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Amoxicillin (AMO) degradation was investigated using electrolysis, ozonation, and electro-peroxone (E-peroxone) process.

E-peroxone process was found to be the most effective for AMO degradation. 67.8% total organic carbon (TOC)
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mineralization was obtained after 60 min by E-peroxone process. In comparison, only 47.3% and 3.1% TOC mineralization

were obtained using individual ozonation and electrolysis process, respectively. It was found that hydroxyl radical

production and O3 utilization were both enhanced in E-peroxone process. The effect of pH on E-peroxone process was

investigated, and the highest AMO removal rate was obtained at pH=9, indicating pH control was crucial in E-peroxone

process. In addition, more oxidation typical intermediates were identified in E-peroxone process than ozonation process

using UPLC-MS/MS. Different pathways of AMO degradation were proposed, involving the hydroxylation of the benzoic

ring and N, the four-membered B-lactamic ring opening, the oxidation of S, and other bond cleavage reactions. All these

results above indicated that the introduction of electrolysis in ozonation has enhanced AMO cleavage and hence its

degradation.

Introduction

Antibiotics are widely used for curing human and veterinary
diseases, as well as feed additives for livestock growth. Due to the
potential adverse effects on aquatic ecology ! and human health 2'4,
the present of antibiotics in aquatic environments received special
concern. Recent studies reported that the antibiotics concentration
in aquatic environments ranged from ng-L'1 to ug-L'1 in USA,
Canada, Germany and China >8  Amoxicillin (AMO), a broad-
spectrum amino penicillin antibiotic, which was widely used as a
kind of veterinary antibiotic in aquaculture, animal husbandry and
also human medicine. Terribly, AMO has been found in a certain
amount in water environment that threats human health. It was
reported the AMO concentration was up to about 0.6 pg-L'1 in
British rivers 9, as well as 13 ng-L'lin a municipal sewage treatment
plant in Italy ° Due to the antibacterial nature and its toxicity,
AMO shows resistance to conventional biological water treatment
methods. Thus, it is necessary to develop efficient treatment
techniques to prevent AMO entering into aquatic environment.
Ozonation was proposed to be a suitable process for
antibiotics treatment (removal), due to the strong oxidation ability
of ozone (Eq=2.07 V). Ozone molecular was proved to have a high
selectivity in attacking conjugated double bonds (e.g., N=N, C=N,
and C=C), aromatic bonds or nitrogen, phosphorous, oxygen or
sulphur atoms™, since it only selectively reacted with nucleophilic
molecules'®. Previous investigations have already demonstrated
that ozone is capable of attacking those present B-lactams
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antibiotics (including AMO) in water. Although high removal rates
were achieved, the degree of mineralization was low (<20%), even
undergoing for a long treatment time % 1% Due to the low
mineralization degree, biodegradability enhancement (increment of
BODS5/COD ratio) was slight after the ozonation treatment B,

To improve the mineralization efficiency, combined ozone
processes were used in antibiotic wastewater treatment,
particularly combined O; and electrolysis process (the so-called
electro-peroxone process). The main mechanism of electro-
peroxone is that O3 can react with H,0, which is generated by the
electrical process in situ, to form hydroxyl radical (¢OH) 16 7 which
can improve the mineralization efficiencies of pollutants than
ozonation remarkably % In addition, electro-peroxone process
produced none secondary pollutants, only leaving H,0 and O, as by-
productslg’ 2 Therefore, electro-peroxone process was considered
as an effective and environmental-friendly advanced oxidation
technology for wastewater treatment 18 21 Meanwhile, electro-
peroxone has some advantages over peroxone process such as that
the addition of small amounts of hydrogen peroxide increased the
removal efficiency (up to 15%) and the effluents biodegradability,
the biotoxicity was not removed completely 2,23 However, H,0, is
unsafe to transport, store and handle, due to its high reactivity.
High concentrations of H,0, addition would decrease the process
efficiency, since excess H,0, may act as a free radical scavenger.
Electro-peroxone process would use the H,0, more economically
and efficiently than other individual process. Particularly, E-
peroxone processes have already been applied to the dye
wastewater treatment and landfill leachate treatment successfully
2425 Despite so many advantages, the AMO wastewater treatment
using E-peroxone has not been reported yet.

This study focused on the performance of the E-peroxone
process by using activated carbon fiber (ACF) cathode for antibiotic
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removal, and chose AMO as the model compound. The main
objective of this work was to examine the feasibility of AMO
treatment using E- peroxone. The operation and AMO degradation
pathways were also discussed.

Experimental

Chemicals and reagents

AMO (Cy6H1gN3NaOsS, analytical reagent, 99.0%) was purchased
from TCI and used as received without further purification.
Hydroxyterephthalic acid (HTA, 97%) was purchased from Sigma-
Aldrich. Terephthalic acid (TA, > 99%) was purchased from Alfa
Aesar. Other chemicals (e.g. Na,SO,4, NaOH, and K,HPO,, H;PO, and
KH,PO,,) were analytical grade and purchased from Tianjin chemical
Works Co., China. All solutions were prepared using deionized
water.

Ozonation, electrolysis, and E-peroxone process of AMO

AMO solutions were buffered by the addition of K,HPO,, H;PO, and
KH,PO,. Oxidation experiments were carried out in a 1.0L reactor
with a continuous supply of O;. Ozonation, electrolysis, and E-
peroxone process of 1.0L AMO (initial concentration of 100 mgelL-1)
were carried out in an undivided acrylic cube reactor designed
originally. For ozonation process, ozone was produced from pure O,
gas (99.9%) using an ozone generator with gaseous flow meter
(DHX-SS-1G, lJiujiu ozone, Harbin, China). The ozone effluent was
placed on the bottom of the reactor, using a fine bubble diffuser at
a constant flow rate of 0.4 Lemin™ unless otherwise specified. The
gaseous product from the reactor was led to a terminator, where
the remaining ozone was absorbed by KI solution. Both the
electrolysis and E-peroxone processes were conducted under
galvanostatic conditions using a DC power supply (DJS-292, Leici
Co., Shanghai, China). The anode was a 6cm’ plate (2cm*3cm)
made of Pt, while the cathode was a 48cm* (6cm*8cm) activated
carbon fiber electrode. The supporting electrolyte was Na,SO,
solution 0.05M. The electrolysis only process was initiated by
turning on the DC power supply while the ozone generator was off.
So-called E-peroxone process meant the DC power supply was
turned on after the ozone generator was swithed on for 15 min to
reach an almost steady ozone concentration. The mixture of O, and
0O; from the ozone generator, was bubbled into the reactor at 0.4
Lemin-1, which is the same flow rate as in ozonation process. The
ozonation, electrolysis, and E-peroxone process were run for 60
min. The runs were carried out at pH 3, 5, 7, 9 and 11, ozone dose
was 3 g-h'1 and applied current density was 400mA unless
otherwise specified. During ozonation, electrolysis, and E-peroxone
process of AMO treatment, an aliquot of solution sample was
collected from the reactor at various time intervals. Each run in the
research was performed twice to ensure reproducibility.

Analytical Methods

The concentration of AMO was determined by HPLC (Waters, C18,
A=254nm). The mobile phase was a mixture of acetonitrile and 0.1%
acetic acid with the volume ratio 5:95. A 10pL volume was injected
using the auto sampler. TOC was measured using a TOC-VCPH
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analyzer (Shimadzu Co. Japan) to evaluate the mineralization of
AMO during the treatment process.

The concentration of O; in solution was measured using the
indigo method % The eOH concentration was analyzed using a
terephthalic acid (TA) trapping protocol. Briefly, the initial
concentrations of TA (2 mM) and NaOH (5 mM) were added into
the electrolyte in the reactor before the E-peroxone process
started. And then the E-peroxone system was turned on, to
generate *OH in the electrolyte. The *OH generated continuously
during the E-peroxone process, then was trapped by the TA which
is non-fluorescent, to form HTA which is highly fluorescent. The HTA
concentration  was  determined using a  fluorescence
spectrophotometer (Hitachi, F-7000), which can be taken as a
cumulative measurement of the eOH produced during the
operation time 27,28

The intermediates of AMO degradation were measured by
UPLC-MS/MS system, which consisted of a Waters ACQUITY UPLC
instrument coupled to a TQD triple-quadrupole mass spectrometer
(Waters Corp., Milford, MA). Separations were performed on an
ACQUITY UPLC BEH C18 column (100 mmx2.1 mm) with a 1.7um
particle size equipped with a 0.2 pm pre-column filter unit and a
guard column (Waters Corp.). The flow rate was set at 0.1 mLemin™.
The column and autosampler tray temperature were both set at
40°C. The MS/MS instrument was operated with a capillary voltage
of 1.00 kV, a source temperature of 350 ‘C and desolvation gas
(nitrogen) at 350 ‘C with a flow of 900 Leh™. The interchannel delay
was 20 ms. Parent and daughter ions, cone voltage and collision
energy were optimized by automatic infusion of 1 mg-L'1 in a
mixture of 50/50 water/acetonitrile containing 0.1% formic acid.
Analysis was measured in positive electrospray ionisation (ESI+)
mode; the mobile phase consisted of a mixture of solution A (0.1%
formic acid in water) and solution B (0.1% formic acid in
acetonitrile) with an initial composition of 90% solution A and 10%
solution B. The mobile phase composition changed linearly from
10% solution B to 40% at 10.0 min, then solution B was re-
equilibr%ted to starting conditions in 0.5 min and maintained for
1.5min *".

Results and Discussion

Comparison of different process for AMO removal

Only 37% AMO was removed after 6 min treatment by electrolysis.
While, AMO was completely degraded within 5 min and 4 min by
ozonation process and E-peroxone process, respectively (Fig.1.a).
The E-peroxone process enhanced the degradation rate of AMO
comparing to the other two individual processes. The low removal
rate of AMO in electrolysis resulted from the limited mass transfer
rate of AMO molecules to the anode surface and the limited
oxidation capacity of H,0, 19,3032 The ozonation process degraded
the AMO slower than E-peroxone, indicating that O; utilization and
*OH production were somewhat different in ozonation and E-
peroxone process and influenced the degradation rate.

In addition, mineralization of AMO by different process was
also evaluated in this work. Only 3.1% and 47.3% TOC mineralization
was achieved after 60 min in electrolysis and ozonation process,
respectively (Fig.1.b). When combined these two techniques
(ozonation and electrolysis) together, so-called E-peroxone process,
more than 67.8% TOC was removed in the same reaction time
(Fig.1.b). Similarly with AMO degradation, low mineralization in
electrolysis alone process resulted from the mass transfer limitation
of AMO molecules to the anode surface as described for the low

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 9



Page 3 of 9

RSC Advances

degradation degree 19,30 As for ozonation, although O; could

completely destruct the AMO structure in 5 min, it reacted rarely
with the aliphatic carboxylic acids formed from the oxidation
intermediates ***. In the long time mineralization of AMO, the ¢OH
production in E-peroxone seemed to play an important role.
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Fig.1 Degradation of AMO wastewater and TOC mineralization
by electrolysis, ozonation and E-peroxone treatment (current
of 400 mA; inlet O; concentration of 4 g-h'l)

It was shown that E-peroxone process provided a feasible and
promising way to remove such kind of antibiotics and their
intermediate products. However, how electricity introduction
enhanced the Oj utilization and ¢OH production in ozonation
process for AMO treatment deserved further research.

*OH production and aqueous O; concentration in E-peroxone
process

To understand the mechanism and evaluate the effect of electricity
introduction in E-peroxone process, aqueous Oz concentration and
¢OH production were compared in these two processes. The
measurement of ¢OH production in the solution was through HTA
production, which was the product by “¢OH and TA” reaction.

Fig. 2 showed that when pure O, was sparged into the reactor
during electrolysis (while the ozone generator was off), the H,0,
concentration increased almost linearly with reaction time. The
result indicated that H,0, was continuously produced from the
sparged O, at the ACF cathode, which was consistent with Eq. (1).
Conversely, when the ozone generator was turned on, the O, and
05 gas mixture was sparged into the reactor, no H,0, accumulation
was observed.

In E-peroxone process, the concentration of HTA increased
significantly within the first 8 min (Fig.2). The result indicated that in
E-peroxone process the sparged O; and in-situ generated H,0,
reacted actively to continuously produce ¢OH (Eq. (2)), and then the
produced ¢OH and TA formed HTA. After 8 min reaction time, HTA
concentration decreased, since most TA had reacted with «OH, and
then ¢OH and O3 would consume HTA gradually % In contrast, HTA
was substantially low throughout the whole ozonation process.
These results demonstrated that dissolved O3 was consumed in the

This journal is © The Royal Society of Chemistry 20xx

reaction with electro-generated H,0, and electrochemical reactions
such as cathode reduction to *OH in the E-peroxone process 17,24,
As a result, *OH production was significantly enhanced in E-
peroxone process, which contributed to higher AMO degradation
rate in E-peroxone comparing to in ozonation process.
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Fig. 2 Concentration of O; solution and radical OH during ozonation,
and E-peroxone process and H,0, concentration during electrolysis
and E-peroxone in ionized water (current of 400 mA; inlet O;
concentration of 4 g-h'l)

0, +2H" + 2e">H,0, (1)

03 + H,0,+ € >¢0H + 0, +eOH~ (2)

In ozonation process, the aqueous phase Oz concentration
increased rapidly to a plateau at ~0.8 mg-L'l. In comparison, the
aqueous O; concentration was substantially low during the whole E-
peroxone treatment. These results indicated that dissolved O3 was
rapidly consumed in E-peroxone process. According to mass
transfer theories *°, these electrochemically-driven reactions would
enhance O; mass transfer from the gas phase to the liquid phase.

Consequently, the effective ozone dose would be higher in E-
peroxone process than in ozonation. In other word, more sparged
05 was transferred to the liquid phase for pollutants degradation in
E-peroxone process rather than running out into gas phase in
ozonation process.

The above results showed that in E-peroxone process,
considerable amounts of ¢OH could be produced, and higher
utilization rate of O3 was obtained as well. Therefore, it could be a
reasonable interpretation for E-peroxone process performed more
effective and economical than ozonation process for AMO
degradation.

Effects of operating parameters on AMO degradation and TOC
mineralization in E-peroxone

In order to control the E-peroxone treatment of Amoxicillin process
efficiently and economically, important operating parameters such
as O3 concentration, current, and solution pH on the process
performance were evaluated systematically.

Fig. 3 showed that increasing the O3 concentration in the
sparged gas enhanced both amoxicillin degradation and TOC
mineralization in the E-peroxone process. This result can be easily
rationalized because increasing the gas phase O; concentration
would enhance the mass transfer of O3 from gas phase to liquid

J. Name., 2013, 00, 1-3 | 3
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phase, which leads to higher ¢OH production rates from the
reaction of aqueous O; with the in situ generated H,0, in the
solution.  Consequently, amoxicillin and its degradation
intermediates can be more rapidly mineralized as the gas phase O3
concentration is increased.

@
:
< g
=
=
R T
- e p—
s --
2 40
E —o— 03= 10 mg/L
Q 5 == 03 =20 mg/L
g 03 =30 mg/LL
0 —a— 03=40 mg/L
0 10 20 30 40 50 60
(b) Reaction time (min)
_ 100 f
S
E sop
2
% 60 |
2 4
£ I —e— 03=10mg/L
§ —0— 03 =20mg/L.
2 20 b 03 =30 mg/L
| —a— 03=40mg/L

0 2 4 6 8 10
Reaction time (min)

Fig.3 Effects of O3 concentration on AMO degradation and TOC
mineralization in E-peroxone process (current of 400 mA)

Fig. 4 showed that amoxicillin degradation and TOC
mineralization increased as the applied current increased from 100
to 300 mA. However, further increasing the current to 400 mA did
not enhance amoxicillin degradation and TOC mineralization
accordingly. Consequently, increasing the applied current can
produce more aqueous *OH when sufficient aqueous Oj is available
to react with the electro-generated H,0,, leading to enhanced
pollutant degradation by the E-peroxone process. However, due to
the low solubility of O3, the *OH production rate would eventually
be limited by the rate of O3 transfer from gas phase to liquid phase
when the current is increased beyond a critical value. When the
amount of aqueous Oj; is insufficient in the solution, the excess
H,0, will contribute little to TOC mineralization because it is not a
powerful oxidant. Therefore, the increasing the current beyond 300
mA did not increase the rate of amoxicillin degradation and TOC
mineralization further, in the E-peroxone process.

In traditional ozonation treatment, pH is an important
parameter, as ozone oxidation pathways include direct oxidation by
molecular ozone under acidic conditions while indirect oxidation by
*OH under alkaline pH values. However, how pH affected oxidation
type and AMO structure present in E-peroxone process were both
unclear. In the present study, effects of pH on AMO treatment in E-
peroxone process were designed to clarify.

pH is usually considered as an important parameter for
hydroxide ions initiate ozone decomposition, which involves the
following reactions 3,

03+0H™> HO, +0,; k =70M s (3)
(4)

(5)

O3+ HO, >e0H +0, +05; k = 2.8*10° M s

HO, +eOH->+0,H+e0H;
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Fig.4 Effects of current on AMO degradation and TOC mineralization
in E-peroxone process (inlet O3 concentration of 4ge h'l)

In E-peroxone process, when pH value was lower than 7.0,
AMO degradation and TOC mineralization rate increased with pH
(Fig.5.a and Fig.5.b). However, the enhancement effect of pH on
AMO removal was limited when its value exceeded 7.0, and the
highest removal rate was obtained at pH =9, while the degradation
and TOC mineralization rates of AMO decreased considerably when
pH= 11. The result indicated that the effect of pH on AMO
degradation was complicated and it varied at different solution pHs.
For better understanding, the mechanism of these limited factors
were discussed in detail.

Under acidic condition, the dissociation of H,0, to HO, would
increase with pH. Further, H,0, reacted with O3 only when present
as the anion, HO, . The increase of H,0, thus enhanced eOH
generation in E-peroxone process via Eqg. (4). This reaction well
explained why AMO degradation and TOC mineralization rate went
faster with the increase of pH.

Under alkali condition, it was accepted that aqueous ozone
decomposing to HO, (Eg. (3)) could enhance ¢OH generation in
conventional ozonation process?’s. However, it might occur a side
reaction and decrease the degradation efficiency when pH was at
11 in this study. It was shown that the availability of aqueous O3
was substantially low when the E-peroxone process was conducted
at 400 mA and neutral pH (Fig. 5). Increasing pH to 11 had further
decreased the availability of aqueous O, due to the decomposition
of O3, causing the decrease in *OH production (Eq. (4)). Meanwhile,
the dissociation of H,0, would be enhanced with pH increase in E-
peroxone process, as the pK, of H,0, was 11.6 at which favoured
the production of excessive HO, and further acted as a scavenger
of «OH via Eq. (5). These reactions may account for the decrease in
AMO degradation efficiency and lower TOC mineralization in E-
peroxone process when E-peroxone (400 mA) was conducted at pH
11 than pH 7.

This journal is © The Royal Society of Chemistry 20xx
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concentration of 4g'h'1)

The solution pH not only affected the decomposition of
aqueous 03, but also influenced the existing forms of AMO, which
affected AMO degradation efficiency in turn. AMO has three pK,
values of 2.68, 7.49 and 9.63 resulting in protonated, non-
protonated and deprotonated forms, which could influence its
degradation efficiency 37, Considering the structure of the AMO, the
pK,1 value of AMO carboxylic group is 2.68, and the protonation of
carboxylic group formed at pH 2.6. Decreasing solution pH from 7 to
2.6 enhanced protonation of carboxylic acid products formed from
AMO degradation. The protonation of AMO and carboxylic
intermediates would generally decrease their susceptibility to «OH
oxidation *%. This could explain why E-peroxone process was more
effective when it was operated at pH 7 than at pH 2.6, for AMO
degradation and TOC mineralization. These results above showed
that pH played an important role in AMO degradation, and pH
controlled at 7 to 9 could guarantee hydroxyl radical production
and AMO susceptibility to *OH oxidation in E-peroxone process.

Intermediates and AMO degradation pathway by ozonation and E-
peroxone process

Although it seemed that E-peroxone process and ozonation had
achieved similar removal effects on AMO, E-peroxone process had
its own priority in AMO mineralization. Thus, it was assumed that
the electricity influenced the AMO degradation on the
intermediates species and pathways.

To investigate the influence of electricity on AMO degradation,
the intermediates were identified precisely by UPLC-ESI-MS-MS.
The degradation by-products were determined for AMO by
ozonation and E-peroxone process corresponding with the different
treatment process at starting pH of 6.0. 10 intermediates were
detected in ozone process, while 15 intermediates were detected in
E-peroxone process (Table 1). The main fragments observed in the
mass spectra of each intermediate are indicated on Fig. 6 and Fig. 7.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Accurate mass measurements found by UPLC-MS/MS
spectra of AMO degradation fragmentation ions by ozonation and E-
peroxone process.

Compound
Structure ozonation E-peroxone
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Ozonation-based degradation pathway. The structure analysis of
amoxicillin indicated that the ozone electrophilic attack occurred at
the phenolic ring, sulfur atom, amino group and double bond.
Based on this presumption, the following reaction pathways for
AMO degradation by ozonation were proposed (Fig.6). The first one
(Fig.6.A1, A2) was hydroxylation occurring in the phenolic ring and
amino group, yielding the intermediates (m/z=382,383, 412,428)13’
¥ Another pathway (Fig.6.B) was initialized by the attack of ozone
on sulfur atom of amoxicillin, resulting into the formation and
hydroxylation of the sulfoxide derivatives (m/z=382) and
successively forming more complex compound (m/z=398,412,428)
), Pathway C began with the destruction of the four-membered B-
lactam ring and

yields the penicilloic acid (m/z=384). A further decarboxylation the
thiazolidine ring yielded the intermediates m/z=354. The pathway

O

Journal Name

D was cleaved initially with the release of p-hydroxybenzoic acid
(m/z = 139) by the ozone attack on double bond @

The bond cleavage generated at compounds (m/z=383, 412,
428) and further degradation losing the CO group and the four-
membered B-lactam ring was evidenced compound m/z=176.
E-peroxone-based degradation pathway. Judging from the
identified by-products, the following reaction pathways for AMO
further degradation were proposed. The first one was
hydroxylation, which could occur at the positions with lone pair of
electrons including the benzoic ring (Fig.7.A1) and the nitrogen
atom (Fig.7.A2). The pathway Al and pathway A2 underwent the
hydroxylation that one (m/z=382) to four hydroxyl groups
(m/z=428) were added to the AMO molecule, yielding the
intermediates  with m/z=382, 383, 398, 412, 428 *.
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Another degradation pathway (Fig.7.B1) corresponded to the
opening of the four-membered B-lactam ring and yielded the
penicilloic acid (m/z=384) and a series of derivatives
(m/z=340,354,310,400). A further decarboxylation reaction yielded
the intermediates m/z=340. The oxidation of the methyl groups in
the thiazolidine ring was evidenced by the identification of the
intermediates m/z=354 and m/z=310. The product with m/z = 160
could be also generated by the cleavage of the former derivatives™.
The other pathway (Fig.7.B2) began with the destruction of lactamic
bond vyielding the intermediates (m/z=377) with its subsequent
degradation to a product with m/z=239 0,

The bond cleavage between nitrogen of the amino group and
the carbonyl group was evidenced by compound m/z=231 and
further degradation, due to the loss of the CO group and of the
four-membered B-lactam ring, yielding the intermediates m/z=176.

It was found the introduction of electrolysis in ozonation had
enhanced the cleavage of AMO, and then degraded to smaller
products, so that AMO became easier to be attacked.
Consequently, the removal rate of TOC was increased in E-peroxone
process, comparing to ozone-alone process.

Conclusions

High removal efficiency and mineralization rate was obtained by E-
peroxone over ozonation and electrolysis synergistic effect for
amoxicillin treatment, owing to more effective hydroxyl radical
production introduced by E-peroxone process. AMO was
completely degraded in 4 min, and 67.8% total organic carbon
(TOC) mineralization was obtained after 60 min by E-peroxone
proecess. It was found that pH played an important role in AMO
degradation and TOC mineralization, which not only affecting the
decomposition of aqueous O;and the hydroxyl radical production,
but also affecting the existing forms of AMO. The highest removal
rates were obtained at pH=9, indicating pH control was crucial in E-
peroxone process.

The degradation pathways were deduced in two processes,
based on the reaction between AMO and O; or eOH. 15
intermediates were identified in E-peroxone process while 10
intermediates were detected in ozone process using UPLC-MS/MS.
These intermediates were generated in the following steps, the
hydroxylation of the benzoic ring and N, the four-membered B-
lactamic ring opening, oxidation of S, and other bond cleavage
reactions. The introduction of electrolysis in ozonation had
improved AMO degradation and increased TOC removal, suggesting
E-peroxone process is feasible and has great potential for enhancing
AMO treatment.
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