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The formation of a ternary antibiotic–metal–clay complex is hypothesized as the primary adsorption
mechanism responsible for the increased adsorption of tetracycline antibiotics on smectites in the
presence of divalent metal cations under circumneutral and higher pH conditions. To evaluate this
hypothesis, we conducted a spectroscopic investigation of oxytetracycline (OTC) interacting with
Na-montmorillonite in the presence and absence of Ca or Mg salts at pH 6 and pH 8. Despite a two-
fold increase in OTC adsorbed in the presence of Ca or Mg, both solid-state nuclear magnetic resonance
and infrared signatures of the OTC functional groups involved in metal complexation implied that
the formation of an inner-sphere ternary complexation was not significant in stabilizing the adsorbate
structures. The spectroscopic data further indicated that the positively-charged amino group mediated
the OTC adsorption both in the absence and presence of the divalent metal cations. Focusing on the
experiments with Mg, X-ray diffraction analysis revealed that the metal-promoted adsorption was
coupled with an increased intercalation of OTC within the montmorillonite layers. The resulting
interstratified clay layers were characterized by simulating X-ray diffraction of theoretical stacking
compositions using molecular dynamics-optimized montmorillonite layers with and without OTC. The
simulations uncovered the evolution of segregated interstratification patterns that demonstrated how
increased access to smectite interlayers in the presence of the divalent metal cations enhanced adsorp-
tion of OTC. Our findings suggest that specific aqueous structures of the clay crystallites in response to the
co-presence of Mg and OTC in solution served as precursors to the interlayer trapping of the antibiotic
species. Elucidation of these structures is needed for further insights on how aqueous chemistry
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influences the role of smectite clay minerals in trapping organic molecules in natural and engineered soil
particles.

� 2015 Elsevier Inc. All rights reserved.
Fig. 1. (A) Chemical structure of OTC showing the ionizable groups and their
reported pKa values. (B) Amount of adsorbed OTC on MONT (mmol OTC kg�1) in the
absence (blue) and the presence of Ca (orange) or Mg (brown) at pH 4, pH 6, and pH
8. (C) Amount of adsorbed Mg OTC adsorbed on MONT (mmol Mg C kg�1) in the
presence (brown) and absence (blue) of OTC. In A and B, the horizontal red lines
represent the value for the permanent charge (dashed line, 440 mmolc kg�1 clay)
and the variable charge on the clay (solid line, 190 mmolc kg�1 clay); clay variable
charge is prominent at pHP 7. The same concentration of OTC (320 lM) was used
in all the experiments. For the experiments with the metals (Ca or Mg), equimolar
concentrations of OTC and metals were used. Data (average ± standard deviation)
are from 3 to 5 independent replicates. Statistical analysis using unpaired t-test:
⁄ p < 0.03; ns, not statistically significant.
1. Introduction

Due to the widespread use of tetracycline (TC) antibiotics in
both human and veterinary medicine as well as in livestock main-
tenance, these antibiotics have been detected in environmental
matrices worldwide [1–4]. A major entry route of TC antibiotics
into the environment is via the application of antibiotic-
containing manure or wastewater sludge on agricultural soils
[5–7]. In addition to the transfer of antibiotic-resistance genes
from contaminated wastes to soils [8–10], there are concerns over
the accumulation of TC antibiotics in soils and sediments [11–14]
due to their potential disruption of microbial processes [15–21]
and uptake by vegetable crops [22,23]. Therefore, it is important
to elucidate the mechanisms that govern the retention of TC antibi-
otics within soil particles, a knowledge that can also benefit the
engineering of effective antibiotic adsorbents.

Adsorption of TC antibiotics on different soils demonstrated
highest retention of the antibiotics in soils enriched in clay miner-
als [11], especially when the soil organic content is relatively low
[24]. Compared to non-swelling clays, smectite-type clays exhib-
ited higher sorption capacity for TC antibiotics due to their high
cation-exchange capacity and swelling capabilities [25–28]. Solva-
tion of charge-compensating cations induces an increase in the
layer-to-layer distance (d001) in smectite interlayers, which subse-
quently accommodate interlayer adsorption of the organic species
[29]. The adsorption of TC antibiotics to Na-saturated smectites
including montmorillonite (MONT) was shown to be
pH-dependent, with highest adsorption occurring at acidic
pH when the antibiotic species are cationic (Fig. 1A) [27,30–34].
Infrared (IR) and solid state nuclear magnetic resonance (NMR)
analyses confirmed a cation-exchange adsorption mechanism
involving the protonated dimethyl amino group in TC antibiotics
(Fig. 1A) [31,32]. Moreover, X-ray diffraction (XRD) data demon-
strated that the pH-dependent adsorption correlated positively
with intercalation of the antibiotic species within the Na-
smectite interlayers [30–32,34–36]. Thus, at circumneutral and
basic pH conditions, interlayer adsorption of TC antibiotics was
found to be minimal [31,34].

However, in the presence of divalent metal cations that are
ubiquitous in the soil matrix, TC adsorption on smectite clays can
be enhanced [25,30,32,37,38]. The prevailing hypothesized mecha-
nism is that the formation of a strong ternary antibiotic–metal–
clay complex facilitates stable interactions between negatively-
charged antibiotic species and the negatively-charged clay surface
[25,38]. In support of this hypothesis, TC adsorption was found to
be greater on Ca-MONT than on Na-MONT under pH conditions
where the second ionizable group known to be involved in metal
complexation is deprotonated (pHP 7) [38]. However, the occur-
rence of the hypothesized metal–bridging interaction has not yet
been confirmed. Therefore, molecular spectroscopic investigations
are still warranted to fully examine the underlying adsorption
mechanisms in the presence of divalent metal cations.

A second possible mechanism is that the divalent metal cations
facilitate interlayer adsorption of the antibiotic species [38]. Under
low hydration conditions, Ca-smectites are expected to have a
higher d001 than Na-smectites due to the greater amount of water
molecules in the solvation shell of Ca than in the Na solvation shell
[39]. The recordedXRDpatterns of Ca–Na smectites revealeddemix-
ing (or interstratification) of Ca-interlayerswith Na-interlayers, as a
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result of the different hydration states of the cations in smectite
interlayers [40–44]. The interstratification pattern could be charac-
terized as random or segregated based on the evolution of the 001
peak [45]. Previous XRD data presented segregated-type interstrat-
ification patterns for both Ca-MONT and Na-MONT intercalated
with oxytetracycline (OTC), a veterinary TC antibiotic [38].
The underlying antibiotic intercalation behavior within the

OTC-exchanged MONT layers in the presence of Ca and other diva-
lent cations has not been fully characterized.

With respect to the pH-dependent intercalation of OTC within
Na-MONT layers, a previous study [34] has employed a combina-
tion of experimental and simulated XRD to characterize the inter-
stratification of Na- and OTC-MONT layers. The intercalation of
OTC within the Na-MONT interlayers was found to be random at
pH 4 and pH 5 but segregated at pH 6 and pH 8 [34]. This segrega-
tion pattern could not be explained solely by the relative distribu-
tion of cationic versus anionic OTC species [34]. Instead, in addition
to the speciation of the antibiotic species, it was proposed that
pH-dependent formation of MONT crystallites with unexfoliated
layers was responsible for the decrease in OTC interlayer adsorp-
tion as pH increases [34]. Therefore, it is possible that the divalent
metal cations may induce increase in OTC interlayer adsorption by
altering MONT aggregation chemistry, irrespective of the forma-
tion of a ternary complex. This third possible mechanism has
received little attention.

In this short communication, we seek to shed light on the role of
the three aforementioned mechanisms in increasing OTC adsorp-
tion onto Na-MONT in the presence of Ca or Mg at pH 6 and pH 8.
We characterized the resulting OTC-MONT adsorbate structures
using a combination of IR, NMR, and both experimental and simu-
lated XRD. As a pre-requisite to the cation-promoted adsorption of
OTC, our spectroscopic results did not support the occurrence of a
strong ternary complexation, but our XRD analysis revealed that
an enhanced access of OTC to the MONT interlayers was essential.
Moreover, the spectroscopic analysis indicated that the intercalated
OTC in the presence of the divalent cationswas adsorbed via similar
adsorption mechanisms occurring in the absence of the divalent
cations. Follow-up XRD simulations presented the theoretical
composition of OTC-exchanged MONT layers responsible for the
evolution of segregated interstratification as a function of
increasing Mg. The present findings stress the need to elucidate
further the structural responses of clay crystallites to different
aqueous chemistry as a precursor to interlayer trapping of antibi-
otics and other ionizable contaminants in smectite-type clay
minerals.
2. Experimental section

The experimental methods are described briefly below. Detailed
descriptions are presented in previous publications [31,34].
2.1. Adsorption experiments

In 50-mL PTFE tubes, 20 mL of 320 lM OTC was reacted with
20 mg Na-MONT. This clay mineral was previously determined
[46] to have a total cation-exchange capacity of 630 mmolc kg�1

clay: a permanent structural charge of 440 mmolc kg�1 clay and a
variable charge of 190 mmolc kg�1 clay. The OTC solutions were
prepared with a background solution containing 0.01 M NaNO3

with 5 mM each of an acetate/bicarbonate (NaCH3COO/NaHCO3)
buffer, adjusted to pH 4.0, 6.0, or 8.0 by HNO3 additions. The solu-
tion pH was maintained within 0.1 pH unit of the starting pH over
the 40-h course of the adsorption experiments. Following centrifu-
gation and filtering of the OTC-clay suspensions, the OTC concen-
tration in the supernatants was determined by UV–vis analysis
(356 nm at pH 4 and pH 6; 360 nm at pH 8) using a Perkin-
Elmer Lambda35 spectrophotometer. For reactions of Na-MONT
with metal-complexed OTC at the different pH values, the OTC
solutions were prepared as described above with equimolar con-
centrations of OTC and either Ca(NO3)2 or Mg(NO3)2. The amount
of Ca or Mg adsorbed was determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES) Perkin Elmer
OPTIMA 3300 DV; detection limit = 10 ppb).

2.2. Solid-state FTIR and NMR measurements

The OTC-MONT samples obtained at pH 8, both in the absence
and presence of the divalent cations, were examined by FTIR and
NMR spectroscopies as detailed previously [31]. The FTIR measure-
ments were conducted using a Bruker Equinox 55 spectrometer
with a DTGS detector. The 1H–13C cross-polarization magic angle
spinning (CPMAS) NMR spectra were recorded with a Bruker
Avance II 400WB instrument. Spectrometer settings and sample
handling were as described previously [31].

2.3. Experimental and simulated XRD

Oriented samples of the OTC-clay suspensions were equili-
brated and measured at constant temperature (25 �C) and relative
humidity (20%). This RH value was previously shown to be optimal
for monitoring changes in d001 during interstratification of Na- and
OTC-exchanged MONT layers [34]. The XRD patterns were
recorded with a Bruker D5000 diffractometer (0.02� 2h step size
and 8 s as counting time per step) operated at 40 kV and 40 mA
and equipped with a SolX solid-state detector (Baltic Scientific
Instruments) and an Ansyco rh-plus 2250 humidity control device
with an Anton Paar TTK450 chamber.

To characterize the OTC-MONT interstratified layers in the pres-
ence and absence of Mg, we obtained simulated XRD profiles of
theoretical layer compositions with different proportions of
Na-MONT and OTC-MONT [34]. Details of this procedure are previ-
ously described by Aristilde et al. [34]. Briefly, the z-coordinates of
molecular dynamics-optimized adsorptive species in Na-MONT
and OTC-MONT were used to simulate XRD profiles assuming
either random or segregated interstratification pattern [34].
3. Results and discussion

3.1. Effects of divalent cations on OTC adsorption

In agreement with previous studies [27,30–34], the OTC adsorp-
tion on Na-MONT was the highest at pH 4 and the lowest at pH 8
(Fig. 1B). In the presence of Ca or Mg, the adsorption of OTC on
Na-MONT was increased at both pH 6 and pH 8 (Fig. 1B). Compared
to the adsorption of OTC in the absence of divalent cations, the
divalent cation-promoted adsorption was up to 80% more at pH
6 and 120% more at pH 8 (Fig. 1B). These findings are consistent
with previous reports that the adsorption of TC antibiotics on Ca-
MONT was greater than the adsorption on Na-MONT [38]. How-
ever, when MONT was saturated with Ca in these previous studies,
the divalent cation inhibited the antibiotic adsorption at acidic pH,
presumably by competing with the cation-exchange adsorption
mechanism. By contrast, our data at pH 4 revealed similar adsorp-
tion for OTC in the absence and presence of Ca or Mg (Fig. 1B).
Therefore, we present an aqueous condition with a 1:1 divalent
cation: antibiotic ratio in solution that can promote TC adsorption
on Na-MONT at unfavorable high pH without compromising
adsorption at favorable low pH (Fig. 1B).

We also obtained the amount of Mg under the same pH condi-
tions discussed above, both in the presence and absence of OTC
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(Fig. 1C). At pH 4, there was minimal adsorbed Mg (up to
27 mmol Mg kg�1 clay) compared to adsorbed OTC (up to
261 mmol OTC kg�1 clay) (Fig. 1C). This further indicated that Mg
in the 1:1 Mg:OTC solution did not interfere with OTC adsorption
at pH 4. In the presence of OTC at pH 6 and pH 8, the amount of
adsorbed Mg was increased considerably with, on average, 60
and 131 mmol Mg kg�1 clay respectively at pH 6 and pH 8
(Fig. 1C). The amount of adsorbed Mg was also increased signifi-
cantly in the absence of OTC with increasing pH (Fig. 1C). There-
fore, the co-sorption of Mg with OTC at pH 6 and pH 8 could be
due to increasing negatively-charged sites on the clay edges, in
addition to the possible formation of a strong ternary complex
between the clay surface and the metal-complexed OTC.

3.2. Spectroscopic analysis via FTIR and NMR

To probe the underlying OTC adsorption mechanisms in the
presence of divalent cations, we analyzed the adsorbate structures
at pH 8 in the absence and presence of Ca or Mg using FTIR and
1H–13C CPMAS NMR (Fig. 2). Generally, we observed slightly
weaker intensities in both FTIR and NMR spectra for MONT-Mg-
OTC than for MONT-Ca-OTC (Fig. 2). A previous study [32] reported
a systematic decrease in peak intensity in FTIR spectra of OTC-
MONT as a function of increasing adsorbed OTC on Na-MONT in
the absence of divalent cations. Therefore, the difference in peak
intensities in our data may be due, relative to the MONT-Ca-OTC
sample, to the MONT-Mg-OTC sample having slightly less adsorbed
OTC leading to reduced resolution of the vibration bands and
nuclei resonances in OTC. On average, as illustrated in Fig. 1B, we
did obtain a slightly higher amount of adsorbed Ca-OTC than
Mg-OTC at both pH 4 and pH 8 but this difference was not statis-
tically significant, when taking into account all the independent
replicate measurements.

With respect to the localization of observable IR bands in OTC in
the absence and presence of the divalent metal cations, there were
no differences in the IR bands of the functional groups known to be
associated with metal complexation: the C@O amide I stretching
band at 1669 cm�1 (a), the C@C stretching band at 1583 cm�1

(b), and the phenolic CAO stretching band at 1178 cm�1 (g)
(Fig. 2A and B). This implied that a strong inner-sphere ternary
Fig. 2. Structure of OTC (A), and FTIR (B) and 1H–13C CPMAS NMR (C) spectra of Na-MONT
the assigned IR vibration bands (a–g) and the numbers assigned to the C atoms illus
corresponding to the letters on the OTC structure. Color legend for spectra in B and C: MO
Mg with Na-MONT (OTC-Mg-MONT, dark blue), OTC-Ca with Na-MONT (OTC-Ca-MONT
complexation between metal-complexed OTC and the clay surface
was not likely in both MONT-Ca-OTC and MONT-Mg-OTC. Because
outer-sphere complexation through water bridges may not alter
the IR bands, our FTIR data could not rule out the formation of this
weaker ternary complexation. Our FTIR data further revealed that
the dimethylamino group in OTC mediated the adsorption mecha-
nism both in the absence and presence of the divalent cations
(Fig. 2A and B). As was shown previously [31], the participation
of this amino group in adsorption was confirmed by the disappear-
ance of the CH3 vibration band at 1456 cm�1 (d) and the appear-
ance of a doublet CH3 vibration bands at 1506 and 1475 cm�1

(Fig. 2A and B) [31]. Accordingly, compared to the 1H–13C CPMAS
NMR of the OTC alone, the broadening of the C32 and C33

resonances indicated lower mobility of these CH3 moieties in
OTC-MONT at pH 8 both in the absence and presence of Ca or
Mg (Fig. 2A and C).

The modifications in the resonances corresponding to C3, C9,
and C11 in MONT-OTC at pH 8 were previously attributed to the
deprotonation of the OH functional group attached to C9 [31]. Sub-
sequent changes in these resonances would result from the forma-
tion of a strong ternary cation-mediated complexation between
the OTC (via the deprotonated functional group of pKa = 7.7) and
the clay. Previous liquid-state 1H NMR studies on the interaction
of Ca or Mg with OTC attributed broadening of the peaks to OTC
aggregation [47]. When compared to the 1H–13C CPMAS NMR spec-
trum of MONT-OTC, the corresponding spectrum of MONT-Mg-
OTC showed no appreciable differences in the signal peaks for C3,
C9, and C11 (Fig. 2A and C). However, the broadness of these signals
in the MONT-Mg-OTC indicated a reduced mobility of OTC, which
is consistent, as previously suggested, with OTC aggregation at the
mineral surface [47]. With respect to the MONT-Ca-OTC 1H–13C
CPMAS NMR spectrum, some differences were observed when
compared with the MONT-OTC spectrum (Fig. 2C). These differ-
ences included, in addition to sharper resonance of some signals,
a new resonance vicinal to the one corresponding to C9

(Fig. 2A and C). This new resonance suggested the existence of
new species in MONT-Ca-OTC as previously proposed [38].
Due to low spectral resolution, further insight on the nature of
those species would require further spectroscopic probing, for
example via [43] Ca NMR.
with OTC in the absence and presence of Ca or Mg at pH 8. The OTC structure shows
trated on the NMR spectrum. The dashed lines in B show the IR vibration bands
NT alone (brown), OTC alone (black), OTC with Na-MONT (MONT-OTC, green), OTC-
, light blue).
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In sum, despite the more than twofold increase in adsorbed OTC
in the presence of the divalent cations, our NMR results indicated
immobilization of Mg-OTC and Ca-OTC at the MONT surface simi-
lar to adsorbed OTC in the absence of divalent metal cations and, in
the case of Ca-OTC, some new species present in low amount rela-
tive the total amount of adsorbed species. Thus, our spectroscopic
data obtained via both FTIR and NMR did not provide strong evi-
dence that an inner-sphere ternary complexation was significant
in anchoring adsorbed OTC wherein the divalent cations would
serve as a bridge between the antibiotic species and the clay
Fig. 3. Experimental (dark red) and simulated XRD (blue) spectra of MONT in the pre
measured values) is shown in gray for each condition. The experimental spectra from top
MONT-Mg-OTC at pH 8 at 1:4 Mg:OTC reacting solution, MONT-Mg-OTC at pH 8 at 1
Molecular-dynamics optimized MONT structures (shown on the right) were used to obtai
more details). The solid vertical line indicates d001 of 1.26 nm for Na-MONT interlayer wi
saturated with OTC. The MONT structures used in the simulated XRD were reprinted w
surface. We therefore shifted our focus on elucidating the role of
interlayer adsorption in facilitating OTC adsorption in the presence
of divalent cations, specifically Mg.

3.3. Experimental XRD analysis

In agreement with previous studies [30–32,34–36], the
pH-dependent OTC adsorption was correlated positively with
intercalation within the MONT layers as revealed by XRD (Fig. 3).
The high OTC adsorption at pH 4 (226 mmol OTC kg�1 clay) led to
sence and absence of OTC and metal-OTC; the goodness of fit (simulated values–
to bottom: MONT at pH 4, MONT at pH 8, MONT-OTC at pH 4, MONT-OTC at pH 8,

:1 Mg:OTC reacting solution, and MONT-Mg at pH 8 (see Section 2 more details).
n simulated XRD assuming a partially segregated interstratification (see Section 2 for
thout OTC and the dashed vertical line indicates d001 of 1.8 nm for MONT interlayers
ith permission from Ref. [34].
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an expansion in the MONT d001 from �1.26 to �1.80 nm whereas
the low OTC adsorption at pH 8 (54 mmol OTC kg�1 clay) only
induced marginal change in the d001 (Fig. 3). In addition, we show
here that, the aforementioned 120% increase in OTC adsorption in
the presence of a 1:1 Mg:OTC solution at pH 8 was coupled with a
shift in d001 from 1.28 nm to 1.72 nm, thus illustrating an increase
in interlayer adsorption in the presence of Mg (Fig. 3).

To probe further the role of Mg in facilitating the interlayer
adsorption, we obtained the XRD pattern of MONT following reac-
tion with solutions containing 1:4 Mg:OTC solution or only Mg
(Fig. 3). When the Mg:OTC ratio was lowered from 1:1 to 1:4, we
found that the extent of the interlayer adsorption was greatly
reduced. This was characterized by a decrease in the d001 from
�1.70 nm to �1.28 nm. There was also a large broadening of the
001 peak in the XRD profiles of the MONT-Mg-OTC structures
(Fig. 3), which was consistent with a segregated interstratification
pattern as previously proposed for OTC intercalated within
Ca-MONT [34,38]. In the absence of OTC, the XRD pattern of the
MONT with adsorbed Mg resulted in an XRD pattern with a broad
peak centered on the same d001 value obtained for Na-MONT in the
absence of OTC; such broadening was indicative of the co-presence
of Mg-populated interlayers with the predominant Na-populated
interlayers (Fig. 3).

Our experimental XRD profiles thus revealed that the
co-sorption of Mg with OTC was a pre-requisite to the enhanced
interlayer adsorption of OTC. This interlayer adsorption, as indi-
cated by our spectroscopic data, was achieved by a cation-
exchange mechanism on the basal clay surface similar to OTC
adsorption in the absence of the divalent metal cations
[25,31,34]. This may explain the similar interstratification pattern
previously reported for the XRD patterns of Na-MONT and Ca-
MONT intercalated with OTC [38]. Therefore, we looked into mod-
eling interstratification patterns in the presence of Mg by taking
into account molecular dynamics-optimized adsorptive conforma-
tions of the OTC in Na-MONT interlayers [34].

3.4. Interlayer characterization via simulated XRD analysis

Using model adsorptive conformations, simulated XRD profiles
were obtained as detailed previously assuming a segregated pat-
tern of interstratified layers of Na-MONT, with or without OTC-
exchanged layers (Fig. 3) [34]. The goodness-of-fit between the
model-estimated and experimentally-determined XRD patterns
demonstrated that the theoretical layer compositions generally
provided for adequate modeling of the XRD of the OTC-MONT
structures (Fig. 3). These theoretical layer compositions were sub-
sequently employed to characterize the structures obtained under
our different experimental conditions.

As expected, the experimental XRD profiles of Na-MONT in the
absence of OTC at pH 4 and pH 8 matched well the simulated XRD
profiles for the stacking composition with 100% Na-MONT (Fig. 3).
In the presence of adsorbed OTC at pH 4, a simulated stacking with
80% OTC-exchanged MONT layers was required to obtain a similar
d001 as the experimental XRD (Fig. 3). On the other hand, the min-
imal interlayer adsorption at pH 8 was characterized by a simu-
lated stacking with 10% OTC-exchanged MONT layers, indicating
that the majority of the OTC adsorbed was not within the inter-
layer [31,34] (Fig. 3). Therefore, our simulations revealed that the
76% decrease in the amount of OTC adsorbed from pH 4 to pH 8
was accompanied by an 87.5% reduction in OTC-containing MONT
interlayers, thus confirming that OTC adsorption on MONT is facil-
itated by access of OTC to the MONT interlayers (Figs. 1B and 3B).

The increase in OTC adsorption in the presence of Mg was also
characterized by the simulated segregated interstratified layers
(Fig. 3B). As previously mentioned, we have measured a 120%
increase in OTC adsorbed when OTC was introduced with a
1:1 Mg:OTC solution at pH 8 (Fig. 1B). According to the XRD simula-
tions, this increase was coupled with a 200% increase (from 20% to
60%) in the amount of OTC-containing MONT layers (Fig. 3). Impor-
tantly, a 75% decrease inMg concentration relative to OTC (from 1:1
to 1:4 Mg:OTC) led to a 67% decrease in OTC-exchanged MONT
interlayers (Fig. 3). And,whenOTCwas absent andMgwas the same
as in the 1:1 Mg:OTC, the measured XRD profile was reminiscent of
the simulated XRD of a stacking composition containing 100% Na-
MONT with no OTC (Fig. 3). In sum, the combined findings from
our experimental and simulated XRD profiles led us to the conclu-
sion that the co-presence of Mg and OTC altered the aggregation
of the MONT layers to promote interlayer adsorption of OTC.

3.5. Concluding remarks

Similar adsorption isotherms were reported for the adsorption
of three different types of TC antibiotics including OTC on Na-
MONT [25]. Therefore, our insights on OTC adsorption in the pres-
ence of divalent cations would be also relevant to understanding
the adsorption behavior of other TCs and related antibiotics. In
the Introduction, we put forth three hypothesized roles of divalent
metal cations in promoting OTC adsorption on Na-MONT under
circumneutral and basic pH conditions: (1) bridges in a ternary
complex; (2) promotion of interlayer interstratification; (3) modifi-
cations of the mineral aggregation chemistry. The formation of a
ternary complex mediated by a divalent cation bridge was pro-
posed as the primary mechanism responsible for increased adsorp-
tion of tetracycline antibiotics to clay surfaces [25,38]. Our
spectroscopic data revealed that the dimethyl amino group was
involved in mediating OTC adsorption both in the absence [31]
and presence of divalent cations. These data, however, did not sup-
port the occurrence of a strong ternary complex as a requisite to the
promoted OTC adsorption, albeit an outer-sphere bridging com-
plexation may be possible. Instead, in support of the second mech-
anism, interlayer adsorption was found to be a required
phenomenon in the divalent cation-promoted adsorption.

Using simulated XRD profiles, we were able to characterize
the interstratified layers as a segregated combination of
OTC-intercalated interlayers and Na- or Mg-populated interlayers.
The present insights highlight the need to expand the mechanistic
framework in subsequent studies on how the specific aqueous con-
ditions can lead to enhanced interlayer trapping of ionizable
organic molecules including antibiotics within smectite-type clay
minerals in natural and engineered soil matrices. Our findings
imply that the ubiquitous presence of multivalent cations in the
soil matrix may facilitate interlayer trapping of TC antibiotics in
clay-enriched soils by modifying the aggregation chemistry of
the clay layers, thus highlighting the possible importance of the
third mechanism. To practically implement this adsorption process
in engineering antibiotic adsorbents, however, further structural
insights are needed. In particular, the aqueous structures of the
adsorbates as well as the alterations in the clay crystallites that
evolve from the co-sorption of the divalent cations with the antibi-
otic species warrant further characterization.
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