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Understanding the effects of natural solid particles on the phototransformation of pharmaceuticals in
aqueous environments is very important, but studies on this are still limited. In this study, natural sands
were selected as a solid particle model due to their wide distribution in surface waters during the rainy
season, and the phototransformation of diphenhydramine (DP) in the presence of the sands was
investigated. The kinetic studies showed that the natural sands exhibited significant photocatalytic
activity for the DP photodegradation, and the activity varied depending on their sources. Scavenging
experiments and electron paramagnetic resonance analysis demonstrated that O, and ‘OH were
produced in the irradiated natural sand systems, and O, " played a more important role than "OH in the
photodegradation of DP. The results obtained from H,O, treatment and deoxygenation experiments
verified that the generation of radicals was mainly attributed to the low content of natural organic matter
(NOM) in the sands. The possible reaction mechanism was that the NOM in the sands was excited and
became triplet-state NOM after irradiation, and then induced the generation of free radicals through an
electron transfer mechanism, resulting in DP oxidation. This work indicated that natural sand particles
were a key factor affecting the phototransformation of drugs, and should be considered in evaluating

rsc.li/rsc-advances their fate in natural waters.

1. Introduction

Extensive use of pharmaceutically active compounds (PhACs)
has resulted in their frequent detection in natural waters.'”
Although they were generally detected at low concentrations
(ng L' to ug L), the long-term presence of PhACs in aquatic
environments might provoke potential adverse effects on
ecosystems and human health.**® Therefore, it is of great
importance to investigate the transformation and fate of PhACs
in the aqueous environment.

Natural water system is a main reservoir of PhACs, where they
undergo various degradation pathways to reduce their environ-
mental concentrations, including biotic (bioaccumulation,
biodegradation) and abiotic (sorption, hydrolysis, photolysis,
oxidation) processes. For many pharmaceuticals, photo-
transformation is expected to be a significant attenuation process
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in natural waters. Currently, many studies have been conducted
to investigate the photolysis of pharmaceuticals in aqueous
solution. However, little work was done to the photolysis of
pharmaceuticals in the presence of natural solid particles, and
the information about the effects of natural solid particles on
photoreaction and its mechanisms was still very limited. In fact,
natural water bodies often contain a certain amount of sus-
pended solid particles, such as sand, sediment, and organic
substances. The presence of solid particles may influence the
photolysis process via adsorption, light attenuation, light scat-
tering, or act as a catalyst. Therefore, it is important to investigate
the phototransformation of pharmaceuticals in the presence of
solid particles in evaluating the fate of pharmaceuticals in
aquatic environments.

Diphenhydramine (DP) belongs to the class of ethanolamine
H1 receptor antagonist. It is the active ingredient of Benadryl,
and commonly used in treatment of allergies, hives, itching and
insomnia since 1946.” DP has been commonly detected in
wastewater influent and effluent,® surface water,’ soil,’*** and
sediment.” In response to the emergence of DP in water, several
studies have been performed to investigate the removal of DP
via photochemical processes, such as photolytic, heterogeneous
photocatalytic, and photo-Fenton degradation. About 26% of
the initial 5 uM of DP was removed under the UV fluence of
1272 mJ cm 2, and considerably higher removal of DP was
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obtained with the addition of 0.29 mM H,0, under ultraviolet
(UV) photolysis and UV/H,0, advanced oxidation.* In the
presence of nitrate and humic substance (HS) under simulated
solar light, hydroxyl radicals induced by nitrate and the triplet-
state HS were the main reactive species responsible for DP
degradation.” Degradation of DP by TiO, photocatalysis under
different radiation sources: UVC, black blue lamps (BLB),
simulated solar radiation (SB) and solar radiation (CPC) showed
that the most efficient degradation and highest mineralization
obtained after 60 min irradiation were 44.8% of DP removal in
BLB and 9.0% of mineralization in SB.'® The addition of H,O,
drastically improved the photocatalytic process, obtaining
100% DP degradation and 28.6% total organic carbon (TOC)
reduction in UVC system. In another study, the degradation of
DP via photo-Fenton process was investigated, and 100% of DP
elimination and 38.5% of TOC reduction were achieved,
showing the high efficiency and mineralization."” Moreover, the
photodegradation of DP catalyzed by some synthetic materials
was also reported.'®'® Nevertheless, the phototransformation of
DP in water in the presence of natural solid particles have not
yet been reported.

In view of the wide distribution of natural sands in surface
water during the rainy season, we investigated the photo-
degradation of DP in the presence of two types of natural sands:
desert sand (DS) and sea sand (SS) in aqueous solution. A series
of experiments were systematically designed to elucidate the
photolysis mechanisms. The main objects of this work were (1)
to examine the possible catalytic effects of natural sands on the
photodegradation of DP in aqueous solution; (2) to evaluate the
relative importance of each reactive species produced in the
photoreactions; and (3) to elucidate the intrinsic mechanisms
for the photocatalytic activities of natural sands. This study will
help understand the role of natural sands in the photo-
transformation of pharmaceuticals in aquatic environments.

2. Experimental
2.1 Materials

The natural sand samples SS and DS were collected from
Shenzhen ocean beach and Tenggeli desert in China, respec-
tively (Fig. S11). The diphenhydramine hydrochloride (DP) was
obtained from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China), with a purity >98%. Acetonitrile, acetic acid,
triethylamine, isopropanol (IPA) and p-benzoquinone (BQ) were
of high-performance liquid chromatography (HPLC) grade, and
purchased from J&K Chemical Co., Ltd (Beijing, China). The
spin trapping reagent 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
was obtained from Tokyo Chemical Industry Co., Ltd (Tokyo,
Japan). All aqueous solutions were prepared with Milli-Q
ultrapure water.

2.2 Pre-treatment and characterization of natural sand
samples

The natural sands were first sieved to obtain a uniform
60-100 mesh sized sand particles. Then, the sand samples were
washed with ultrapure water until the dust was completely
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removed, dried at 60 °C for 4 h, and stored in a desiccator for
further use. In order to maintain the natural attributes of sand
samples, no chemical treatments were performed. The X-ray
diffraction (XRD) patterns of the washed sand samples were
recorded at 26 5° to 90° using Bruker D8 advanced XRD
measuring instrument equipped with CuKa radiation. The
collected XRD data were analyzed using MDI Jade 6.5 software.
The results indicated that the basic components of the DS were
quartz, albite, and gismondine, and the predominant compo-
nent of the SS was quartz (Fig. S2). The elemental composi-
tions of natural sands were determined using a Rigaku-ZSX
Primus II X-ray fluorescence (XRF) spectrometer. In order to
quantify the content of natural organic matter (NOM) in the
sand samples, the TOC content was measured by a TOC
analyzer (LECO CS230, America). The results of XRF and TOC
analyses were shown in Table 1.

2.3 Photolysis experiments

Photoreaction was conducted in a PR22-25 photochemical
reactor (PerfectLight, China) equipped with a 300 W xenon light
source (PLS-SXE300UV) and a water-cooling system DC-0506
(HengPing, Shanghai). The spectral output of the xenon light
source ranged from 300 to 800 nm, and the irradiation entering
the photoreactor was about 120 mW c¢m ™. During the irradia-
tion, the suspension was stirred continuously, and the reaction
temperature was kept at 4 °C by circulating water. To minimize
water loss due to evaporation, the reactor was made airtight by
sealing a quartz glass plate on the open top of the vessel. In each
experiment, 1.5 g sand sample and 200 mL DP solution at
a concentration of 40 mg L™ were added to the 250 mL reactor,
and then magnetically stirred for 60 min. After equilibration,
the suspension was irradiated under simulated solar light. At
the given time intervals, a 2 mL aliquot of the suspension was
taken out, filtered through a membrane (0.45 um), and analyzed
by HPLC. Dark control experiments were performed in the same
manner as for regular experiments except that they were not
exposed to light. Duplicate experiments were performed in
parallel to check the results.

The concentration of DP in water was quantified by a Shi-
madzu high performance liquid chromatography (LC-20)
equipped with a C18 ODS reversed phase column (4.6 mm X

Table 1 Elemental compositions and TOC content of natural sands
determined by X-ray fluorescence spectrometer and TOC analysis

% content

Composition SS DS
Sio, 93.3 77.4
ALO, 2.15 10.6
Cao 2.95 2.9
K,O 0.93 2.79
Fe,0; 0.502 2.16
Na,O — 2.14
MgO — 1.37
TiO, — 0.266
TOC 0.019 0.011
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150 mm, 5 um) and a SPD20 UV detector. The mobile phase
consisted of 25 mM acetic acid and acetonitrile (60 : 40, v/v),
with pH adjusted to 6.0 £ 0.1 using triethylamine. Isocratic
elution was performed at a flow rate 0.8 mL min~". The injec-
tion volume was 20 pL. Oven temperature was maintained at
30 °C and the detector wavelength was set at 220 nm.

To further evaluate the role of reactive species in the pho-
totransformation of DP, reactive oxygen species (ROS) scaven-
gers including IPA ("OH scavenger) and BQ (O, scavenger)
were used for the inhibition experiments. The photoreactions
were also compared in the conditions with and without N,
purging. In order to determine free radicals in the photoreac-
tions, the DMPO-free radical adducts were detected at room
temperature by a JEOL JES-FA200 electron paramagnetic reso-
nance spectrometer with center field of 3227.67 G, microwave
frequency at 9054.62 MHz, and power at 0.998 mW.

3. Results and discussion

3.1 Enhanced photodegradation of DP in the presence of
natural sands

Fig. 1 illustrates photodegradation of DP against time in the
presence and absence of natural sands. DP in aqueous solution
was degraded under simulated solar light, and the degradation
of DP increased with the prolonging of irradiation time. After
150 min irradiation, about 23% of DP was decomposed. A
recent study by Lopez et al.* reported DP conversions of 32.5,
2.5, and 1.4% after 60 min irradiation under UVC, simulated
solar light, and solar light, respectively. Compared with the
aqueous solution, the presence of the DS and SS sands signifi-
cantly enhanced the photodegradation of DP, exhibiting
notable photocatalytic activity. In contrast, the photocatalytic
activity of the SS sand was much higher than that of the DS
sand. The difference in the photocatalytic activity of natural
sands might be attributed to their different physicochemical
properties, which could determine whether they act as a pho-
tocatalyst or an inhibitor. Some researchers pointed out that the
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Fig. 1 Photodegradation of DP (40 mg L™ with and without the
presence of natural sands (1.5 g) under simulated solar light.
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presence of solid particles in aqueous solution could promote
photodegradation via energy transfer reactions and efficient
light scattering, or suppress it through excited-state quenching
and light shielding.?***

The photodegradation of DP was well described with the
pseudo-first order kinetic model (R* > 0.98), and the calculated
pseudo-first order rate constants are summarized in Table 2.
The estimated half-lives (¢,,) decreased from 400 min in the
absence of sands to 182 and 93 min in the presence of DS and
SS, respectively. Apparently, the presence of natural sands could
affect the persistence of pharmaceuticals in the aqueous envi-
ronment. Furthermore, different types of sand exhibited
different effects. Hence the role of natural solid particles such
as natural sands in the phototransformation of pharmaceuti-
cals should be evaluated more comprehensively.

3.2 Study of reactive species

Generally, photo-induced ROS, such as singlet oxygen (*0,),
superoxide anion radical (O, "), and hydroxyl radical ("OH)
were considered as the main reactive species in photocatalytic
processes.**** As such, it could be speculated that the enhanced
transformation of DP might also be due to the ROS produced in
the natural sand system under irradiation. In order to deter-
mine the ROS in the present irradiation system, scavenger
experiments were employed. In this study, the role of 'O, in the
DP degradation was excluded due to the inappreciable or too
weak reactions between the amine drugs (including DP) and
'0,.** Therefore, the determination of reactive species was
focused on O, " and 'OH. Fig. 2 illustrated the photo-
degradation of DP in the presence of BQ (O, " scavenger) and
IPA ('OH scavenger). For the DS system, the presence of BQ
significantly suppressed the DP photodegradation, but the
addition of IPA only showed a slightly inhibitory effect, indi-
cating a more important role played by O, than by "OH. In the
case of SS system, the drastic inhibition from the two radical
scavengers implied the importance of both O, " and "OH in the
photoreaction. In addition, the rate constant for DP degrada-
tion in the presence of BQ is smaller than that in aqueous
phase, which could be attributed to the light shielding of sand
particles after free radical quenching (Table 2).

Table 2 Fitting parameters for DP phototransformation under
different reaction conditions by pseudo-first-order model

Reaction condition Kpp (min™?) R? t1), (min)
No sand (1.73 £0.02) x 107> 0.999  400.7
DS sand (3.80 £ 0.05) x 10™°  0.999 182.4
SS sand (7.40 £ 0.04) x 107> 0.986  93.7
DS sand + IPA (3.52 £ 0.07) x 107°  0.998 196.9
DS sand + BQ (0.74 £ 0.07) x 107 0.961 936.7
SS sand + IPA (4.3 £ 0.3) x 107° 0.984 161.2
SS sand + BQ (1.41 £ 0.06) x 107°  0.993 491.6
DS sand treated with H,0, (2.34 & 0.08) x 10>  0.994 296.2
SS sand treated with H,0,  (1.82 & 0.08) x 10°*  0.989  380.9
DS sand + N, (6.68 & 0.02) x 107°  0.997 103.7
SS sand + N, (1.6+£02)x 1072 0927 433

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Suppressed photodegradation of DP (40 mg L™ in the presence of DS sand (a) and SS sand (b) by the radical scavengers. The initial

concentration of IPA and BQ were 40 mM and 0.1 mM, respectively.

The EPR spin-trapping technique, which is useful for
detecting radical species, was deployed to further confirm the
role of O, " and "OH in the photocatalytic systems. The char-
acteristic peaks of DMPO-O, * adducts are observed in both
natural sand systems after irradiation (Fig. 3). However, no
signal was detected in the dark. With the increasing irradiation
time, the intensity of peaks increased gradually. The evidence
confirmed the generation of O, " in the photocatalytic system
of DS and SS. Comparatively, the signal in SS system is stronger
than that in DS systems (Fig. S31), indicating more O, °
generated in the SS system, which could partially interpret the
larger rate constant for DP photodegradation in the SS system.
Meanwhile, a quartet of signals with relative intensities of
1:2:2:1 from the DMPO-OH adducts were detected in DS
and SS systems during the reaction process, implying that the
'OH was formed in the catalytic systems, which is consistent
with the results on the inhibitory effects of IPA (Fig. 4).

Based on the radical scavenger experiments and the EPR
analyses, it could be concluded that the O, " and "OH were the
main reactive species responsible for the enhanced trans-
formation of DP in the natural sand systems. In the SS system,
the strong signals of DMPO-O, ° and DMPO-OH adducts

combined with the notable inhibition from radical scavengers
demonstrated that the O, " and "OH were the key factors
contributing to the sand-enhanced photodegradation of DP. For
the DS system, the information obtained from scavenger
experiments and EPR analyses indicated that the O, " played
a dominant role in the DP transformation relative to the ‘OH.

3.3 Mechanisms for photocatalytic activity of natural sands

Silica was the main component of natural sands, and there were
also some photoactive components such as iron oxide and
titanium dioxide in the DS (Table 1). Apart from inorganic
components, natural sands usually contain a small amount of
NOM, such as HS. The TOC contents determined in DS and SS
were about 0.011 and 0.019%, respectively (Table 1). As the
major component of natural sands, silica itself could not
enhance the photodegradation of DP, but inhibited it through
light shielding (Fig. S41). Thus, it could be concluded that the
generation of free radicals in the natural sand systems was due
to the photoactive components (iron oxide, titanium dioxide) or
NOM.

As is well known, the presence of iron oxide and titanium
dioxide in aqueous solution could induce the generation of O, ™"

DMPO-OOH (@)
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0 min

1 1 1 1 1 1 1 1 1
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3190 3200 3210 3220 3230 3240 3250 3260 3270 3280
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Fig. 3 EPR spectral changes of the DMPO-0O, * adducts generated in the DS (a) and SS (b) systems under simulated solar light irradiation.
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Fig. 4 EPR spectral changes of the DMPO-"OH adducts generated in the DS (a) and SS (b) systems under simulated solar light irradiation.

and "OH under irradiation. Thus, part of O, " and "OH free
radicals generated in the DS system could be attributed to these
oxides. Besides, iron ions released from the natural sands could
also induce the generation of free radicals under irradiation. To
ascertain the role of iron ions, their content in aqueous phase
after the experimentation was determined by inductively
coupled plasma-mass spectrometry (ICP-MS). The results indi-
cated that the iron ion contents in DS and SS systems were 0.104
and 0.091 ng mL ™", respectively. Considering that the iron ion
content is too low, the role of iron ion in the generation of free
radicals can be neglected. As for the role of NOM in the
generation of free radicals in natural sand systems, it needs to
be further confirmed. HS are important photosensitizers and
can produce a series of reactive species including "OH, '0,,
0, ", eyq (hydrated electron), and the triplet excited state HS
under irradiation, but it could also act as a quencher of free
radical under some conditions.>*® In order to probe the role of
NOM in the generation of free radicals, the photolysis of DP in
the presence of the natural sands treated with H,O, was per-
formed. Removal of NOM significantly decreased the DP
degradation (Fig. 5). The rate constant for the photodegradation
of DP in the SS system was 7.40 x 10 ® min~ ‘. However, after

0‘ (@)
0.8 A \g\.
\A
S 06+
S T~a
© 04l
02l —— No sand
—A— DS sand
—@— DS sand treated with H,0,
0.0 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160

Time (min)

NOM removal, the rate constant decreased to 1.82 x
107 min "', which was approximate to that in aqueous solution
(1.73 x 107* min ). This result suggested that the NOM played
a dominant role in the generation of reactive radicals. For the
DS, a decrease of the rate constant from 3.80 x 10> to 2.34 x
10 min~' after NOM removal indicated the important
contribution of NOM to the generation of free radicals (Table 2).
Considering the rate constant after NOM removal was greater
than that in aqueous solution, it can be inferred that the NOM
was not the only factor that induced the generation of reactive
radicals. The iron oxide and titanium dioxide in the DS also
contributed to it.

Generally, NOM induces the generation of free radicals via
the triplet-state NOM excited by irradiation. To determine
whether this process occurred in the natural sand system,
deoxygenation experiments were performed. As dissolved
oxygen (DO) is a very efficient triple-state quencher of organic
compounds,* the photolysis of DP was drastically enhanced in
humic acid (HA) and fulvic acid (FA) solution after removing the
DO.* Based on this, it was concluded that the HS and FA triplet
states were the main reactive species in the photochemical
reaction, and an electron transfer mechanism for the reaction
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Fig. 5 The contrast of the transformation of DP (40 mg L™ in the presence of DS (a) and SS (b) (1.5 g) before and after H,O, treatment.
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Fig. 6 The transformation of DP (40 mg L) in the presence of DS (a) and SS (b) (1.5 g) in the deoxygenated solution.

between the HS triplet states and amine drugs was proposed.
Fig. 6 shows the contrast of the DP photodegradation in the
solution with and without deoxygenation. Obviously, the reac-
tions in DS and SS systems were enhanced in the deoxygenated
solutions. The rate constant increased to 6.68 x 10> and 1.6 x
1072 min~ ' in the DS and SS systems, respectively. This result
verified that the triplet-state NOM played an important role in
DP degradation. Combined with the study of active species, it
could be concluded that the triplet-state NOM acted more as
areactive inducer of free radicals than as a reactant in direct DP
oxidation. After irradiation, the NOM was excited and became
a triplet-state NOM, and then induced the generation of free
radicals through electron transfer mechanism. The exclusion of
DO reduced the quench of triplet-state NOM, and consequently
increased the generation of free radicals resulting in enhanced
degradation of DP. As shown in Table 1, the SS has much lower
levels of iron oxide and titanium dioxide than the DS, but the
NOM content of SS was nearly twice that of DS. Meanwhile, the
SS exhibited much higher photocatalytic activity, suggesting
that the NOM played a more important role than the iron oxide
and titanium dioxide in the generation of free radicals.

4. Conclusion

Understanding the effects of natural solid particles on the
photolysis of pharmaceuticals was very limited. For the first
time, the photolysis of DP in aqueous solution in the presence
of natural sands was investigated. The results demonstrated
that the presence of DS and SS greatly promoted the photo-
degradation of DP. Different types of natural sands showed
different photocatalytic activities, which was attributed to their
different compositions. The results obtained from the designed
experiments demonstrated the O, " and "OH induced by NOM
in natural sands was mainly responsible for the enhanced DP
degradation. The mechanisms for photocatalytic activity of
natural sands could be elucidated as follows. After irradiation,
the NOM in natural sands was excited and became a triplet-state
NOM, and then induced the generation of free radicals through
electron transfer mechanism, resulting in the degradation of
DP. This work suggested that the presence of natural sands

This journal is © The Royal Society of Chemistry 2020

could significantly influence the phototransformation of drugs
in aqueous solution. Therefore, as an important factor, the
natural solid particles should be considered in evaluating the
fate of drugs in the natural waters, especially in rainy season.
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