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both pHs, we observed hydrolysis of cephalexin at pH 7.0 (t;,, = o
12 d) and ceftriaxone at pH 5.0 (t;,, = 2.8 d). Using high-
performance liquid chromatography coupled with a diode array
detector or a high-resolution mass spectrometer, we were able to
confirm thiotriazinone and 3-desacetyl cefotaxime as major hydrolysis products of ceftriaxone, and propose the hydrolytic cleavage of
the benzene and cephem moieties from cephalexin. In addition, we studied the effects of smectite clay particles suspended in
solutions without or with dissolved organic matter. The adsorption capacity of the clay was 4- to 9-fold higher at pH 7.0 than at pH
5.0. Subsequent X-ray diffraction analysis revealed that the antibiotic adsorption was not within the clay interlayer nanopores but
occurred primarily on the external clay surfaces. The addition of dissolved organic matter interfered with the adsorption of a cephem
antibiotic (ceftriaxone) on the clay, but the adsorption of a penam antibiotic (amoxicillin) remained unaffected. We employed
molecular modeling simulations to probe the mechanisms of adsorption on the mineral surface. Our findings offer new insights on
how the compound structures can dictate different fates of the beta-lactam class of antibiotics in environmental media.
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1. INTRODUCTION class, especially due to their different chemical structures, acid-
base chemistry, and functional groups.

In addition to the prototypical f-lactam ring (a four-member
cyclic amide), other structural characteristics have led to the
four major categories of f-lactam antibiotics: penams,
cephems, carbapenems, and monobactams.'” The penam
antibiotics, to which penicillin, amoxicillin, and cloxacillin

For over 70 years, the beta-lactam (f-lactam) class of
antibiotics has been significant in preventative and post-
infection treatment applications in human medicine and
veterinary practices.”> With over 30 kilotons of A-lactam
antibiotics sold globally per year,” they are subsequently

released into various environmental matrices due to both belong, represent the oldest and largest category of f-lactam
improper disposal and incomplete metabolism after inges- antibiotics. These penam antibiotics are characterized by a f-
tion.”*”” For instance, it was calculated that up to 74% of lactam ring fused with a thiazolidine ring and the presence of a
penicillin and 79% of cephalosporin administered in hospitals side chain at the C6 position (Figure 1A,B). The increased
and medical practices were emitted into sewage.® Various f3- resistance of pathogenic bacteria including Staphylococcus
lactam antibiotics including cloxacillin, amoxicillin, mezlocillin, species to penam antibiotics led to the synthesis of alternative
flucloxacillin, piperacillin, ampicillin, and oxacillin were p-lactam antibiotics.'’~'* The cephems, which include
detected, from less than 10 ng L™" to up to 50 ng L, in

surface water samples collected in Europe and in the United Received: March 10, 2021

States.”® Due to the broad-spectrum antibacterial activity Revised:  April 28, 2021

afforded by their structural diversity, f-lactam antibiotics have Accepted: May 12, 2021

become the most used class of antibiotics worldwide."””"" Published: June 1, 2021

Therefore, there is rising interest in understanding the

environmental fate of different antibiotics in the p-lactam
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Figure 1. Chemical structures of the four f-lactam antibiotics
investigated in this study. Penams: (A) amoxicillin and (B) cloxacillin.
Cephems: (C) cephalexin and (D) ceftriaxone. The dashed boxes on
each compound indicate the ionizable functional groups.

cephalexin and ceftriaxone, differ from the penams by both the
replacement of the thiazolidine ring with a dihydrothiazine ring
and the placement of the side chains at the C3 and C7
positions (Figure 1C,D).>"® The evolution of different
generations of cephem antibiotics provided enhanced effective-
ness against Gram-negative bacteria.'” The antibiotics in the
carbapenem category, which increase the spectrum of
antibacterial action, possess a five-membered ring in addition
to the common p-lactam ring.'"”'*'* The monobactam
antibiotics, which contain only the monocyclic f-lactam ring
structure that defines f-lactam antibiotics, represent an
alternative for patients allergic to the other p-lactam anti-
biotics.'*~">'* Here, to explore the effects of the structural
diversity of f-lactam antibiotics on their environmental fate in
aqueous media, we investigated hydrolysis, adsorption to
mineral particles, and organic matter binding of two penam
(amoxicillin and cloxacillin) and two cephem (ceftriaxone and
cephalexin) f-lactam antibiotics.

The f-lactam antibiotics are considered to be poorly stable
due to the susceptibility of the f-lactam ring to chemical or
enzymatic hydrolysis. ”'*~'®* However, the degradation
kinetics of these antibiotics are found to be highly dependent
on environmental conditions and the antibiotic struc-
ture.”'>'*~*3 A previous study on two different monobactams,
whose structures differ by the presence or absence of a (tert-

o,
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butyldimethylsilanyloxy)ethyl group, reported vastly different
degradation kinetics as a function of solution pH." The
compound without the alkyl-silicon group was degraded most
efficiently under alkaline pH, with a half-life (t,,,) of nearly 1
day at 4pH 9, compared to 9 days at pH 7 and nearly 50 days at
pH 3." By comparison, the compound with the alkyl-silicon
group was degraded quickly under acidic and alkaline pH
conditions (t;/, 1.6 days at pH 3, and 2.4 days at pH 9) with
slower degradation rates observed at pH S and 7 (26 and 34
days, respectively).® The latter two monobactams were then
compared to the penam amoxicillin. The degradation kinetics
of amoxicillin was different under all pH conditions; however,
it was still on a timescale similar to the monobactams, with the
longest t,,, of 46 days at pH S and the fastest t,,, of 6 days at
pH 3.* These aforementioned studies thus indicated that the
degradation kinetics of S-lactam antibiotics was dependent on
both the compound structure and the pH conditions. These
prior studies mostly followed the disappearance of the parent
antibiotic compound; little is known about the structural
characteristics of the degradation compounds.'®***®

In addition to acid—base chemistry and the compound
structure, the presence of metal ions," 17?5732 minerals,'® and
organic matter'” in surface waters is expected to influence the
fate of f-lactam antibiotics. For example, previous studies have
shown that Zn(I1),”® Cu(II),'*'7*"*%3% Co(I1),”” Mn(I1),*
and Fe(Il1)***" ions can promote hydrolysis of p-lactam
antibiotics, as well as that the redox properties of the metal ion
can promote oxidation of parent and transformation product
compounds. Furthermore, f-lactam antibiotics have been
shown to adsorb to soil particles, including clays.'>**~*
Adsorption to clay particles has been considered for f-lactam
removal from wastewater solution.””** Other antibiotic classes
such as sulfonamides,**™*' tetracyclines,"”™*’ and fluoroqui-
nolones,”>* have been well studied with respect to their
mechanisms of adsorption and degradation. However,
mechanistic studies on interactions of f-lactam antibiotics
with environmental adsorbents are lacking.” A recent
theoretical study of the adsorption mechanisms of two
penam antibiotics, ampicillin and amoxicillin, on the clay
vermiculite revealed the importance of Mg—r interactions and
interactions between Mg of the mineral and electronegative
atoms (S and O) of the antibiotic.’> The mechanisms of
interaction for different classes of f-lactam antibiotics with
mineral surfaces remain to be investigated.

Here, using both experimental and theoretical approaches,
we seek to investigate the fate of four f-lactam antibiotics (two
penams: amoxicillin and cloxacillin; two cephems: cephalexin
and ceftriaxone) under different aqueous conditions at pH 5.0
and pH 7.0. Figure 1 illustrates the structures of the four
investigated f-lactam antibiotics and their reported acid—base
chemistry.”*~ First, we measured the stability of the parent
compound with respect to hydrolysis in water. Second, we
characterized hydrolysis byproducts using high-performance
liquid chromatography (HPLC) coupled with ultraviolet (UV)
detection or high-resolution mass spectrometry (MS). Passage
through the LC column allows for the separation of
compounds based on their polarity and affinity to the column,
followed by further structure elucidation based on light
absorption at different wavelengths using UV detection or
based on specific mass after ionization using MS. Third, the
mechanisms of interaction of the f-lactam antibiotics with a
common smectite-type clay mineral, montmorillonite, were
studied using X-ray diffraction (XRD), Fourier-transform
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infrared spectroscopy (FTIR), and molecular modeling
simulations. The XRD patterns probed the intercalation of
the antibiotic compounds within the clay interlayer nanopores,
the FTIR analysis was to capture vibration bands associated
with specific functional groups involved in the antibiotic
adsorption, and the molecular modeling simulations generated
thermodynamically favorable adsorbate conformations to study
mechanisms of interactions at the water—clay interface. Fourth,
given the ubiquitous presence of dissolved organic matter
(DOM) in surface waters, we probed the influence of different
concentrations of a DOM on the mineral-mediated removal of
the antibiotics from solution. The findings from this study
provide new insights on the factors that can control the fate of
the different compound structures within the S-lactam class of
antibiotics in environmental aqueous media such as rivers,
lakes, and at the water—sediment interface.

2. EXPERIMENTAL AND COMPUTATIONAL SECTIONS

Further details on the experimental methods, instrument
acquisition parameters, and molecular modeling setup are
provided in Appendix A, Supporting Information.

2.1. Materials. The pf-lactam antibiotics, amoxicillin
(#A8523), cephalexin (#C4895), ceftriaxone (#C5793), and
cloxacillin (#C9393), were purchased from Sigma-Aldrich (St.
Louis, MO). Wyoming sodium montmorillonite (SWy-2) was
purchased from the Clay Mineral Society (West Lafayette, IN)
and has the reported structure of (Cay;,Nag3,Kq5)[Als o Fe-
(111)0.41Mn0.01Mgo.54Ti0.oz] [Siz.05Al0.02]O2(OH), (octahedral
charge —0.53; tetrahedral charge —0.02). The DOM sample
used was Pahokee peat humic acid (#1S103H) obtained from
the International Humic Substances Society. Solutions were
prepared using purified deionized water (18.2 MQ cm; MilliQ
Advantage A10). Other chemicals used are listed in Appendix
A, Supporting Information. All chemicals, including montmor-
illonite and Pahokee peat humic acid, were used as received
without further purification.

2.2, Hydrolysis and Adsorption Experiments. We
monitored the hydrolysis and adsorption of two penam
(amoxicillin and cloxacillin) and two cephem (cephalexin
and ceftriaxone) f-lactam antibiotics onto montmorillonite
clay (0.5 g L™"). For all experiments conducted in this study
(unless stated otherwise), the background solution comprised
10 mM NaCl, 10 mM sodium acetate, and 10 mM sodium
bicarbonate; the solution was adjusted either to pH 5.0 or pH
7.0 with small aliquots of either 1 N NaOH or HCIL The
detailed experimental setup is provided in Appendix A
(Supporting Information).

Kinetic experiments were conducted at an initial f-lactam
concentration of 50 uM and provided two sources of
information. First, the controls allowed us to monitor the
extent of hydrolysis in our buffered background solution in the
absence of montmorillonite by following the decrease in parent
compound concentration. Second, the samples provided the
equilibration time required for each antibiotic to adsorb to the
montmorillonite (9 days for amoxicillin and cephalexin, 12
days for ceftriaxone). Amoxicillin, cloxacillin, and cephalexin
were run with independent duplicates and one control,
whereas ceftriaxone had independent triplicates and two
controls. Kinetic experiments were sampled daily for up to
12 days when all the samples had reached equilibrium.

Adsorption isotherm experiments were produced for the f-
lactam compounds that exhibited an affinity for the
montmorillonite surface in the kinetic experiments. The initial
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loading of B-lactam antibiotic ranged from 0 to 500 yM. For
amoxicillin and cephalexin, samples were mixed for 9 days
before analysis, whereas ceftriaxone was allowed 12 days to
equilibrate based on the abovementioned study of time to
reach equilibrium. All adsorption isotherm experiments were
conducted with independent triplicates.

Finally, the DOM sample (final DOM concentration: 0, 10
or 100 mg L™") was added to two solutions of ceftriaxone or
amoxicillin (50 or 125 uM) prepared in the aforementioned
background buffer matrix and adjusted to pH 7.0. We added
the DOM-containing antibiotic solution to 20 mg of
montmorillonite (0.5 g L™') and equilibrated for 12 days
(independent triplicates).

2.3. Solution Analysis of f-Lactams and Hydrolysis
Products. Several methods have been used previously to
analyze the f-lactams in solution, including HPLC with UV-
diode array detection (DAD),”*”*"™’ liquid chromatogra-
phy—MS with electrospray ionization,*>”*”*° and isothermal
microcalorimetry.'” Here, we leveraged our access to multiple
instruments to conduct different analyses of the hydrolysis
products: HPLC coupled with either a single channel UV
detector or DAD was used for the quantification of each parent
P-lactam in solution in the kinetic and adsorption experiments;
and both MS and HPLC coupled with DAD were used for the
characterization of the parent compound and hydrolysis
byproducts. Detailed parameters for the liquid chromatography
are provided in Appendix A (Supporting Information).

To further characterize the observed hydrolysis products,
two sets of S0 uM samples (in triplicates) of each f-lactam
were prepared in the experimental buffered solution matrix
(pH 5.0 and pH 7.0) in the absence of clay. One set of samples
was immediately frozen (to be used as a reference, t = 0 days)
and the other set was shaken on an orbital table (150 rpm) in
an incubator (25 °C) for 12 days (t = 12 days) prior to
HPLC—DAD analysis after sample filtering (0.2 ym nylon).
The resulting chromatograms were analyzed for the evolution
of new peaks in the 3D-DAD data (190—400 nm scan range).
A representative spectrum was extracted for the parent
compound from the reference sample (¢t = 0 days) and a
corresponding spectrum from the 12-day sample for potential
hydrolysis products. For the analysis of hydrolysis products
with high-resolution MS, we prepared equivalent samples in a
water background solution (without salts) as high concen-
trations of (nonvolatile) salt solutions can cause precipitation
on the MS hardware and ionization suppression (or decreased
sensitivity).él’62 Details on the mass spectrometer parameters
and the MS analysis are provided in Appendix A (Supporting
Information).

2.4. XRD and FTIR Measurements. We used XRD and
FTIR spectroscopy to analyze the montmorillonite clay
complexes with the f-lactam antibiotic. Samples of amoxicillin,
cephalexin, or ceftriaxone with montmorillonite at pH 7 were
prepared for XRD analysis using the same procedure outlined
for kinetic and adsorption experiments at initial antibiotic
loading concentrations ranging from 0 to 500 M. After
centrifugation, the supernatant was discarded, and the resulting
clay slurry was refrigerated until XRD analysis. For sample
preparation, the antibiotic-montmorillonite slurry was pipetted
onto a flat XRD sample holder and first allowed to air-dry
before being equilibrated in the XRD sample chamber at 15—
20% relative humidity and ~25 °C.

Samples for FTIR measurements were prepared in the
absence of acetate and bicarbonate buffer to avoid spectral
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Figure 2. Characterizing hydrolysis of the f-lactam antibiotics in buffered solution at pH 5.0 and pH 7.0. (A) Fractional amount of antibiotic
remaining in solution after 12 days: pH 5.0 (gray bars); pH 7.0 (white bars). Error bars represent one standard deviation (n = 3). (B,C)
Representative chromatograms acquired at 4 = 240 nm of cephalexin equilibrated at pH 7.0 (B) and ceftriaxone equilibrated at pH 5.0 (C). White
filled circles = 0 days, red filled circles = 12 days. Chromatograms are offset for display purposes. (D) Extracted spectra from the 3D-DAD data of
the cephalexin parent compound (retention time = 8.97 min) and a new peak at 10.87 min (CPH-Product 1) observed in the 12 days pH 7.0
sample. (E) Extracted spectra from the 3D-DAD data of the ceftriaxone parent compound (retention time = 7.40 min) and the two new peaks
observed at 1.98 min (CFT-Product 1) and 6.70 min (CFT-Product 2) in the 12 days pH 5.0 sample.

interferences from these compounds. The NaCl concentration
was increased to 30 mM to maintain ionic strength. Samples
(in triplicates) of amoxicillin, cephalexin, and ceftriaxone (each
at 250 uM and adjusted to pH 7.0 using small aliquots of either
NaOH or HCl) were prepared with montmorillonite (0.5 g
L") and equilibrated for 11 days on an incubated orbital table
at 150 rpm and 25 °C. The samples were then centrifuged at
2000 g for 20 min and the supernatant retained for HPLC
analysis. The resulting clay pellets were lyophilized immedi-
ately, and the dried samples were homogenized using an agate
mortar and pestle in preparation for FTIR analysis. Details on
the instrument parameters for the XRD and FTIR analyses are
provided in Appendix A (Supporting Information).

2.5. Molecular Modeling Simulations. We simulated
adsorbate conformations of amoxicillin (a penam) and
cephalexin (a cephem) on montmorillonite, using Biovia’s
Materials Studio and Discovery Studio software packages.®>**
To account for the ionization scheme of the antibiotics across
the pH values of the adsorption experiments (pH 5.0 and 7.0)
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(Figure 1A,C), we performed the simulations with zwitterionic
amoxicillin, zwitterionic cephalexin, and negatively charged
cephalexin. The condensed-phase optimized molecular poten-
tials for atomistic simulation studies (COMPASS) forcefield
(version II) has previously been shown to be effective in
modeling the interactions between montmorillonite clay and
antibiotics.***

To ensure that the structural conformations provided by the
molecular modeling approach used here agree with exper-
imentally derived data, we conducted validation analyses by
comparing the simulated structural data with experimentally
obtained X-ray crystallography data for amoxicillin and
cephalexin. Details on how the validation simulations were
conducted are provided in Appendix A (Supporting
Information). Within an error imprecision of two standard
deviation values, we obtained good agreement between the
experimental and simulated data: 92% of the bond lengths and
83% of the angle measurements for amoxicillin® and 89% of
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the bond lengths and 79% for cephalexin (Supporting
Information, Appendix B and C).”’

For the adsorption simulations, the basal clay surfaces of a
Wyoming-type montmorillonite were prepared as done
previously,”® with an average stoichiometry of Nay,(Sis)
(Al; Mg s)O4(OH), for a unit cell subjected to periodic
extension to obtain a 42.24 X 36.56 X 45.00 (x X y X z) A}
supercell. This supercell contained a total charge of —16 due to
random isomorphic substitutions of AP to Mg** throughout
the octahedral sheet. Details on how the solvent with explicit
water molecules was prepared are provided in Appendix A
(Supporting Information). We used the Monte Carlo search
approach via the Adsorption Locator module of Materials
Studio and the COMPASS forcefield to obtain energy- and
geometry-optimized adsorbate conformations for the adsorp-
tion of zwitterionic amoxicillin, zwitterionic cephalexin, and
negatively charged cephalexin on the montmorillonite sur-
face.”*¥%’ Details on how the Monte Carlo yielded
thermodynamically favorable hydrated antibiotic—clay com-
plexes are provided in Appendix A (Supporting Information).
The configurations were analyzed for hydrogen bonding
(direct and water-bridged) interactions and close contacts
between the antibiotic compound or Na* and the clay surface
or surrounding hydrated waters. A maximum H-donor distance
of 3 A and minimum donor-H-acceptor angle of 120° was
used; a close contact cutoff of 2.5 A was used.®7°

3. RESULTS

3.1. pH Dependence and Compound Dependence of
p-Lactam Hydrolysis. Due to the reported hydrolysis of f-
lactams, we first performed 12-day kinetic experiments to
probe the stability of the different f-lactam compounds in the
solution buffered at pH 5.0 or pH 7.0. Linear regression of the
control samples indicated that both penams and cephems
follow a pseudo-first-order rate of hydrolysis (Supporting
Information, Appendix D). Only the cephems (ceftriaxone at
pH 5.0 and cephalexin at pH 7.0) were found to disappear
from solution at a rate fast enough (¢, of 2.4 days and 12
days, respectively) to be significant on the timescale of this
study. The observed decline was confirmed in a separate
experiment by comparing the concentration of the parent
antibiotic compound after 12 days equilibration versus freshly
prepared in the buffered solution. After 12 days in the buffer
solution, ceftriaxone was no longer present when equilibrated
at pH 5.0 and only 50% of cephalexin remained in solution at
pH 7.0 (Figure 2A).

The evolution of new products due to the occurrence of
hydrolysis (or lack thereof) was first confirmed by analysis of
the four compounds in buffer solution after 0 days (reference)
and 12 days equilibration using HPLC with UV detection
(Supporting Information, Appendix E). Here, we focused on
the data for the systems that were likely to undergo hydrolysis
due to the disappearance of the parent compounds in solution,
as previously discussed. For cephalexin at pH 7.0, the parent
compound had a retention time at 8.98 min, and after 12 days,
there was a decrease in the peak associated with the parent
compound and a new peak at 10.85 min (CPH-Product 1) in
the chromatogram emerged (Figure 2B). For ceftriaxone at pH
5.0, the peak at 7.40 min associated with the parent compound
was absent after 12 days, and two new peaks appeared at 1.98
min (CFT-Product 1) and 6.70 min (CFT-Product 2) in the
chromatogram (Figure 2C).
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Using DAD data, we further examined the spectrophoto-
metric profiles of the new peaks (hydrolysis products)
compared to their respective parent compound (Figure
2D,E). Cephalexin had an absorption maximum at 265 nm,”"
which was absent in the extracted spectrum for CPH-Product
1—the apparent maximum at approximately 230—240 nm
might be an artifact due to the strong negative absorption band
below 220 nm caused by methanol in the chromatography
gradient (Figure 2D). The spectrum of CPH-Product 1
implied that the hydrolysis product was devoid of the
conjugated benzene and cephem moieties, which would be
responsible for the 265 nm band in the parent compound.”””

With respect to ceftriaxone at pH 5.0, the spectrum for the
parent compound aligned with that previously reported for
ceftriaxone,”* with a distinct maximum at 238 nm and a broad
maximum at ~280 nm (Figure 2E). For the ceftriaxone
hydrolysis products, we found that CFT-Product 1 had two
distinct maxima at 234 and 280 nm, and a small shoulder at
~335 nm (Figure 2E). The CFT-Product 1 likely did not
possess the cephem functional group with the f-lactam ring
due to the absence of a peak at 264 nm.”” A reportedly
common stable hydrolysis product of ceftriaxone is thiotriazi-
none (2-methyl-3-sulfanyl-1,2-dihydro-1,2,4-triazine-S,6-dione,
also known as Ceftriaxone EP Impurity C), which is the six-
membered ring with the attached sulthydryl group (Figure
1D).**7>7% Two maxima at 222 nm and 271 nm were reported
in the thiotriazinone spectrum,” wherein the latter peak (271
nm) was shown to have a stronger absorbance than the peak at
222 nm, which aligned with the observed UV-absorption
profile of CFT-Product 1 (Figure 2E). Therefore, we proposed
that the extracted spectrum of CFT-Product 1 was from
thiotriazinone, despite the spectrum being bathochromatically
shifted by ~10 nm compared with the spectrum reported
previously (Figure 2E)”°—this proposal was further validated
by MS analysis as discussed below. The spectrum for CFT-
Product 2 had three maxima at ~235 nm (obscured by the
negative methanol absorbance), 263 nm, and 305 nm (Figure
2E). Previous work has shown adsorption bands associated
with substructures of ceftriaxone at maxima of 270 nm for the
2-aminothiazole (S-membered ring) moiety’” and at 240, 256,
and 270 nm for the 7-aminocephalosporanic acid functional
group (cephem functional group).72 Moreover, using LC—MS
analysis, the remaining structure of ceftriaxone (minus the
thiotriazinone ring; (6R,7R)-7-[[(2Z)-2-(2-amino-4-thiazolyl)-
2-(methoxyimino)acetyl |]amino]-3-(hydroxymethyl)-8-oxo-S-
thia-1-azabicyclo[4.2.0]oct-2-ene-2-carboxylic acid, or 3-desa-
cetyl cefotaxime also known as Cefotaxime Impurity B) was
previously identified as the second product of hydrolysis.”®
Therefore, after the thiotriazinone ring has been cleaved, we
assumed that the remaining structure (3-desacetyl cefotaxime)
can be attributed to CFT-Product 2.

To obtain additional insights into the hydrolysis products
and to confirm our predictions from the chromatographic and
spectrophotometric analyses, we performed MS analysis using
direct infusion. Due to the nonvolatile salts used in the eluents
of the HPLC-UV chromatography, we could not easily apply
the HPLC-UV chromatography method in a LC—MS method;
hence, the direct infusion approach was chosen. First, we
conducted a comparative analysis of the extent of hydrolysis
for each compound in the water background versus the salt-
containing buffered solution (Supporting Information, Appen-
dix F). The extent of hydrolysis (relative to control) for the
penams revealed that these compound structures were slightly
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Scheme 1. Hydrolysis Products of Ceftriaxone at pH 5.0¢
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“Shown are the neutral parent compound and the two dominant product ions, thiotriazinone and 3-desacetyl cefotaxime, determined by mass
spectrometry. The identified adducts associated with the hydrolysis products are shown in the superscript texts.

more stable in the buffered solution than in the unbuffered
solutions [amoxicillin: 1.15 + 0.13 (buffer) versus 0.89 + 0.02
(water) at pH 5.0 (p < 0.001), and 1.03 + 0.08 (buffer) versus
0.95 + 0.01 (water) at pH 7.0 (p < 0.001); cloxacillin: 1.14 +
0.07 (buffer) versus 0.88 + 0.02 (water) at pH 5.0 (p < 0.001),
and 1.14 + 0.12 (buffer) versus 0.92 + 0.03 (water) at pH 7.0
(p < 0.001)] (Supporting Information, Appendix F). The
corresponding data for the cephems revealed variable extent of
hydrolysis for the cephems depending on solution pH
[cephalexin: 1.12 + 0.15 (buffer) versus 0.89 + 0.01 (water)
at pH 5.0 (p < 0.001), and 0.58 + 0.04 (buffer) versus 0.89 +
0.01 (water) at pH 7.0 (p < 0.001); ceftriaxone: complete
hydrolysis at pH 5.0, and 1.09 + 0.04 versus 0.29 + 0.01
(water) at pH 7.0 (p < 0.001)] (Supporting Information,
Appendix F). Notably, there was considerably less hydrolysis
for cephalexin in the water background at pH 7 compared with
the buffered solution, and hydrolysis of ceftriaxone at pH S was
enhanced by 80% in the water background (Supporting
Information, Appendix F). We attributed the change in the
stability of the cephems to pH drift in the unbuffered water
(Supporting Information, Appendix F). Nevertheless, it could
be possible to detect hydrolysis products for cephalexin at low
concentrations using MS, depending on the ionization ability
of the hydrolysis fragment.

We obtained mass spectra for all four f-lactam antibiotics in
both positive and negative ionization modes at both pH 5.0
and 7.0 (Supporting Information, Appendix G). Signal
intensities in positive ionization mode were 1—3 orders of
magnitude greater than the intensities in the negative
ionization mode (Supporting Information, Appendix G).
Supporting the kinetic experiment results and HPLC—-UV
analysis, the MS results did not show any unknown ions at
significant abundance for both penams, amoxicillin or
cloxacillin, at either pH (Supporting Information, Appendix
H). For cephalexin (pH 7.0) where hydrolysis was expected,
the reference spectra (0 days) showed common adducts with
the parent compound to produce positive ions ([M + H]*, [M
+ KJ]*, [2M + H]*, and [M + Na]*) and negative ions ([M +
Cl]5, [2M — H]7, and [M — HJ]"). After 12 days in the
solution, the MS data did not detect any new identifiable
unknown ions or likely hydrolysis products (Supporting
Information, Appendix H). We attributed this result to the
pH drift of the unbuffered solution, which resulted in a final
pH of S.6.

With respect to ceftriaxone (pH 5.0), common adducts with
the parent compound were present in the reference spectra to
produce the negative ions [M — H]~, [M — 2H]*", and [M +
Na — 2H]" and the positive ions [M + Na]*, [M+2Na]*, [M
+ H], [M + Na + H*, [M + K]*, and [M + 2Na — H]*
(Supporting Information, Appendix H). Furthermore, in the
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reference spectra in negative ionization mode, three unknown
ions were measured that could be attributed to part of the
ceftriaxone structure: m/z 158.0018 (C,H,O,N,S7;
Ceftriaxone EP Impurity C; the thiotriazinone ring), m/z =
394.0285 (C,H,0NS,7; Ceftriaxone EP Impurity B), and
m/z 350.0389 (C,3H;,05N;S,7; Impurity B-[CO,])
(Supporting Information, Appendix H). It was not possible
to resolve the structural arrangement of the m/z = 350.0389
ion. After 12 days in the solution, no known parent ions for
ceftriaxone were observed in the top 20 ions exported from the
MS spectra for either positive or negative ionization modes
(Supporting Information, Appendix H). In negative ionization
mode, two dominant hydrolysis products were identified: the
aforementioned thiotriazinone ion (m/z 158.0018;
C,H,0,N;S7) and the product ion 3-desacetyl cefotaxime
(m/z 412.0395; C,H;,O6N,S,”) from the hydrolysis of the
S—C bond to cleave the thiotriazinone ring (Supporting
Information, Appendix H) (Scheme 1).”® In positive ionization
mode, we did not observe the thiotrazinone ion, but four ions
associated with 3-desacetyl cefotaxime were dominant: a
proton adduct (C,,H;s0¢N;S,*), a sodium adduct
(Cy4H;sO4N;S,Na*), a double sodium adduct
(C,;4H,sO4NS,Na,**), and a potassium adduct
(C14HsO6NS,K*) (Supporting Information, Appendix H)
(Scheme 1). Positive ionization recorded one additional ion of
significance, m/z 261.0652, which we assigned the
stoichiometry composition CgH;;0,N,S* based on the natural
isotope signature (Supporting Information, Appendix H).
Taken collectively, we concluded that CFT-Product 1
identified in the HPLC-UV analysis is the thiotriazinone
moiety (Figure 2E).”*”> Thus, CFT-Product 2 was likely the
remaining cleaved fragment of ceftriaxone, 3-desacetyl
cefotaxime, given the high ion abundance in the m/z spectrum.

3.2. pH-Dependent Extent of Adsorption on a
Smectite Clay Mineral and Influence of Organic Matter.
We obtained adsorption isotherms, with initial concentrations
up to S00 pmol L7/, for the f-lactam compounds at the pH
conditions wherein there was minimal to no hydrolysis:
amoxicillin and cephalexin at pH 5.0; amoxicillin, cephalexin,
and ceftriaxone at pH 7.0 (Figure 3). Our reported quantified
amount of antibiotics adsorbed on the montmorillonite clay
accounted for the occurrence of hydrolysis, especially in the
case of cephalexin. The adsorption results were fitted with a
Freundlich isotherm model (full modeling parameters are
listed in the Supporting Information, Appendix I). At pH 5.0,
the highest amount adsorbed for amoxicillin and cephalexin
was found to be 32 and 52 umol g™/, respectively (Figure 3A).
At a relatively higher pH value (pH 7.0), the adsorption
capacity reached 294, 218, and 116 pmol g™ of amoxicillin,
cephalexin, and ceftriaxone, respectively (Figure 3B). Under

https://doi.org/10.1021/acsearthspacechem.1c00064
ACS Earth Space Chem. 2021, 5, 1511-1524


https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00064/suppl_file/sp1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00064/suppl_file/sp1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00064/suppl_file/sp1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00064/suppl_file/sp1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00064/suppl_file/sp1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00064/suppl_file/sp1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00064/suppl_file/sp1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00064/suppl_file/sp1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00064/suppl_file/sp1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00064/suppl_file/sp1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00064/suppl_file/sp1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00064/suppl_file/sp1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00064/suppl_file/sp1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00064/suppl_file/sp1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00064/suppl_file/sp1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00064/suppl_file/sp1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00064/suppl_file/sp1c00064_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00064/suppl_file/sp1c00064_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00064?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00064?fig=sch1&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.1c00064?rel=cite-as&ref=PDF&jav=VoR

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

A .
— Freundlich model
60 T @ Amoxicillin
B Cephalexin
< 40 ¢
o
5
€
=
& 20+
0 ' t t t
0 100 200 300 400 500
Ce (umol L-1)
B

— Freundlich model
@® Amoxicillin
300 Tm Cephalexin
A Ceftriaxon

200

Q. (umol g?)

100

0 100
C, (umol LY)

200 300

Figure 3. Adsorption isotherms fitted with a Freundlich model. (A)
Adsorption isotherms generated at pH 5.0 for amoxicillin (black
circles) and cephalexin (red squares) in the experimental buffer
solution. (B) Adsorption isotherms generated at pH 7.0 for
amoxicillin (black circles), cephalexin (red squares), and ceftriaxone
(blue triangles). Initial concentrations ranged from 0 to S00 M.
Error bars represent one standard deviation (n = 3) in both x- and y-
directions. Where error bars are not visible, the symbol is larger than
the error bar.

our experimental conditions, a fourfold increase in adsorption
occurred when the pH was increased from 5.0 to 7.0 (Figure
3). For example, an initial solution concentration (C,) of 125
UM of amoxicillin resulted in 17 umol g~' of amoxicillin
adsorbed onto montmorillonite at pH 5.0 compared to 70
umol g~' at pH 7.0 (Figure 3). Similarly, a Cy of 125 uM of
cephalexin resulted in adsorbed amounts of 15 and 69 pmol
g~ at pH 5.0 and 7.0, respectively (Figure 3).

To evaluate the influence of DOM on the extent of
antibiotic adsorption at pH 7.0, we reacted amoxicillin and
ceftriaxone with the clay in the presence of an increasing
concentration of a DOM isolate (a peat humic acid). Here, we
monitored the fractional amount of the initial antibiotic
amount that remained in solution (i.e, not adsorbed on the
clay) because our solution analysis was not able to distinguish
between the antibiotic being removed from solution through
complexation by DOM, adsorption to the clay, or both.
Therefore, our data provided insights only on how DOM
interfered with the removal of free antibiotic in solution. In the
absence of DOM, approximately 50% of the amoxicillin parent
compound remained free in solution and 50% was adsorbed to
the montmorillonite clay [irrespective of the initial antibiotic
concentration (50 or 125 uM)] (Figure 4A). The presence of
DOM (10 or 100 mg L") had minimal effect on the fractional
amoxicillin concentration in solution (S1 to $9%) compared to
when the DOM was absent (50%) (Figure 4A). In contrast,
the presence of the DOM interfered with the removal of
ceftriaxone from solution (Figure 4B). Specifically, when 10
mg L™ of DOM was added to the system, it increased the
fractional concentration of free ceftriaxone in solution to 85%,
compared to ~70% in the absence of DOM (Figure 4B).
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Figure 4. Ratio of remaining amoxicillin (A) and ceftriaxone (B) in
solution following a 12-day reaction with the clay (montmorillonite)
at pH 7.0 in the presence of 0, 10, or 100 mg L™ DOM (as Pahokee
peat humic acid). The reactions were conducted with two initial
solution concentrations of the antibiotics: SO uM (white bars) and
125 uM (gray bars). The appropriate control experiment contained
the initial antibiotic concentration in buffered solution without
montmorillonite or DOM). Error bars represent one standard
deviation (n = 3).

Furthermore, increasing the concentration of DOM to 100 mg
L™! further inhibited the removal of ceftriaxone from solution,
where nearly all (~96%) of the ceftriaxone remained in
solution (Figure 4B).

To gain insights into the adsorption mechanisms on the clay
mineral, we conducted both XRD and FTIR analysis using
antibiotic—clay samples under the pH condition (pH 7.0)
wherein adsorption was the highest (Figure S; Supporting
Information Appendix J). Interlayer adsorption of antibiotics
within montmorillonite matrices was monitored by a shift in
the dy,, peak position along the 26 axis; this peak position is
used to determine interlayer spacing via Bragg’s law. >~ *>*¢7>°
In addition, at low amounts of intercalated antibiotics,

20 (degrees)
Ceftriaxone

20 (degrees)
Amoxicillin

20 (degrees)
Cephalexin

Figure 5. XRD patterns of (A) amoxicillin-montmorillonite, (B)
cephalexin-montmorillonite, and (C) ceftriaxone-montmorillonite
samples. The numbers on the left side of each XRD spectrum
indicate the equilibrium amounts of adsorbed antibiotics (in ymol g™
clay). In A, from top to bottom, 306, 158, 81, S1, and 0 wmol
amoxicillin ¢! clay. In B, from top to bottom, 218, 124, 69, and 0
umol cephalexin g™ clay. In C, from top to bottom, 72, 50, 41, 31,
and 0 pmol ceftriaxone g™" clay. The red vertical line in each spectrum
indicates the location of the dy,, peak.
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Table 1. Results from Adsorption Experiments and Experimental XRD Patterns of Montmorillonite Reacted with Amoxicillin
and Cephalexin®

amoxicillin cephalexin ceftriaxone

initial concentration amount adsorbed  dy, fwhm  amount adsorbed  dy, fwhm  amount adsorbed  dy, fwhm
(umol g7") (umol g7") (nm) Ad (20) (umol g7") (nm)  Ad (20) (umol g7") (nm)  Ad (20)

0 0 1.19 1.49 0 1.19 1.49 0 1.19 1.49

80 51 121 002 096 45 121 002 105 31 L2 007 117

125 81 121 002 087 69 122 003 097 41 121 002 122

250 158 1.21 0.02 0.98 124 1.23 0.04 0.84 NY 1.22 0.03 0.92

500 306 1.21 0.02 0.97 218 121 0.02 0.98 72 1.20 0.01 1.47

“dyo, the basal spacing between the clay layers; Ad, difference in interlayer spacing in the presence of adsorbed antibiotics relative to the
montmorillonite alone; fwhm, full width at half-maximum intensity.
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Figure 6. Molecular simulations of zwitterionic amoxicillin with a smectite clay surface. (A) Simulation supercell (42.24 X 36.56 X 45.00 A®) of
optimized antibiotic compound (zwitterionic amoxicillin) adsorbed on the basal surface of a model montmorillonite surface. (B) Close-up views of
amoxicillin’s interactions with hydrated water molecules, Na* ions, and the clay surface. Hydrogen bond interactions are represented by light-blue
dotted lines and contact O atoms for Na* complexation sphere are shown with pink dotted lines. In B, the water molecules that are not involved in
water-bridging hydrogen bonds, direct hydrogen bonds, or Na* hydration were removed for clarity. Atom color codes: oxygen (red), hydrogen
(white), nitrogen (blue), sulfur (yellow), chloride (green), and sodium (purple); the clay structure is visualized using polyhedrons: silicon (dark
yellow), aluminum (gray), magnesium (bright green).

interlayer adsorption can be captured by an increase in full vibrations of the octahedral sheet (SALOH, 916 cm™;
width at half-maximum (fwhm) (i.e., a broadening of the peak 5A1M§OH, 844 cm™) (Supporting Information, Appendix
shape), which features interstratification of different interlayer 1).”®” However, there were no new or shifted bands in the

sizes, presumably those with or without adsorbed anti- spectra of the antibiotic—clay samples compared to the clay
biotics.*”~***7° Here, we obtained a small increase of up control, likely due to an insufficient amount of the antibiotic
to 0.04 nm in the interlayer spacing (doy;) of some antibiotic— adsorbed on the clay surface to obtain detectable FTIR
clay samples relative to the montmorillonite clay alone; there signatures of the adsorbed antibiotic (Supporting Information,
was no conclusive trend in the fwhm values (Figure 4; Table Appendix J). Therefore, we employed molecular modeling
1). In sum, our XRD data indicated that the antibiotic simulations as an alternative approach to probe the
intercalation was not significant, implying that the adsorbed mechanisms of interactions of amoxicillin and cephalexin

antibiotics were primarily on the basal surfaces external to with the clay surface.
smectite interlayer stackings. 3.3. Molecular Modeling Simulations Predicted
With respect to the FTIR data, all of the spectra exhibited Specific Clay—Antibiotic Adsorbate Conformations.
the expected vibrational bands associated with the mineral, Using molecular modeling simulations based on a Monte
including stretching (vOH, 3400 cm™) and bending (6OH, Carlo approach, we probed the thermodynamically favorable
1634 cm™') vibrations of structural OH, stretching of the structures of the adsorbate conformations obtained with
tetrahedral sheet (2Si-O-Si, 1000 cm™'), and bending zwitterionic or negatively charged f-lactams (zwitterionic
1518 https://doi.org/10.1021/acsearthspacechem.1c00064
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Figure 7. Molecular simulations of zwitterionic cephalexin with a smectite clay surface. (A) Simulation supercell (42.24 X 36.56 X 45.00 A®) of
optimized antibiotic compound (zwitterionic cephalexin) adsorbed on the basal surface of a model montmorillonite surface. (B) Close-up views of
cephalexin’s interactions with hydrated water molecules, Na* ions, and the clay surface. Hydrogen bond interactions are represented by light-blue
dotted lines and contact O atoms for Na* complexation sphere are shown with pink dotted lines. In B, the water molecules that are not involved in
water-bridging hydrogen bonds, direct hydrogen bonds, or Na* hydration were removed for clarity. Atom color codes: oxygen (red), hydrogen
(white), nitrogen (blue), sulfur (yellow), chloride (green), and sodium (purple); the clay structure is visualized using polyhedrons: silicon (dark
yellow), aluminum (gray), magnesium (bright green).
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Figure 8. Molecular simulations of negatively-charged cephalexin with a smectite clay surface. (A) Simulation supercell (42.24 X 36.56 X 45.00 A%)
of optimized antibiotic compound (negatively-charged cephalexin) adsorbed on the basal surface of a model montmorillonite surface. (B) Close-up
views of cephalexin’s interactions with hydrated water molecules, Na* ions, and the clay surface. Hydrogen bond interactions are represented by
light-blue dotted lines, and contact O atoms for Na* complexation sphere are shown with pink dotted lines. In B, the water molecules that are not
involved in water-bridging hydrogen bonds, direct hydrogen bonds, or Na* hydration were removed for clarity. Atom color codes: oxygen (red),
hydrogen (white), nitrogen (blue), sulfur (yellow), chloride (green), and sodium (purple); the clay structure is visualized using polyhedrons:
silicon (dark yellow), aluminum (gray), magnesium (bright green).
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amoxicillin, zwitterionic cephalexin, and negatively charged
cephalexin) and the basal surface of a model Na-montmor-
illonite (Figures 6—8). A common feature in all three systems
is the complexation of Na* ions, already involved in inner-
sphere complexation near a negatively charged site on the
mineral surface by O atoms from hydrated water and the f-
lactam’s carboxyl moiety (Figures 6—8). Notably, zwitterionic
cephalexin also exhibited inner-sphere complexation with a
second Na® ion, which was positioned vicinal to one of the
clay’s negatively charged sites (Figure 7B). Solvated water
molecules around the zwitterionic amoxicillin and zwitterionic
cephalexin compounds resulted in a water-bridged network of
hydrogen bonds with the mineral surface (Figures 6B and
7B).Whereas the primary amine of the zwitterionic amoxicillin
was positioned away from the clay surface, the phenol ring of
the zwitterionic amoxicillin pointed directly toward the clay,
which mediated one hydrogen bond to the montmorillonite
surface (Figure 6B). By contrast, the primary and secondary
amine moieties in both the zwitterionic and negatively charged
cephalexin compounds were oriented in such a fashion to
facilitate two or one direct hydrogen bonds with the clay
surface, respectively (Figures 7B and 8B). In addition, the
sulfur-containing moiety in zwitterionic cephalexin participated
in a network of water-bridging interactions that anchored this
cepham antibiotic to the clay surface via two hydrogen bonds
(Figure 7B). Therefore, the conformational arrangement
afforded by the cephem antibiotic structure promoted more
favorable interactions with the mineral surface than the
conformation of the penam antibiotic (Figures 6—8). In sum,
based on the total intermolecular interactions predicted by the
molecular simulations, the order of favorable conformations of
the adsorbed antibiotics on the clay surface was as follows:
zwitterionic cephalexin > zwitterionic amoxicillin > negatively
charged cephalexin (Figures 7 and 8).

4. DISCUSSION

Understanding the factors that control the aquatic fate of -
lactams, the class of antibiotics most used worldwide, is of
special interest."””'® Given the presence of different
generations of f-lactam antibiotics in wastewater and surface
waters, it is important to investigate different structures of f-
lactams.”~"'%7'*'* The degradation kinetics of p-lactam
antibiotics are known to depend highly on environmental
conditions.*'>'°® Moreover, antibiotics are expected to
interact with mineral and organic particles, both of which
can influence the extent of hydrolysis.60 However, few studies
have examined beyond the degradation of one parent
compound into degradation products or investigated the
underlying mechanisms of interactions of pf-lactams with
mineral surfaces. Here, using experimental and theoretical
methods, we investigated the hydrolysis of structurally different
P-lactam compounds in solution and probed the interactions of
these compounds with minerals and the influence of the
presence of DOM.

During the timespan of our experiments, significant
degradation was only recorded for the cephem compounds,
ceftriaxone at pH 5.0 and cephalexin at pH 7.0. Hydrolysis of
ceftriaxone under similar abiotic experimental conditions has
been shown previously, with t,/, values ranging from 19.5 d at
pH 6.0% to 21—103 d at pH 7.0.”"*" These t,/, values for
ceftriaxone at pH 6.0 and 7.0 are consistent with our data at
pH 7.0 result (t,/, 64 d) but are substantially slower than what
we measured for ceftriaxone at pH 5.0 (t;,, 2.4 d).

1520

Interestingly, our observation of a faster hydrolysis rate for
ceftriaxone at the acidic pH compared to the circumneutral pH
seemed contradictory to previous studies,'”*”***" which
reported a base-catalyzed hydrolysis reaction for M-lactam
antibiotics whereby there was a si%niﬁcant increase in
hydrolysis rate at or above pH 9.'°***> We posit that our
experimental pH values of 5.0 and 7.0 were too low for us to
observe the effects of base-catalyzed hydrolysis. Our measured
ti/, (12 d) for cephalexin at pH 7.0 (25 °C) was over sixfold
faster than the previously reported value (t,,, 75—86 d; pH 8,
35 °C) by Yamana and Tsuji,”* despite the fact that a relatively
higher temperature was expected to increase the degradation
rate of -lactams.”>*® Interestingly, we did not observe
significant hydrolysis of amoxicillin, despite a number of
studies reporting hydrolysis rates observable on our timescale
at pH 5.0 (t,/, = 14.5d)"” and pH 7.0 (t,, = 6.0 d,° 12.5d,"”
18 d,°* and 20 d*). Hydrolysis rate constants for other f-
lactam antibiotics in the cephem and penam families have been
reported with t,/, values ranging from 1.4 to 9.7 d for the
cephems”*™** and 1.0—36 d for the penams*>** under similar
experimental conditions (circumneutral pH, shielded from
light). We used HPLC-DAD and MS to characterize the
observed hydrolysis products. For cephalexin hydrolysis, our
data implied the removal of the conjugated benzene and
cephem groups. For ceftriaxone hydrolysis, we obtained two
previously reported products, thiotriazinone and 3-desacetyl
cefotaxime,””’® and a previously unreported ion (m/z
261.0652, z +1) with a suggested composition of
CgH,30,N,S". Further investigation is needed to confirm the
identity of this ion because we were not able to resolve the
specific chemical structure based on our data.

With respect to the interaction of different antibiotics with
clay particles suspended in solution, cephalexin displayed a
slightly higher affinity for montmorillonite than amoxicillin at
pH 5.0. Amoxicillin and cephalexin had similar affinities for
montmorillonite at pH 7.0, which were significantly higher
than the aflinity of ceftriaxone for montmorillonite at the same
pH. Overall, we obtained greater amounts (up to 9-fold) of
adsorbed compounds at pH 7.0 than at pH 5.0. The increased
affinity for p-lactams to montmorillonite at higher pH
contrasted previous reports of pH-dependent adsorption on
montmorillonite for other classes of antibiotics, such as
tetracyclines,”” ™" fluoroquinolones,” and sulfonamides.*”
However, despite the relatively lower extent of adsorption at
pH 7.0 compared to acidic pH in these previous studies with
other antibiotics, the amount adsorbed per gram of clay was
still up to 300-fold higher than what we obtained here with /-
lactam antibiotics. The low affinity of smectite clays for f-
lactam antibiotics at circumneutral pH was previously reported
(removal efficiency <10%).*>*> Our XRD data implied that the
relatively low amounts of adsorbed f-lactam compounds are
localized primarily on the external basal surfaces and clay
edges, instead of being trapped within the interlayer spacings
of the smectite clay.

Poor adsorption of #-lactams to adsorbents such as clays and
activated carbon at circumneutral pH has been attributed to
the low hydrophobicity and negatively charged species of these
antibiotics.>®> Furthermore, cation bridging through the
presence of multivalent metal cations in solution can be
important to promote adsorption of negativelgr charged
antibiotics on negatively charged clay surfaces.**”” Accord-
ingly, it was shown that augmentation of bentonite clay with Fe
and Ni was required for a 70% increase in retention of

https://doi.org/10.1021/acsearthspacechem.1c00064
ACS Earth Space Chem. 2021, 5, 1511-1524


http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.1c00064?rel=cite-as&ref=PDF&jav=VoR

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

ampicillin, amoxicillin, and penicillin.34 Also, montmorillonite
modified by a bound cationic surfactant (didodecyldimethy-
lammonium) exhibited increased removal efficiency (from less
than 10% to over 90%) of penams (penicillin G and nafcillin)
and cephems (cefazolin and cefotaxime) from wastewater,”
further highlighting the importance of organic or inorganic
cations in facilitating the adsorption of f-lactams on clays.

We used molecular modeling simulations to predict
thermodynamically favorable conformations at pH 7.0 for the
adsorption of the different antibiotics on the basal clay
surfaces, which involved a network of electrostatic interactions
(through the protonated amino group) and both direct and
water-bridged hydrogen bonds. Based on their chemical
structures (Figure 1), the f-lactam antibiotics investigated
here are either negatively charged and/or zwitterionic species
in solution at pH 7.0. Based on the intermolecular interactions
with the clay surface, our simulations revealed that the
negatively charged cephalexin exhibited the weakest affinity for
the montmorillonite clay, followed by the zwitterionic
amoxicillin and zwitterionic cephalexin with the highest
affinity. In addition to the basal surfaces modeled in our
simulations, we acknowledge that the clagf edge sites may be
involved in clay—antibiotic interactions.*”"” However, we have
focused on simulating adsorption interactions on the basal clay
surfaces because the basal surfaces are expected to be preferred
adsorption sites over the clay edges, as demonstrated by
metadynamics of simulated interactions of phthalate esters
with montmorillonite.””

At pH 7.0, we investigated the effects of DOM on the clay-
mediated removal of amoxicillin (a penam) or ceftriaxone (a
cephem) from solution, given that DOM is known to adsorb to
clays.” = In the presence of DOM (from 10 to 100 mg L"),
there was either no change or only a 10% decrease in the
removal of amoxicillin by the clay, but, by contrast, the DOM
completely impeded the adsorption of ceftriaxone. Based on
the acid—base chemistry at pH 7.0 (Figure 1), ceftriaxone in
solution exists primarily as divalent anions and amoxicillin
primarily as zwitterionic, which may explain the relatively
higher interfering effects of DOM on the adsorption of
ceftriaxone than the adsorption of amoxicillin. A previous study
on DOM interactions with fluoroquinolone antibiotics
revealed that van der Waals interactions including hydrogen
bonding were favorable for complexes of these antibiotics by
DOM."*™° In a similar fashion, hydrogen bonding of DOM
with both the montmorillonite surface and with the antibiotics
in solution may interfere with the binding of the antibiotics on
the montmorillonite surface. The mechanistic role of multi-
valent cations in bridging interactions between clay, NOM, and
f-lactams remains to be resolved. Moreover, while we did not
investigate the role of light-mediated degradation in the
presence of DOM, previous studies have already demonstrated
DOM-enhanced photolysis of p-lactam antibiotics.”"*"**
Taken together our findings and previously published findings,
we concluded that the presence of DOM in solution may both
interfere with mineral capture of S-lactams out of solution and
promote photolysis in solution, depending on the structure of
the f-lactams in solution.

5. CONCLUSIONS

In summary, we observed that degradation only occurred for
the cephem antibiotics (ceftriaxone at pH 5.0 and cephalexin at
pH 7.0), indicating that the cephem subgroup of f-lactams is
more easily degraded than penam subgroup. Using HPLC—UV

1521

and HPLC—DAD analysis, we identified two hydrolysis
products for ceftriaxone, which we confirmed to be
thiotriazinone and 3-desacetyl cefotaxime using high-resolution
MS. From our chromatographic analysis, we were able to
ascertain that the conjugated benzene and cephem moieties
were removed from cephalexin during hydrolysis reactions.
However, we were not able to resolve the final structure of the
hydrolysis products using MS analysis. Adsorption experiments
with smectite clay particles revealed that there was a 4- to 9-
fold higher adsorption at circumneutral pH than at acidic pH
for the antibiotics investigated, but the extent of adsorption
was dependent on the antibiotic structures. For instance, at the
acidic pH, there was greater adsorption of cephalexin (a
cephem) than amoxicillin (a penam), but at circumneutral pH
7.0, there was greater adsorption of both cephalexin and
amoxicillin than ceftriaxone (a cephem). The XRD data
indicated that the antibiotics were not trapped within the
interlayer nanopores but adsorbed primarily on the external
surfaces of the clay particles. Molecular modeling simulations
revealed different adsorption mechanisms for the different
types of antibiotics, whereby the participation of positively
charged amino group and a network of hydrogen bonds led to
favorable adsorbate conformations. Interestingly, when the
solution contained DOM, there was minimal effect on the
adsorption of amoxicillin (a penam) onto the clay surface, but
there was up to 100% inhibition in the adsorption of
ceftriaxone (a cephem), implying that different intermolecular
interactions with different structures of f-lactams antibiotics
may dictate the extent of DOM effects on the antibiotic
interactions with mineral particles suspended in solution.
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