled rate [23].

.2. Degradation kinetics

The photocatalytic degradation of 1-amantadine, 2-amantadine
nd rimantadine were investigated in TiO2 suspension solutions,
nd the preliminary experiments were conducted to evaluate the
xtent of adsorption and photolysis on the substrates elimina-
ion. Figs. S5–S7 show the degradation profiles of 1-amantadine,
-amantadine and rimantadine (Ct/C0) under different conditions:
i) in the dark with TiO2 (adsorption), (ii) UV irradiation without
iO2 (photolysis) and (iii) UV irradiation with TiO2 (photocatalysis).
s illustrated, the elimination efficiencies of three antiviral drugs
y direct photolysis were less than 5% within 2 h, indicating that the
irect photochemical degradations are not the key transformation
athways for these three antiviral drugs. Moreover, the removal
f them by TiO2 alone was also insignificant, indicating the negli-
ible adsorption of 1-amantadine, 2-amantadine and rimantadine
nto TiO2 surface. However, in the presence of both TiO2 with UV
ight irradiation, nearly 100% substrates were eliminated within

0 min. That is, the adsorption and photolysis play minor role in
he photocatalysis degradation of these three drugs.

Numerous studies have implied that the degradation rate of
arious EOCs by TiO2 heterogeneous photocatalysis followed the
rimantadine with 1.0 g L−1 TiO2. Inset: the linear transformation of −ln(Ct /C0) vs.
the degradation time, for the disappearances of 1-amantadine, 2-amantadine and
rimantadine.

Langmuir–Hinshelwood (L–H) kinetics model [17,24]. When the
concentration of organics were very low (mill molar), the L–H
kinetic model can be simplified to an apparent-first-order equa-
tion r = kappCeq [15], where r is the reaction rate of the substrates
and kapp is the apparent reaction rate constant. Fig. 2 shows the
photocatalytic degradation kinetic profiles of three antiviral drugs
in TiO2 suspension, and the plots of ln(C0/Ct) versus the degrada-
tion time represent straight line with a good linearity (R2 value of

0.99, 0.99 and 0.98 for 1-amantadine, 2-amantadine and riman-
tadine, respectively), indicating that the degradation data were
consistent with the L–H model (inset in Fig. 2). The apparent rate
constants were calculated as the slope of the regression curves
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Fig. 3. Effect of pH value on the photocatalytic degradation rate constants of 100 �M
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s 0.076, 0.084 and 0.102 min−1 for 1-amantadine, 2-amantadine
nd rimantadine, respectively. We  conclude that amantadine drugs
an be degraded quickly in photocatalytic system and rimantadine
egraded more quickly than the other two drugs, 1-amantadine,
nd 2-amantadine.

The acidity or alkalinity of the solution can affect photocatalytic
egradation rate of EOCs. It is because pH value can influence the

onization state of TiO2 surface [25], as well as the yield of the
ormation of •OH [26,27]. Therefore, the effect of pH value of the
olution on the photocatalytic degradation rate of three antiviral
rugs was studied. The pKa values of three antiviral drugs are 10.8,
0.8 and 10.4 for 1-amantadine, 2-amantadine and rimantadine,
espectively [28], suggesting that they generally existed as proto-
ation and neutral forms in water. Thus, the observed apparent rate
onstants in TiO2 photocatalysis process were consisted of degra-
ation of protonation and neural form of substrates, as shown in
qs. (5) and (6):

iO2/UV + [Substrates]H+ k1−→Products (5)

iO2/UV + [Substrates]
k2−→Products (6)

Therefore, Eq. (7) is derived to calculate the individual rate con-
tant of different existed forms of substrate:

app[Substrate]tot = k1[Substrate]H+ + k2[Substrate] (7)

Rearrange Eq. (7) to Eq. (8):

app = k1[Substrate]H+ + k2[Substrate]
[Substrate]tot

(8)

hus, Eq. (9) as

app = k1�1 + k2�2 (9)

where �1 = [Substrate]H+/[Substrate]tot = H+/[Ka,Cmpd] and
2 = [Substrate]/[Substrate]tot = Ka,Cmpd/([H+] + [Ka,Cmpd]) repre-
ent the fraction of [Substrate]H+ and [Substrate], respectively,
nd k1 and k2 are the degradation rate constants of the proto-
ation and neutral forms of 1-amantadine, 2-amantadine and
imantadine, respectively. [Substrate]tot is the total concentra-
ion of each antiviral drug, [Substrate]H+ is the concentration of
rotonation forms of 1-amantadine, 2-amantadine and riman-
adine, and [Substrate] is the concentration of neutral forms
f 1-amantadine, 2-amantadine and rimantadine, respectively.
bviously, [Substrate]tot = [Substrate]H+ + [Substrate].

Adjusting pH value of solution to 8.6, 9.6, 10.1, 10.6 and 11.1
ith sodium hydroxide solution makes the substrates in proto-
ation or neutral form (pH value of 8.6 was  chosen as lowest
H value because of three antiviral drugs mainly exist as proto-
ation form at pH <6.8). For 1-amantadine, the species-specific
eaction rate constants, k1 (0.073 min−1) and k2 (0.101 min−1) were
alculated from least-squares nonlinear regressions of the exper-
mental kapp data, and the model could describe very well with
he experimental kapp (R2 = 0.91) (Fig. 3a). Moreover, the photo-
atalytic degradation of protonation form of 1-amantadine (k1�1)
ontrols the overall degradation process at pH < 10.4, and the pho-
ocatalytic degradation of neutral form of 1-amantadine (k1�1)
ontrols the overall degradation process at pH > 10.4. As for 2-
mantadine, the species-specific reaction rate constants k1 and k2
ere determined as 0.046 and 0.020 min−1, respectively, and the
hotocatalytic degradation of protonation or neutral form controls
he overall degradation process at pH < 10.8 and pH > 10.8, respec-
ively. While as for rimantadine, k1 and k2 were obtained as 0.052

nd 0.031 min−1, respectively, and the control of the overall degra-
ation process was at pH 10.4.

As for the speciation of 1-amantadine (Fig. 3a), when pH values
ncreased from 8.6 to 11.1, the protonation form decreased from
1-amantadine (a), 2-amantadine (b) and rimantadine (c) with 1.0 g L−1 TiO2.

99 to 38%, meanwhile the neutral form increased from 1 to 62%.
Thus, the rate constants decreased firstly from 0.091 min−1 at pH
8.6 to 0.073 min−1 at pH 10.1, and then increased to 0.091 min−1

with further increasing pH value up to 11.1. Similar trends of the
reaction rate were also observed for 2-amantadine and rimantadine
(Fig. 3b and c).

From the above results, it is found that the pH has simi-
lar influence on the photocatalytic degradation rate constants of
three antiviral drugs. In general, the surface reaction is a rate-
determining step for the photocatalysis, thus the photocatalytic
degradation of organics was strongly depended on the association
between the surface of catalyst and substrates [16,29]. That is, the
photocatalytic degradation occurred mainly on the surface of TiO2
by the oxidation reactions with photoholes or •OH [30]. The point
of zero charge of TiO2 is at pH 6.3. That is, TiO2 surface is neg-
atively charged in all investigated solution. Meanwhile, when pH
value increased from 8.6 to pKa value of substrates, the protonation
form of substrates gradually decreased, and the neutral form of sub-
strates gradually increased, resulting in a decreased electrostatic
adsorption between the substrates and catalyst surface. Therefore,

the electrostatic repulsion retards their contact and subsequently
results in reducing photocatalytic degradation rate. Furthermore,
the increase in degradation rate was  observed with increasing pH
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Fig. 4. Photocatalytic degradation rate constant of 1-amantadine, 2-amantadine
and rimantadine as function of different isopropanol and potassium iodide
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alue, which is mainly due to that •OH can be easily generated
n alkaline solution, and •OH was considered as the predominant
pecies at high pH value [31]. Overall, although it is a daunting work
o interpret the pH effect on the photocatalytic degradation of var-
ous organics due to the multiple roles of pH value, we  can confirm
hat the form of substrates control overall photocatalytic degrada-
ion process by calculation of the reaction rate of different forms of
ubstrates.

.3. The contribution of different reactive spices and the
egradation mechanism

Isopropanol and potassium iodide (KI) were often used as
cavengers to capture reactive oxygen species during the photo-
atalytic reaction. Isopropanol is considered as a •OH scavenger
ith a reaction rate constant (k) of 1.9 × 109 M−1 s−1 to discrimi-
ate the role between the h+ and •OH [24]. Different concentrations
f isopropanol were added to evaluate the effect on photocatalytic
egradation of three antiviral drugs (Fig. 4). Dividing the reac-
ion rates of isopropanol from substrates with •OH, Eq. (10) was
educed:

ISO = r0,ISO

r0,substrate
= k0,ISOC•OHC0,ISO

k0,substrateC•OHC0,substrate

= 0.26
C0,ISO

C0,substrate
= 0.26˛ISO (10)

where rISO is the ratio of the reaction rate of isopropanol to sub-
trates with •OH and ˛ISO is the ratio of isopropanol over substrates
oncentration.

By adjusting the concentration ratio of isopropanol to substrates
esults in an rISO from 0.26 to 260, and an obvious decrease in degra-
ation rate constant was noticed for all three antiviral drugs. Such
s at ˛ISO = 100, the initial degradation rate of isopropanol with
OH was 26 times higher than that of substrate alone. For instance,
he drop of 83.2, 88.2 and 76.6% in the degradation rate constants
ere observed for 1-amantadine, 2-amantadine and rimantadine,

espectively (Table 1). And when ˛ISO = 1000, the drop of 100% in
he degradation rate constants were observed for all investigated
rugs. It is concluded that •OH is an important contributor to the
hotocatalytic degradation of these three antiviral drugs.

In addition, the iodide ion is used to evaluate the contribu-
ion of both valence h+ and •OH [32]. As different concentrations
f KI were added during the photocatalytic degradation of 1-

mantadine, 2-amantadine and rimantadine (Fig. 4), an obvious
ecrease in degradation rate constant was observed. At ˛KI = 100,

 decrease of 94.84, 98.13 and 88.52% in the degradation rate con-
tant was observed for three drugs, respectively (Table 1). When

able 1
ercentage of inhibition efficiencies due to the scavengers ISO and KI, and percentage of c
-amantadine and rimantadine.

˛ISO ˛KI Per

ISO

1-Amantadine 1 1 57
10  10 73

100  100 83
1000 1000 100

2-Amantadine 1 1 19
10  10 73

100 100 88
1000 1000 100

Rimantadine 1 1 35
10  10 73

100 100 76
1000 1000 100
concentration expressed as the ratio of ˛.

applying KI concentrations at ˛KI = 1000, a decrease of 100% in
the degradation rate constant was  also observed for substrates

due to complete quenching of h+ and •OH. Moreover, the percent-
age of contribution of •OH were 2–19 times higher than that of

ontribution of •OH and h+ during the photocatalytic degradation of 1-amantadine,

centage of inhibition Percentage of contribution

 (%) KI (%) •OH (%) h+ (%)

.53 60.69 57.53 3.16

.57 84.07 73.57 10.5

.16 94.84 83.16 11.68
 100 – –

.08 27.83 19.08 8.75

.31 77.91 73.31 4.59

.24 98.13 88.24 9.89
 100 – –

.01 44.48 35.01 9.47

.65 82.07 73.65 8.42

.61 88.52 76.61 11.91
 100 – –
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Fig. 5. Evaluation of acute toxicity of 1-amantadine solution with

hotogenerated h+, indicating that h+ just plays a minor role in the
hotocatalytic degradation of these three drugs.

In summary, the strongest oxidants, •OH played an impor-
ant role but h+ just played a minor role in the degradation of
hese three antiviral drugs. In photocatalytic system, these EOCs
an be efficiently degraded by •OH unselectively into many small
norganic molecules. Experiments on the identification of degra-
ation products were therefore carried out to insight into the
hotocatalytic degradation mechanism of this kind EOCs. How-
ver, no degradation product was observed and identified due to

igh noise-to-signal ratio although Agilent iron-trap mass spec-
rometer (MSD-Trap-XTC) was used to trap their intermediates (Fig.
8). Thus, to further evaluate transformation fate of three antiviral
rugs and the complete mineralization of the intermediates during

Fig. 6. Evaluation of acute toxicity of 2-amantadine solutions with P. ph
osphoreum, S. capricornutum and D. magna during the treatment.

AOPs, the evolution of TOC as well as nitrogen element were also
measured during the photocatalytic degradation (Figs. 5–7). After
300 min  irradiation, only 11.3, 9.2 and 8.3% of TOC were remained
for 1-amantadine, 2-amantadine and rimantadine, respectively.
That is, almost all three antiviral drugs can be completely decon-
taminated with the mineralization efficiencies of 88.7, 90.8 and
91.7% accorded with the trendies of degradation rate. At the same
time, around 35.8, 29.9 and 38.7% of the nitrogen element were
released as NH4

+ ions, while 34.1, 44.2 and 32.8% were oxidized
to NO3

− ions for 1-amantadine, 2-amantadine and rimantadine,

respectively. These results indicated that three antiviral drugs could
be easily degraded, and the intermediates could be quickly trans-
formed and finally mineralized into CO2, water and inorganic ions
by various AOPs such as TiO2 heterogeneous photocatalysis.

osphoreum, S. capricornutum and D. magna during the treatment.
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Fig. 7. Evaluation of acute toxicity of rimantadine solutions with

.4. Ecotoxicity evolution of treated solution

To further confirm the decontamination of these antiviral drugs
nd investigate the potential risk of their degradation products
uring the photocatalytic degradation process, the ecotoxicity evo-

ution was evaluated at three different tropic levels, P. phosphoreum,
. capricornutum and D. magna. As shown in Figs. 5–7, P. phos-
horeum (15 min), S. capricornutum (72 h) and D. magna (48 h)
ere found to be inhibited by 12.6, 8.9 and 56.0% for 0.1 mM 1-

mantadine, 9.8, 6.9 and 56.0% for 0.1 mM 2-amantadine, and 15.4,
.9 and 46.0% for 0.1 mM  rimantadine exposure, respectively. As
egradation processed, the residual concentration of three drugs
ecreased rapidly, and the increase in the ecotoxicity of treated
olutions toward three level species were also observed at ini-
ial stage. When almost 85% of substrates were eliminated within
0 min, the inhibition efficiencies of treated solution to P. phos-
horeum, S. capricornutum and D. magna remained at 21.2, 15.2 and
3.3% for 1-amantadine, 20.5, 14.6 and 53.3% for 2-amantadine and
1.0, 73.2 and 56.9% for rimantadine, respectively. It implies that
he higher toxic intermediates were produced, or somehow syner-
istic effect existed between the degradation products. However,
ith further extension of the degradation time, the substrates and
roducts could be mineralized and the acute toxicity of treated
olutions decreased significantly as TOC was reduced. For instance,
he inhibition efficiencies of treated solutions to S. capricornutum
nd D. magna decreased gradually and finally disappeared com-
letely from 20 to 80 min, although the final treated solutions still
ave a weak inhibition effect on P. phosphoreum (6.3, 4.1 and 6.1%

or 1-amantadine, 2-amantadine and rimantadine, respectively).
verall, the photocatalytic degradation of these three antiviral
rugs can be accomplished successfully. But, as for detoxification
f them, sufficient time should be provided for complete decompo-
ing of the products to CO2 and H2O. That is, the treatment duration
f AOPs should be determined carefully for the safety of ecological
nvironment.
. Conclusions

The photocatalytic degradation of three antiviral drugs, 1-
mantadine, 2-amantadine and rimantadine, were investigated
osphoreum, S. capricornutum and D. magna during the treatment.

in water environment. It is clear that the adsorption and pho-
tolysis were insignificant in the photocatalytic elimination of
substrates, while nearly 100% of substrates were eliminated within
80 min  in photocatalytic process. Solution pH significantly influ-
ences the electrostatic adsorption between the protonation form of
substrates and catalyst surface, and subsequently affects the degra-
dation rate of substrates. Further study on the contribution of ROSs
indicates that •OH is dominantly responsible for the degradation
of three antiviral drugs, while the photogenerated holes just play a
minor role in this process. All three investigated antiviral drugs
could be completely mineralized with enough irradiation time,
and the ecotoxicity assessment of photocatalytic-treated solutions
shown that the acute toxicity at three tropic levels of these antivi-
ral drugs can be accomplished by TiO2 photocatalytic process.
Therefore, AOPs, for example, TiO2 photocatalysis can be further
confirmed again as a promising technology to detoxify EOCs, for
example, PPCPs.
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