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Abstract

Wastewater treatment for lowering down the amount of antibiotic drugs in environment is essential for preventing their harm-
ful effects in the ecosystem and for diminishing the growing bacterial resistance. Here, gold-decorated Fe;O, nanoparticles
(NPs) were used for efficient photocatalytic degradation of ampicillin, investigated by UV/Vis absorbance spectrometry. The
absorbance data matrices recorded in the course of reactions were analyzed using multivariate curve resolution-alternative
least squares as a power chemometrics method. The resolved concentration profiles were composed of three intermediate
species and one final product. The concentration profiles were fitted to a first-order kinetics and for the photodegradation
experiments run (1) in the absence of photocatalyst, (2) in the presence of Fe;0, NPs and (3) in the presence of Au-decorated
Fe;O, NPs, the rate constants of 0.023, 0.041 and 0.055 min~! were obtained, respectively. We found that ampicillin under-
goes fast photocatalytic degradation reaction, so that, in the presence of Fe;O, NPs and Au-decorated magnetic NPs, it was
completely converted to its photodegradation product in a few min (35 and 25 min, respectively). The results obtained by
chemometrics analysis of the absorbance data agreed with those obtained by capillary electrophoresis.

Keywords Gold-decorated Fe;O, - Magnetic nanoparticles - Ampicillin - Photodegradation - Chemometrics - Multivariate
curve resolution

Introduction reasons for creating resistance bacteria [3—5]. So, wastewa-

ter treatment for lowering down the amount of these drugs

The significant growth of chemical drug production in this
modern world causes emission of these chemical agents in
the environment [1]. They come from different sources such
as hospital’s waste, pharmaceutical companies and even
from human and animal exhausts [1]. Most of these drugs,
which are found in surface water and groundwater, are harm-
ful for ecosystem [2]. Among these, antibiotic drugs, which
are consumed very much by human and animals, cause
severe environmental risks, e.g., they are one of the main
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in environment is essential for industries producing these
products [6].

In the past, different methods have been suggested for the
treatment of antibacterial drugs such as ampicillin (AMP).
The first methods of choice were physisorption and chem-
isorption of the drug by absorbing materials [7, 8]. However,
this procedure only transfers the drugs from one environ-
ment to another one, and hence, these methods do not dimin-
ish the environmental impact of the chemicals. The more
efficient methods are forced degradations, e.g., acid or basic
degradation, thermal degradation and oxidative degradation
[9-12]. In recent years, attentions have been directed toward
using photocatalyst for oxidative degradation of antibiot-
ics [13]. Photocatalysts that are mainly metal oxide semi-
conductors (e.g., ZnO and TiO,) produce reactive oxygen
species (mainly hydroxyl radical) in aqueous solution upon
irradiation with ultraviolet (UV) or daylight [13—15]. In the
photocatalytic degradation process, the harmful species
either is converted to other species of lower risk or ends
with complete mineralization.
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Using nanoparticles as photocatalyst has attracted a lot
of interest in these days [16—19]. They can provide higher
catalytic efficiency and/or run the reaction in milder con-
ditions. Among different reported nanocatalysts, magnetic
nanoparticles based on Fe;O, are interesting sources of pho-
tocatalysts since they can be easily collected by an external
magnet for their recycling and regenerating [18, 19]. To
obtain higher efficiencies, composites of Fe;O, with noble
metal nanoparticles have been used [20-22]. Previously, we
showed that core—shell Fe;O,-Ag nanoparticles provided
higher catalytic efficiencies compared to nanoparticles of
Fe;0, alone [23]. Ferrite nanoparticles decorated with Au
nanoparticles are other types of Fe;O, nanocomposites,
which have shown enhanced catalyst properties [24, 25]. It
should be noted that besides photocatalytic properties, Fe;0,
nanocomposites have been used as adsorbent for pollution
removal from wastewater too [26 and references therein].

According to the environmental impact of AMP, degra-
dation/mineralization of this antibiotic has been the subject
of many studies [27-39]. Similar to other drugs, oxidation
of AMP using metal oxide (e.g., WO4/ZrO, [27] and ZnO/
TiO, [28-31]) as photocatalyst has been studied by different
research groups. Also, photo-oxidation of AMP by the Fen-
ton reaction was reported [32]. Moreover, BiOCl [33] and its
combination with Bi,0; [34], both supported on graphene
sane and chitosan, were used for photocatalytic minerali-
zation of AMP. In addition to conventional photocatalysts,
nanocomposites (ZnO/ZnWO, nanocomposite [35], trime-
tallic nanocomposite of La/Cu/Zr [36] and ZnO/polyaniline
nanocomposite [37]) have been used for remediation of
AMP. Last but not least, a composite of Fe;O, magnetic
nanoparticles with TiO, and Ag nanoparticles (Fe;O0,@
TiO,@Ag) was synthesized by Zhao et al. [38] and used for
photocatalytic degradation of AMP.

A mathematical and statistical modeling of the photo-
catalytic process is always subjected to great interests for
understanding both fundamental phenomena and steering
reaction pathway toward desire product(s) [39-41]. UV/Vis
absorption spectroscopy has been considered as an analyti-
cal method owing to its low cost, speed and simplicity of
measurements. However, because of band overlapping, it has
limited applications in multicomponent systems. However,
since the development of chemometrics methods, the chem-
ists have been able to monitor and study reaction kinetics
and equilibrium using UV/Vis absorbance spectroscopy [42,
43]. Multivariate curve resolutions (MCRs) are groups of
chemometrics methods that can resolve the absorbance data
matrix, recorded in a course of a chemical reaction, to the
pure contribution of the species involved in the reaction [44,
45]. Multivariate curve resolution-alternative least square
(MCR-ALS) technique is one of the efficient MCR methods
that have been found major popularity in the chemometrics
literature [46, 47].
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In this paper, the photodegradation of AMP in the pres-
ence of gold-decorated Fe;O, nanoparticles as photocatalyst
is investigated using UV/Vis absorbance spectroscopy. The
absorbance data recorded in the course of photodegrada-
tion reactions are analyzed by the MCR-ALS method to get
insight into the mechanism of the reaction. By comparing
the photodegradation in the presence and absence of photo-
catalyst, a plausible reaction mechanism is suggested.

Experimental
Chemicals

Analytical-grade reagents were used. Hydrogen tetrachlo-
roaurate (III) trihydrate (HAuCl,.3H,0, 99.9%), sodium
citrate (Na,CcHs0,), FeCl,-4H,0 (> 98.0%), FeCl;-6H,0
(>99.0%), NH;-H,O (25.0-28.0%) and HPLC-grade sol-
vents (purity 99.0%) such as methanol and ethanol were
purchased from Sigma-Aldrich. Pure powder of ampicillin
trihydrate (>99.0%) was purchased from Farabi Pharma-
ceutical Company, Iran. Sodium dodecyl sulfate (SDS) was
purchased from Merck, Germany.

Solutions of Britton—Robinson buffers were prepared
in 0.04 M concentration. AMP stock solutions (C;:150.0,
C,:250.0 and C5:350.0 uM) were prepared daily by dissolv-
ing its required amounts in 5.0% ethanolic buffer solution
(50.0 mL) of pH 7.0. High-purity water purified with the
Milli-Q system was used in all experiments.

Instruments

A diode-array Hewlett Packard (HP) 8452A spectrophotom-
eter (Avondale, PA, USA) was used for absorbance meas-
urements. An Agilent capillary electrophoresis (CE) system
(Waldbronn, Germany) equipped with a 56.0-cm fused silica
capillary of 50.0 pm internal diameter was used. Condition-
ing of capillary was done by flushing with 0.1 mol/L NaOH
for 20.0 min followed by water for 10.0 min. Determination
was performed at 30.0 kV and 25.0 °C (under applied pres-
sure of 15.0 mbar) in 10.0 min; under these conditions, the
current was 49.0-50.0 pA. UV detection was at 215.0 nm.
Peak area was used for the quantification.

A Hitachi S-4300 (Japan) instrument was employed
to record the transmission electron microscopy (TEM)
images. A PHILIPS PW-1840 diffractometer was used to
record the X-ray diffraction (XRD) spectra. The Fourier
transform infrared (FTIR) spectra were recorded using a
Shimadzu Fourier transform infrared 8300 spectrophotom-
eter. Hysteresis loop measurements (for determination of
magnetization) were taken with a Quantum Design PPMS
Model 6000 magnetometer at 25.0 °C. The pH of solutions
was measured by a Metrohm 744 pH meter (Switzerland).
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An external magnet bar of 5.0 cmx 5.0 cmx 3.0 cm and
power of 1.46 T were used for the accumulation of mag-
netic nanoparticles (NPs).

Procedure
Synthesis of Au-decorated Fe;0, nanoparticles

The Au-decorated F;0, nanoparticles were synthesized
following the method suggested by Lee and coworkers
[48, 49], which was the modified version of the synthetic
method reported by Grabar et al. [50]. A 1.622 g portion
of FeCl;-6H,0 and a 0.9941 g portion of FeCl,-4H,0 were
dissolved in 40.0 mL already deaerated deionized water
under a constant mechanical stirring and N, purging. A
5.0-mL aliquot of ammonia solution of 28.0% (w/v) was
added, after complete dissolving the reagents. The result-
ing solution was stirred for 10.0 min, and then, sodium cit-
rate (4.4 g) was added. Stirring was continued for 30 min,
while the temperature increased to 90.0 °C. Cooling the
reaction mixture resulted in the formation of the black pre-
cipitate of F;0,. After rinsing the precipitate thoroughly
with distilled water, a magnet was used to separate the
precipitate from the supernatant.

Next, a 20.0 mL portion of 0.5 mM HAuCl, solution
was transferred in a backer and was heated and stirred
vigorously until boiling. A rapid addition of 4.0 mL of
the Fe;O, NPs solution prepared from the previous step
(approximately 0.136 uM) resulted in a continuous color
change from brown to burgundy. After 10.0-min stirring,
the heating power turned off while stirring continued till
the solution’s temperature cooled to room temperature.
The AuCl,~ species can be reduced by the sodium citrate,
which capped on the surface of Fe;O, NPs. This causes
the formation of Au islands on the magnetic core. Mag-
netic centrifugation of the resultant solution at 6500 rpm
precipitated the Au-decorated Fe;O, NPs. Centrifugation
was repeated three times, each continued for 30 min. The
precipitates were rinsed with deionized and re-dispersed.
The final solution appeared dark purple.

Fig.1 TEMs of the as-prepared
spherical-shaped bare (left) and
Au-decorated (right) magnetic
NPs

Photocatalytic degradation of AMP

The direct and photocatalytic degradation of AMP was car-
ried out in a homemade photodegradation setup reported
by us previously [23]. Prior to illumination, a suspension
of 50.0 mL (equal volumes) from AMP and photocatalyst
(Au-decorated Fe;0, NPs) solutions with different concen-
trations was stirred in the dark. Then, photocatalytic deg-
radation was started by turning on the light sources (two
254-nm UV lamps; 450 mm, 15 W; Philips, Netherlands).
Sampling from the reaction solution (3.0 mL) was done at
fixed time intervals. The samples were exposed to an exter-
nal magnetic field for separation of magnetic NPs from the
reaction mixture and then were analyzed by recording the
UV-Vis absorbance spectra in the wavelength interval of
200.0 and 500.0 nm.

For each photocatalytic degradation run, the recorded
absorbance spectra were digitized in 1.0-nm intervals and
those collected throughout the experiment were provided
in a data matrix D. The rows of the data matrix are the
UV-Vis absorbance spectra at the sequential time intervals,
and the columns represent absorbance—time profiles at dif-
ferent wavelengths. Since in the wavelength interval of 350
and 500 nm no significant absorbance data were observed,
the absorbance readings in the range of 200-350 nm (150
absorbance readings per spectrum, which are the number of
columns of D) were selected for future analyses. The sam-
pling time intervals were varied from experiments to experi-
ments. Thus, the data matrices of different runs did not have
the same number of rows.

Results and discussion

Characterization of the gold-decorated magnetic
nanoparticles

Figure 1 displays representative TEM images of bare and
Au-decorated Fe;O0, NPs. They clearly show that Fe;0,
NPs, whose solution is yellow in color, have almost spheri-
cal shape with average size of about 10.0 nm. Additionally,
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the Au-decorated Fe;O, NPs, whose solution is purple in
color, have also spherical shape but are larger in size (about
20.0 nm).

Figure 2A shows the FTIR spectra of citrate-capped
Fe;O, NPs (a) and Au-decorated Fe;O, NPs (b). The shift
in frequency of C=0 vibration from 1578.0 cm™! (for citric
acid) to about 1560.0 cm™! (for Fe;O, NPs) confirms the
binding of a citrate to the surface of Fe;O, NPs [51]. Fur-
thermore, the observed peak at around 575.0 cm™' can be
attributed to the Fe—O stretching mode of the citrate-capped
Fe;O4 NPs [52].

The XRD pattern of Fe;0, NPs (Fig. 2B) had diffraction
peaks at 30.05°, 35.33°, 43.01°, 53.39°, 56.87° and 62.48°
which can be, respectively, indexed to the (220), (311),
(400), (511) and (440) planes of Fe;O, in a cubic phase
[53]. These diffraction peaks agree also with those previ-
ously reported by Mandal et al. [54].

The UV-Vis absorbance spectra are shown in Fig. 2C.
The bare Fe;0, NPs solution does not show significant
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Fig.2 A FTIR spectra of (a) Fe;0, and (b) Au-decorated Fe;O, NPs.
B XRD pattern of (a) Fe;0,4 and (b) Au-decorated Fe;0, NPs. C UV-
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absorbance peak in the visible region (curve a), whereas the
solutions of Au-decorated Fe;0, NPs represent surface plas-
mon peaks in the wavelength ranges of 540-600 nm (curves
b, —bg), indicating the formation of Au islands [49, 55].
The observed blueshift from 600.0 to 530.0 nm (from b, to
be) because of increase in the reactive volume of Au pre-
cursors agrees with those observed previously by Lee et al.
[48, 49]. As stated by Zhou et al. [49], the observed peak
broadness may be caused by non-uniform Au islands around
the Fe;0, cores.

The hysteresis loops of Fe;O, and Au-decorated Fe;0,
NPs are shown in Fig. 2D. The Ms of Fe;0, NPs was 66.8
emug !, whereas it dropped significantly for Au-decorated
Fe;0, NPs (Ms of 16.2 emug™"), but these nanoparticles still
can be considered nearly paramagnetic [56]. As shown in the
inset of Fig. 2D, the Au-decorated Fe;O0, NPs were sepa-
rated using a magnet. The nanoparticles were attached to the
interior wall of the sample container, and the rest of sample
solution turned very clear and transparent. Interestingly,
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perature of (a) Fe;O, and (b) Au-decorated Fe;O, NPs. Inset shows
photograph of the Au-decorated Fe;O, NPs suspension after mag-
netic separation by an external magnet
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after removing the magnet, the nanoparticles were re-dis-
persed in aqueous solutions.

Photocatalytic degradation of AMP

The photocatalytic degradation of AMP was monitored by
the spectrophotometric method, processed by multivariate
curve resolution-alternative least squares (MCR-ALS) as one
of the powerful and advanced data analysis methods. To do
so, as explained in “Photocatalytic degradation of AMP”
section, for each degradation experiment, a data matrix
of digitized absorbencies, recorded at different irradiation
times, was provided. In total, nine photodegradation experi-
ments were run; three solutions of AMP with initial concen-
trations of 150.0, 250.0 and 350.0 uM were investigated in
three different conditions (in the absence of photocatalyst,
in the presence of Fe;0, NPs and in the presence of Au-
decorated Fe;O, NPs). It should be noted that all experi-
ments were conducted at pH 7.0.

As an example, the changes in the absorbance spectra
of AMP over irradiation time, in the absence and presence
of Au-decorated Fe;O, nanocatalyst for one concentration
of AMP, are depicted in Fig. 3 and Fig. S1 of supplemen-
tary material. Irradiation of AMP solutions with 254-nm
UV light caused an increase in absorbance peak of around
210 nm (with slight redshift) in accompanying with the
appearance of new absorbance speak at around 300 nm. A
faster change in absorbance data is observed when the AMP
is irradiated in the presence of nanocatalyst.

MCR-ALS analysis decomposes a bilinear data matrix
(D) of, for example, absorbance data, recorded during an
evolutionary process for a multicomponent system, into two
new matrices of C and S according to the Beer—Lambert law
of absorbance additivity of mixtures:

D=CST+E e))

where E stands for non-modeled part of D or noise and the
superscript “T” denotes matrix transpose. Each correspond-
ing column of C and S explains the concentration profile
(concentration change as a function of time) and pure spectra
(molar absorptivity at different wavelengths) of a given spe-
cies in the system, respectively. MCR-ALS starts with an ini-
tial estimate for either C or S and then continues by iterative
calculating of the complementary matrix till convergence, at
which there is no improvement in the lack of fit error.

To avoid incorrect estimation of the number of chemical
factors because of possible rank deficiency and to get more
accurate results with lower degree of rotational ambiguity,
MCR-ALS analysis was run in multiset analysis manner.
In this context, an extended data matrix was obtained by
column-wise augmentation of the data matrices, which is
obtained in nine different conditions:
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Fig.3 Changes in the absorbance spectra of AMP aqueous solution
(250.0 uM) at different irradiation times: A in the presence of Au-
decorated Fe;O, NPs and B in the absence of photocatalyst

D,,, = [D;;D,:D3; ...; Dy )

In the column-wise augmentation, the original Di matri-
ces share the same columns (here wavelengths). Bilinear
decomposition of the extended data matrix by MCR-ALS
results in different concentration profiles sharing the same
pure spectra:

D, = [Cl;Cz;C3; ;C9]ST (3)

MCR analysis starts with finding the number of chemi-
cal species (or chemical rank) in the system. Rank analysis
showed five components in the system (Fig. S2 of Supple-
mentary section). As shown in this figure, after inclusion
of five factors, no significant changes in eigenvalues are
observed. Besides, the red line depicted in the figure indi-
cates that the eigenvalue number 6 is located in around the
instrumental noise level. This result was also confirmed by
EFA. As shown in Fig. S2, a large separation is observed
between the first five eigenvalues and the rest of ones.
Additionally, the loading plots (Fig. S3) demonstrate that
the first five PCs contained systematic variances and the
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sixth one represents noise variances. Furthermore, MCR-
ALS analysis was run with different number of factors
and the residuals were plotted. For number of factors <5,
the residuals represent systematic variations. However,
for number of factor of 5, we do not observe a signifi-
cant systematic variation in residual. The more increase
in the number of factors did not effect on the structure of
residuals. All these rank analysis methods suggest that five
chemical components are most probable.

In the self-modeling curve resolution methods like
MCR-ALS, the implementation of natural constraints
helps the model to converge to more chemically mean-
ingful solutions. Here, both concentration profiles and
pure spectra were subjected to nonnegativity constraint,
whereas unimodality constraint was applied on the con-
centration profiles. When no local rank information is
available, implementation of selectivity constraint would
be very helpful. In our case, the spectra of AMP solu-
tions kept in the dark were used to implement selectiv-
ity. Finally, since the studied systems were closed, all
photodegradation products come from initial AMP, and

we implemented closure constraints to the concentration
profiles.

The resolved concentration profiles and pure spectra of
AMP after convergence of the constrained MCR-ALS model
are given in Fig. 4. The concentration profiles are composed
of one starting species, three intermediate species and one
final product. Analysis of the kinetics behavior of AMP (as
reactant) suggests that the direct and catalytic photodegrada-
tion kinetics of AMP can be divided into two regions. In the
kinetics region before half-life, the concentration profile of
AMP fits to a zero-order kinetic law. In the second kinetics
region, which is after half-life, the concentration profiles are
best described by a first-order kinetics.

We found that AMP undergoes fast photocatalytic deg-
radation reaction, so that, in the presence of Au-decorated
magnetic NPs, it is completely converted to its photodeg-
radation product in a few min. The kinetics of photochemi-
cal reactions should obey zero order according to the Ein-
stein photochemical law. However, the inhibitory effect of
the reaction product(s) on the photodegradation kinetics
alters the reaction kinetic from zero order to the first order.
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Fig.4 Results of MCR_ALS: A resolved concentration profiles at
nine different photodegradation runs: in the absence of photocata-
lyst (a, b and c), in the presence of Fe;O, NPs (d, e and f) and in
the presence of Au-decorated Fe;O, NPs (g, h, k). The concentra-
tions of AMP were 150.0 uM (a, d and G), 250.0 uM (b, e and h) and
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350.0 uM (c, f and k). B Fitting the initial part of the AMP concen-
tration profile to zero-order kinetics in the absence of photocatalyst
(M), in the presence of Fe;O, NPs (@) and in the presence of Au-
decorated Fe;O, NPs (A) and C resolved pure concentration profiles
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Previous studies on the photocatalytic degradation of AMP
have also suggested a first-order kinetic mechanism [29, 30,
36, 57]. To have a quick snapshot on the rate of the photo-
catalytic degradation of AMP, the initial part of the concen-
tration profiles of AMP (Fig. 4B) at different conditions was
fitted to the first-order rate law and the respective rate con-
stants were calculated. As shown in the inset of Fig. 4B, the
rate constants, which are the slope of the concentration—time
curves, are 0.023, 0.041 and 0.055 min~!, in the absence of
photocatalyst, in the presence of Fe;O, NPs and in the pres-
ence of Au-decorated Fe;O, NPs, respectively. So, higher
kinetics rate in the presence of Au-decorated Fe;O, NPs is
obvious. The concentration—time decay of AMP shown in
Fig. 4B implies that in the absence of nanocatalyst, AMP
does not degrade totally such that after 60-min irradiation,
90% of AMP remains intact. However, in the presence
of Fe;O, NPs, complete photodegradation is achieved in
35 min of UV irradiation. On the other hand, Au-decorated
Fe;0, NPs increases the rate of photodegradation and short-
ens the photodegradation time to 25 min.

Comparing the slope of the kinetic curves and the
required times for complete photodegradation of AMP
reveals a 30% higher efficiency for Au-decorated Fe;O,
NPs relative to Fe;0, NPs. It is worthy to mention that the
number of degradation products and the kinetic curves of the
species produced during the photodegradation study of AMP
(Fig. 4A) are similar for non-catalytic and catalytic degra-
dation of AMP. This suggests that the used nanocatalysts
in this study did not change the photodegradation pathway
and just changed the rate of degradation. The calculated pure
spectrum of AMP (Fig. 4C) agrees very well the experi-
mental spectrum, indicating the high accuracy of the MCR
results.

For confirmation of the kinetic pathway suggested by
MCR-ALS, photocatalytic degradation of AMP was also
monitored by capillary electrophoresis. AMP stock solution
and photocatalytic degraded samples were injected to CE,
separately. As shown in Fig. 5, the presence of four photo-
degradation products is evident. The electropherogram of
one product, which is the main photodegradation product, is
appeared close to that of AMP, suggesting that this species is
very similar to AMP. The peaks of other three products are
appeared far from AMP but close to each other, explaining
that these species have different chemical structures from
AMP.

Photocatalytic mechanism of the Au-decorated
magnetic nanoparticles

Previously, a charge separation mechanism for photocata-
lytic activity of Ag-Fe;O, nanocomposite has been sug-
gested [23]. It seems that a similar mechanism would be
applied for Au-decorated Fe;O, NPs. To probe the charge
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Fig.5 Recorded electropherograms from AMP stock solution (A) and
a photocatalytic degraded sample (B)

transfer between Fe;O, core and Au islands, we first pre-
pared colloidal Au-decorated Fe;O, NPs (0.046 M) in etha-
nol toluene with constant stirring (steady-state photolysis
experiments). The average particle diameter is in the range
of 20.0-25.0 nm. The suspension was purged with N, gas
and was then subjected to UV illumination for 2.0 h. The
UV-irradiated sample cell was then transferred to the spec-
trophotometer to record the absorption spectra. A blueshift
in the surface plasmon absorption peak of Au islands, similar
to those found for Ag-Fe;O, nanocomposite, was observed.
A redshift and the slight bleach of surface plasmon absorp-
tion peak of Au islands in the presence of redox couples in
solution were also observed. This is likely to be caused by
the dampening of the Au plasmon band as holes are accumu-
lated around the Au islands on the magnetic core as well as
solution—catalyst interfacial electron transfer. According to
these observations, which are consistent with our previous
finding [23] and in accordance with the suggested photo-
catalyst mechanism for Fe;0,-based nanocomposites [58,
59], the formation of OH free radical is suggested as the
plausible mechanism for photocatalytic property of the Au-
decorated Fe;O, NPs. Similar mechanism (hydroxy radical
production) was observed for Au@TiO2 nanoparticles by
Khan et al. [60].

According to the report of Hou and Poole [61], the deg-
radation product of AMP, whose peak is close to that of
AMP (Fig. 5), can be attributed to the compound produced
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Table 1 Comparing the photodegradation efficiency of the Au-decorated magnetic NPs with some of the previously reported photocatalysts for

degradation of AMP

Catalyst Degradation efficiency First-order rate constant References
Time (min) Yield (%)

WO;-ZrO,-Ru 180 min 97 NR [27]

TiO, 30 min (with H,0,) 100 0.003 min~! [29]

ZnO 180 min 100 0.015 [30]

Activated carbon-supported ZnO/ZnWO, nanocomposite 60 min 93 NR [35]

La/Cu/Zr trimetallic nanoparticles 240 h 86 0.006 [36]

ZnO/polyaniline nanocomposite 120 min 41 NR [37]

60%WO,/BiOCl stacked to graphene sand composite 60 min ~100 0.004 [62]

Gold-decorated Fe;0, nanoparticles 25 min 100 0.055 This work

NR not reported

from beta-lactam ring cleavage (compound 2 in Fig. 6). In
addition, the peaks appear at early times of the electrophero-
gram which can be attributed to smaller molecules of higher
polarity (or bearing more charges). As suggested by Olad
and Nosrati [62], these small molecules can be produced
by cleaving of the acetamide bonds (compound 3, 4 or § in
Fig. 6).

Conclusions
Direct and catalytic photodegradation studies were done on
AMP in the absence and presence of Au-decorated mag-

netic NPs, respectively. These studies used three and two
different initial concentrations for AMP and photocatalysts,

@ Springer

respectively. For each initial concentration of AMP, three
experimental runs in the absence and presence of photo-
catalysts have been mapped. The recorded column-wise
augmented matrix D,,, was subjected to MCR-ALS analy-
sis. It should be noted that all experiments were conducted
at pH value equal to 7.0. MCR results revealed that the
extracted concentration profiles and pure spectra in the nine
recorded data sets are analogous and show that the AMP in
the absence or presence of photocatalysts follows approxi-
mately similar photodegradation pathways.

The extracted concentration profiles of AMP describe
that it undergoes fast photocatalytic degradation in the pres-
ence of the photocatalysts such that in the presence of Au-
decorated magnetic NPs, it is completely converted to its
photodegradation product in a few min. Both chemometrics
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analysis and capillary electrophoresis revealed the formation
of five photodegradation products for AMP. By comparing
the concentration profiles of the photodegradation products
in the presence and absence of photocatalyst, we found that
the photocatalysts do not change the reaction pathway but
increase the reaction rate.

In comparison with the previously reported photocata-

lysts for degradation of AMP (Table 1), the Au-decorated
magnetic NPs resulted in much higher efficiency. It behaves
similar to TiO,, but it does not need H,0O,, which is a very
harmful chemical. In addition, the largest rate constant has
been obtained in our study.
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