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Abstract

Mesoporous and nonporous Si@nd AbO3 adsorbents were reacted with the fluoroquinolone carboxylic acid ofloxacin over a range
of pH values (2—-10) andhitial concentrations (0.03—81M) to investigate the effects of adsortetype and intraparticle mesopores on
adsorption/desorption. Maximum ofloxacin adsorption to S#0rfaces occurs slightly below thekp, (pH 8.28) of the antibiotic and
sorption diminishes rapidly at pH pK 2. For AlO3, maximum sorption is observed at pH values slightly higher than the adsorbent’s point
of zero net charge (p.z.n.c.) and less than midway betweenkhevalues of ofloxacin. The effects of pH on adsorption and ATR-FTIR
spectra suggest that the zwittsic compound adsorbs to SiGolids through the protonatedsNn the piperazinyl group and, possibly,

a cation bridge; whereas the antibiotic sorbs tg@y solids through the ketone and carboxylate functional groups via a ligand exchange
mechanism. Sorption edge and isotherm experiments show that ofloxacin exhibits a higher affinity for mesoparauml $i@hporous
Al»Og3, relative to their counterparts. It is hypothesized that decreased ofloxacin sorption to mesope@@iecklrs due to electrostatic
repulsion within pore confines. In contrast, it appears that the environment withjm$€opores promotes sorption by inducing formation

of ofloxacin—Ca complexes, thus increasing electrostatic attraction tossiaces.
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1. Introduction of FQCAs in wastewaters and streams with concentrations
typically reported in the range of ngt to pg L™! [2,5-7]
Fluoroquinolone carboxylic acids (FQCAS) are a class Due to the land application or discharge of wastes to streams
of chemotherapeutic agentstivantibacterial activity used  and our limited knowledge of the fate and interactions of
in human and veterinary medicines. Although absorptivity FQCAs in aquatic and terrestrial environments, these com-
of orally administered FQCAs is higl], a portion of the  pounds are of significant environmental conci@;5,8].
dose passes through the body into human and animal ex- Within the large class of FQCAs, ofloxacin is used to treat
crement. Thus, FQCAs have been detected in wastewatersrinary and respiratory tract infections in humans and ani-
insufficiently treated by sewage treatment plg@S], lig- mals[9]. Although a significant number of studies have in-
uid animal manuref4], and stream§b]. Recent studies in  vestigated aqueous ofloxacin—metal complexation reactions
the United States and Europe have documented the presencg—14], much less work has been done on the sorption of
ofloxacin to minerals and soil. Djurdjevic et dlL3] de-
~* Corresponding author. Fax: +1(520)-621-1647. termined that sorption of ofloxacin to D3 solids exhib-
E-mail addresschorover@cals.arizona.edi. Chorover). ited S-shaped isotherms when experiments were conducted
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from 19 to 140 pmol E1 in neutral and very acidic (pH 1) In this work, studies were conducted to investigate the
aqueous background solutions, and isotherms were L-shapedorption of the FQCA ofloxacin to nonporous and meso-
(Langmuir) in basic solutions (pH 11). The greatest extent porous ApO3 and SiQ mineral sorbents. The objectives
of sorption occurred at neutral pH (0.7 mmofy followed of this study were (a) to investigate differences in ofloxacin
by sorption at pH 1 (0.5 mmold) and sorption at pH 11  sorption to AbOz and SiQ surfaces as a function of pH and
(0.38 mmol g?1) [13]. However, ofloxacin sorption onto initial concentration, (b) to detmine if mesoporosity influ-
Al(OH)3 gel exhibited a C-shaped (linear) isotherm and 21% ences the amount of ofloxacin sorbed te@4 and SiQ

of adsorbed ofloxacin was esised from the mineral surface solids, and (c) to determine the mechanism(s) through which
during desorption reactiori$5]. Al dissolution and changes  ofloxacin binds to AJOz and SiQ surfaces.

in solution pH as a function of ofloxacin adsorption were

not measured in either study. Thus, it is unclear to what ex-

tent aqueous Al may compete with Al surfaces for ofloxacin 2. Materialsand methods

complexation, and the multihctionality of this compound

may equate to several possible bonding mechanisms. 2.1. Properties of the adsorbate
Nowara et al.[16] investigated the sorption of several
FQCAs, including levofloxaci (an active optical isomer of Ofloxacin (9-fluoro-2,3-dihydro-3-methyl-10-(4-methyl-

ofloxacin), to soail, soil clay fractions, and soil minerals. This 1-piperanzinyl)-7-oxo-7H-pyrido[1,2,8€-1,4-benzoxazi-
study reported that adsorption of FQCAs to sail, soil clay ne-6-carboxylic acid; 98% minimum purity) was purchased
fractions, and layer silicates is very high (95-99% removal from Sigma-Aldrich Co. (St. Louis, MO) and used as re-
from initial aqueous concentrations ranging from 0.28 to ceived. The compound was stored &G4in the dark to min-
28 pmol L™1) and desorption in 0.01 M Cagls very low imize photolytically induced degradati¢p2]. Ofloxacin is
(<2.6% of adsorbed amount was released into solution). In- a zwitterionic compound with acidissociation constants of
frared spectra and microcalorimetry data were interpreted 6.08 (pK,1) and 8.25 (K ,2) (Fig. 1) [12,23] As shown in

by Nowara et al[16] to suggest that FQCAs are bound to Fig. 1b, the antibiotic is primarily cationic below&y1 (N4
clays via a cation bridge between charged basal surfaces andh the piperazinyl group), anionic abovekp, (3-carboxyl
the carboxylate functional group of FQCAES5]. However,

cation bridging is a relatively weak sorption mechanism that HJC\\, o CHy A\, e,

is not associated typically with irreversible adsorption as H/O /\Nr pia = 6.08 H/O O/WV/
observed by Norwara et gl16]. In addition, experimental '
pH values were generally equal to or less than tlig p

of the FQCAs, thus cationic forms of the compounds may
have been adsorbed to mineral surfaces. Higla values
(40,000-71,000) suggest that sorption was also influenced
by the amount of organic carbon present in the [ddi], and
others have reported sorption of FQCAs to dissolved humic
acids[17,18].

An additional factor that should be considered when
studying the fate of organic compounds in soils and sedi-
ments is substrate surface mbology. Recent studies have
demonstrated that mineral mesoporosity (2-50 nm in pore
diameter), as occurs in naally weathered geosorbents
[19], can impact organic compound sorption. Zimmerman
et al. [20] observed that nitrogenous organic compounds
smaller than one-half the average mesopore diameter exhib-
ited significantly greater suate area-normalized adsorption
to mesoporous alumina and silica, relative to nonporous ana-
logues. Sorption of larger compounds was inhibited due to
compound exclusion from the internal mesopore surfaces.
Goyne et al[21] documented increased adsorption of the
pesticide 2,4-D to alumina sorbents with increased meso-
porosity. However, it should be noted that porosity, in and
of itself, is not always the most important governing fac- (b)
tor. For instance, 2,4-D did not adsorb to mesoporous or Fig. 1. (a) lonization of aqueous ofloxacand (b) distribution of cationic

nonporous silica, presumably because of electrostatic repul-(ofx™), zwitterionic (o), and anionic (ofx') ofloxacin in agueous solu-
sion[21]. tion as a function of pH (f,1 = 6.08 and [K,» = 8.25)[10,21}

Concentration of Tonic Ofloxacin (mM)
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group), and zwitterionic (net neutral) betweek p and
pK,2. Due to solubility issues@$®'=9 mM at pH 7),
ofloxacin stock solutions weraot prepared at concentra-
tions greater than 9 mlj23]. The dimensions of ofloxacin as

K.W. Goyne et al. / Journal of Colloid and Interface Science 283 (2005) 160-170

pH range from pH 2 to 10 for sorption edge experiments and
pH 7.2 for isotherm experiments. Samples were spiked with
ofloxacin dissolved in 0.02 M Cagto give initial ofloxacin
concentrations ranging from 0.03 to 8 mM for isotherm ex-

determined by measuring interatomic distances and accountperiments or 1 mM for sorption edge experiments. Although
ing for van der Waals radii of the atoms and constrained by these concentrations are sifjcantly greater than those de-

energy minimization using the COMPASS force field are
1.2x 0.95x 0.6 nm.

2.2. Adsorbent synthesis and characteristics

Four mineral adsorbents were used in the present work:

(1) mesoporous A3 (Al-P242), (2) nonporous AIO3(Al-
NPs7), (3) mesoporous Si®(Si-Proo), and (4) nonporous
SiO; (Si-NPg), where the subscripts refer to specific surface
area in M g~1. Al-NP37 and Si-NR were purchased from
Alfa Aesar (Ward Hill, MA), Stock Nos. 40007 and 89709,
respectively. Al-NB7 was washed and dried as described in
Goyne et al[24] to remove an N-containing soluble con-
stituent associated with synthesis. Adsorbents AlRnd
Si-P;op were prepared using a neutral template rd@te-

tected in natural waterR,5-7], our goal was to compare
ofloxacin sorption to mesoporous and nonporous silica and
alumina, not to mimic solute concentrations found in im-
pacted waters. For the isotherm experiments, the initial pH of
the ofloxacin stock solution and CaGlolution was adjusted

to 7.20. Samples were reacted on an end-over-end shaker
(7 rpm) in the dark at 298 K for 30 min. Adsorbent-free
controls (no mineral) were reaat concurrently to measure
compound loss resulting from sorption to centrifuge tube
walls or volatilization. Neither of these was found to be sig-
nificant.

After reaction, mineral suspensions were centrifuged at
15,290¢ and 298 K for 45 min. An aliquot of supernatant
solution was removed by pipet, stored in 4 ml amber vials,
and refrigerated for measement of ofloxacin concentra-

27]. The synthesis procedure and removal of the templatestion. The remaining solution was aspirated, filtered through

from the fabricated adsorbents are detailed elsewfite
25]. All minerals, except Si-Ng were ground gently prior

a 0.02-um nominal pore size filter, acidified to pH2 with
trace metal grade HCI, and refrigerated a4 Concentra-

to characterization and stored in polyethylene bottles prior tions of Al and Si were determined using a Perkin—Elmer
to use. The physical and chemical characteristics were pub-Elan DRC II inductively coupled plasma-mass spectrome-

lished previously24], and a summary is providedirable 1
2.3. Batch sorption edge and isotherm experiments

Mineral adsorbents were suspended in a 0.02 M gacCl
(0.06 M ionic strength) background electrolyte solution to
give a sorbent surface area to solution ratio of 286
10 m?L~1in PTFE centrifuge tubes. Sorption experiments

ter (ICP-MS). The pH of unfiltered and unacidified super-
natant solution was measured using a calibrated Orion Ross
semi-micro combination pHlectrode attached to a Beck-
man® 390 pH meter.

Ofloxacin concentrations in kdgion were determined by
measuring the concentration of nonpurgable organic carbon
(NPOC) and total nitrogen (TN) present in solutions acidi-
fied to pH< 2 with trace metal grade HCI (Shimadzu Model

were conducted in the absence of pH buffers to prevent TOC-Vcsy, total organic carbon analyzer, equipped with a

competitive sorption between fier constituents (e.g., phos-
phate) and ofloxacin for available sorption sites and to al-
low for measurement of pH i often indicative of lig-
and exchange reactiorf28]. All stock solutions or sam-
ples containing ofloxacin were wrapped in aluminum foil

TNM-1, total nitrogen measuring unit, and an ASI-V au-
tosampler). Standards were prepared by dissolving ofloxacin
in 0.02 M CaCj. There were no significant differences
between ofloxacin concentrans calculated using NPOC
or TN; thus all data shown are based on NPOC measure-

and/or stored in amber glassware to prevent or minimize ments for simplicity. High-performance liquid chromatog-

photodegradation.
Solutions of 0.06 M HCl or 0.02 M Ca(OHRlwere added

raphy (HPLC) was not used, due to decreased column re-
tention of ofloxacin when aluminum was present in solu-

to mineral suspensions (prior to reaction) to achieve a final tion (i.e., peaks were broadeth and decreased in height,

Table 1

Physical characteristics and surface charge properties of the adsorbents

Adsorbent SgeT (Mg ™?) Dpore (Nm) Sip (%) p-z.n.c. Ka1 PKa2
Si-P7go 700+ 10 34404 99.7 <2.85 NA 6.85+0.63
Si-NPg 75+01 14+ 2 NA <2.82 NA 7.74+0.27
Al-P2go 242+ 6 824+0.6 96.5 6.470.05 6.194-0.62 6.93+0.78
Al-NP37 37+3 20+3 NA 6.66+ 0.06 6.58+ 0.67 7.14+0.83

Note See Goyne et a[21] for detailed methods and data analysigeT is the specific surface areastd. dev. as measured by BET; Dpore is the mean
pore diametett std. dev. determined by the BJH method on the adsorption isotheri$ildég;the intraparticle surface argaithin pores 2—-20 nm in diameter)

as percentage of total determined by BJH method; p.z.n.c. is the point of zero net £H#8eCl; values of p.z.n.c. not encountered in the pH range of the
experiment are expressed as the lowest pH values of the experinkent;apnd K, are surface acidity intrinsic constants in accordance with the constant
capacitance model, using proton charging data fi2hj.
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evidently because of ofloxaticomplexation with Al in [29], where the solver function of Microsoft Excel 2002
the aqueous phase). However, excellent agreement betweers used to vary iteratively the three fitting parametaks
standards analyzed using HPLC and NPOC/TN was ob- A, and 8 to maximize the coefficient of determination
served in the absence of aluminum. Mineral blanks (no (R?=1).

ofloxacin) were reacted conaently for correction.

Surface excess of ofloxacin was calculated as 2.4. Infrared spectroscopy
- CadsB — Cadss 1 . .
Tads= T sA 1) Attenuated total reflectance (ATR)—Fourier transform in-
) ) frared (FTIR) spectroscopy was employed to document
where I'ygs is the surface excess of ofloxacin (Hmot# changes in ofloxacin spectra as a function of pH and ionic

Cadss and Cadsg are the equilibrium ofloxacin concentra- - composition and to investigate the mechanism of adsorp-
tions (umolkg?) in supernatant solutions of mineral sus- +tjon. For aqueous phase spectra, stock solutions contain-
pensions (S) and for the corresponding blank (B) after the ing 9.0 mM ofloxacin were prepared in 0.06 M NaCl and
reaction period, an®As is the suspension concentration of g2\ CaCp background electrolyte solutions with pH val-
adsorbent ('%'kg_l)- _ _ _ ues ranging from pH 5 to 10. A 3-ml aliquot of solution was
Desorption reactions (isotherm experiments only) Were inan transferred into an ATR cell equipped with & ZnSe
initiated immediately after the adsorption step by adding a {4t plate crystal (ARK cell, Thermo Spectra-Tech, Inc.), and
mass of 0.02 M CaGl(pH 7.20) equivalent to that mass of spectra were obtained by averaging 400 scans atZ ces-
supernatant solution removed. Desorption reaction time was g tion on a Nicolet Magna 560 spectrometer.
equal to that for adsorption (30 min). After the desorption Infrared spectra of adsorbedloxacin were obtained for
period, supernatant solutions were again removed by piPEtsampIes containing 11.80 g of mesoporous material re-

and analyzed. Adsorbate retad was calculated from acted at pH 5.5 and 7.2 for 30 min with initial ofloxacin con-
(Cdess) (Mot soln) — (Cadss) (Ment) centrations of 0 and 9.0 mM, as described previously. After
I'des= l'ads— { SA } () adsorption, samples were centrifuged and most of the super-
. ) natant solution was removed, except ca. 3.0 ml which was
wherelesis the surface excess of ofloxacin (umotfhaf- left in the suspension to create a slurry. ATR-FTIR slurry

ter the desorption stefiigess is the ofloxacin concentration  samples were immediately transferred into the ATR cell for
in supernatant solution of memal suspension (S) after the g4t collection. Spectra of adsed ofloxacin were obtained
desorption reaction (LmolKg), Miotsoin is the total mass by subtracting those of the ofloxacin-free slurry.

of solution (kg) in the reaction vessel during desorption,

Ment is the mass of entrained solution (kg) remaining inthe 5 5 Molecular modeling of infrared frequencies
centrifuged adsorbent pellet after aspiration of adsorption

step supernatant, ar#®lAis the total surface area of adsor- Gas-phase, infrared frequencies of cationic, anionic,

bent (rn’-) in the reaction vessel. _ _ zwitterionic ofloxacin, and an Al-ofloxacin complex were
. Sorption (_jata were fit to the Langmuir—-Freundlich equa- .gcylated at the B3LYP/6-31G(d) levig2—34] using the
tion [29] which has been shown to successfully model & Gassian 98 prograf8s]. Frequency values were corrected
number of other organic compounds on heterogeneous SUrpy multiplying calculated values by 0.986]. Model struc-

faces[20,30} tures of the cationic, zwitterionic, and anionic species of
NtAc’.g ofloxacin were modeled with and without explicit hydra-
qi = 1+ Alﬁ’ (3) tion of the polar functional grups. In addition, the species
G

(OHp)4Al-ofloxacin (in the zwitterionic state) was modeled.
Whereqi is adsorbate surface excess (umoFm Mt is the The AI3+ was bonded in a bidentate fashion to one O atom
total number of binding sitesd is a parameter related to ~ Of the carboxylate group and to the O atom of the adjacent
the binding affinity Ko; Ko = AY#), ¢; is the equilibrium ketone group. The output files were then used to view an-
aqueous concentration of ofloxacin (umo‘]ll)_’ andlg is a imated vibrational motions in Molden Version :137] for
fitting paramete20,30,31] When g = 1, the Langmuir—  band assignment.

Freundlich equation reduces to the Langmuir equation

gi = NiAci B=1), 4) 3. Resultsand discussion

T 14 Ac

whereas, it;; or A approach zero, it equation reduces to the 3.1. Ofloxacin adsorption as a function of pH
Freundlich equation

LB ’ The effects of pH on ofloxacin adsorption to SiGur-
qi =Ac;  (ciorA—0). (%) faces are shown iffig. 2a. Above pH 5.0, Si-Ry adsorbs
The Langmuir—Freundlich equation was fit to the experi- significantly more ofloxacin than does Si-BNRVlaximum
mental data using the method outlined in Umpleby et al. ofloxacin sorption to these minerals (80.3 and 67.2% for
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Fig. 3. Ofloxacin sorbed on (a) Si-§Rand Si-Pgg or (b) Al-NP37 and
and Al-P.45 as a function of pH after 30 min of reaction time (duplicate Al-P245 after 30 min of adsorption/fgg) Or desorption (e reaction
time (duplicate means are shown and error bars, where visible, represent

means are shown and error bars, where visible, represent 95% CI). Sur- - .
95% Cl). Surface excess is expressed as micromoles per square meter and

face excess is expressed as micromoles per square meter and molecules per
molecules per square hanometer.
square nanometer.

(b)
Fig. 2. Ofloxacin adsorbed g9 on (a) Si-NR and Si-Pggor (b) Al-NP37

In contrast,Fig 2b indicates that ofloxacin sorption to

Si-Proo and Si-NR, respectively) occurs slightly below the  mesoporous AlOs (Al-P242) was consistently lower than
PKa2 (pPH 8.28) of the antibiotic and diminishes rapidly at  sorption to nonporous AD3 (Al-NP37) over the full pH
pH > pKq2. Thus, we presume that cationic and zwitterionic  range investigated. Sorption of the antibiotic te®} solids
ofloxacin are adsorbed to the negatively charged silica sur-increases significantly above pH 5.0, concurrent with in-
faces (i.e.=SiO~ functional groups) via the protonated N creased aqueous concentrations of zwitterionic ofloxacin. In
in the piperazinyl group. At the pH of maximum measured this case "'max (88.2 and 73.3% for Al-NB and Al-Poy,
sorption, only 45 and 9% of the dissociated silanol groups respectively) occurs at pH slightly less than midway be-
on the surface of Si-io and Si-NR [24], respectively, are  tween the [, values of ofloxacin (pH 7.16) and slightly
occupied by the compound, suggesting that sorption was nothigher than the adsorbent point of zero net charge (p.z.n.c.;
limited by the availability o&=SiO™ sites. Table J). At pH greater than that afinay, adsorption dimin-

The fact that Si-Npadsorbs more ofloxacin below pH 5 ishes as alumina surfaces become increasingly negatively
than does Si-Ry can be attributed to 50% higher density charged, thus repelling zwitterionic and anionic ofloxacin
of dissociated surface silanol groups on SigNR pH 3-5 from the surface. These data lead us to hypothesize that
according to surface charge data reported previol&ty. ofloxacin sorption tc;:AIOHEr surface sites via the dissoci-
However, at this pH, Si-Ro has a greater fraction of disso- ated 3-carboxyl group (COQ of the zwitterion is initiated
ciated silanol groups occupied by ofloxacin. For instance, between pH 4.5 and 5.5. Initiation likely occurs closer to pH
ofloxacin sorbed onto Si#gy at pH 3.32 occupies 62% 5.5 based ofrig. 1b. However, the same mechanism of sorp-
of the=SiO~ groups, whereas at pH 3.40 ofloxacin occu- tion may not be applicable below pH 5.0.
pies only 34% of the=SiO~ groups on Si-NPB. Overall, it Ofloxacin adsorption to A3 decreasegrom pH 2 to
appears that the presence of intraparticle mesoporosity in-4.5, and the same reproducible trend appears in the data
creases ofloxacin sorption to SiGurfaces. sets for both alumina solid§ig. 2b). We are unable to ex-
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Table 2
Langmuir—Freundlich parameters for Si@nd AbOsg isotherms
Adsorbent Reaction phase Nt (mol n—2) A @M1 B Ko (ML) R? (n)
Si-NPg Adsorption 080 46 x 107° 15 13x 1073 0.96 (10)
Desorption 063 57 x 107° 15 18x 1073 0.96 (9)
Si-Pygo Adsorption 15 12x 1073 0.94 82x 1074 1.00 (9)
Desorption 15 48 x 1074 11 11x 1073 0.97 (9)
Al-NP37 Adsorption 14 13x 1073 11 23x10°3 0.92 (10)
Desorption » 70x 1073 0.65 45x 1074 1.00 (6)
Al-P24s Adsorption 12 95 x 104 1.0 11x 1073 1.00 (10)
Desorption or8 56 x 1074 1.4 41x10°3 0.98 (10)

Note Nt is adsorption capacityd is a parameter related to mean binding affinigp]; 8 is an exponent related to the hetgeneity of binding site energy
distribution; K¢ is the mean binding affinityR? is the coefficient of determination, ands the number of sample points utilized to calculate the parameters.

plain the cause of this occurrence, other than to suggest thameasurement of proton or hydroxide production, but varied

the mechanism of ofloxacin adsorption is likely different
than above pH 5.0. Below pH 5, the fraction of zwitterionic
ofloxacin is very low Fig. 1b) and surface complexation via
COO s likely insignificant. It is possible that dissolution
of Al at acidic pH promotes the formation of Al-bridged

among the four adsorbents.

Equilibrium pH values for Si@ samples were relatively
constant (pH 7.20-7.40) exceptfthose reacted at the high-
est initial concentration of ofloxacin (pH 6.77 and 6.65 for
Si-NPs and Si-Rgq, respectively). This proton production

dimers[36] whose adsorption could be enhanced relative to likely decreased the quantity of ofloxacin sorbed to these
monomeric ofloxacin. Irrespective of the mechanism(s) of samples, relative to that adsorbed at pH 7.20 Ege 2a),

adsorption, it is clear that intraparticle porosity does not in-

and may slightly skew the isotherm shapes showFign 3a.

crease sorption of ofloxacin to alumina surfaces. This is de- However, this shift to more acidic pH is indicative of proton

spite the fact that ofloxacin is smaller (1x20.95x 0.6 nm)
than the nominal pore size of Alsl% (8.2 nm) and that these
alumina minerals have nearigentical surface charge prop-
erties[24].

3.2. Ofloxacin adsorption/desorption isotherms

displacement from=SiOH surface functional groups. This
is verified by comparing the moles of ofloxacin adsorbed
to the predicted density o£SIiO~ present at equilibrium
pH for samples with the highest initial ofloxacin concentra-
tion. At pH 6.78, 0.79 umolm? of ofloxacin is adsorbed
to Si-NRs and the predicted density éSiO~ at this pH

is 0.74 umoln?. However, 1.15 pumol m? of ofloxacin

Adsorption/desorption experiments were conducted to in- IS @dsorbed to Si-o with a predicted dissociated silanol
vestigate ofloxacin sorption and retention as a function of Site density of 0.34 umoln? at pH 6.65. Thus cationic

initial sorptive concentration at a target equilibrium pH 7.20
(Fig. 3). The isotherm data agree with findings from sorp-
tion edge experiments in that mesoporous Sidnsis-
tently sorbs more ofloxacin than nonporous S{Big. 3a);
whereas, the opposite is true for,8l3 adsorbentsKig. 3b).
The Langmuir—Freundlich isotherm resultsTiable 2in-
dicate thatV; (sorption maximum) and (measure of bind-

ofloxacin is displacing adsorbed protons upon adsorption:
=SiOH + ofx™ = =SiO-ofx+ H™. (6)

Calculations show that for Si-NRhe stoichiometry of this
cation exchange reaction is 1:1 as shown in B9. For Si-
P700, the measured release of lis somewhat lower than the
moles of ofloxacin adsorbed in excess of negatively charged

ing affinity) for the two minerals adsorbing greater amounts Sites, suggesting the possibiliey additional sorption mech-

of ofloxacin are very similar and higher than the lower affin-
ity sorbents. In addition, values of; indicate that whereas
the sorption maximum was reached by SigNBdsorption

anisms (e.g., cation bridging).
In contrast, pH values for AD3 reacted samples show
anincreasein pH with increased ofloxacin adsorption, re-

to the other minerals is below the predicted maximum. No gardless of whether acid or base was added to reach the
other discernible trends are apparent within the Langmuir—target equilibrium pH of 7.20. The range of A3 sam-

Freundlich isotherm parameters.
As mentioned under SectioB, isotherm experiments

ple pH values (pH 6.45—7.58) are located very near maxi-
mum adsorption (seEig. 2b), and the shape of the AD3

were conducted in the absence of pH buffers. Thus, ofloxacinisotherms should be very similar to that of isotherms where

stock solution and 0.02 M Cagbackground electrolyte so-
lution were adjusted with base (0.02 M Ca(QHjo pH

pH = 7.20 for all samples. These results are suggestive of
ligand exchange reactions betw%AIOHZr and the COO

7.20, and additional acid (0.06 M HCI) or base was added at Of ofloxacin[26]:

the beginning of each experiment to offset any pH changes

resulting from buffering of the minerals themselvjgl].

=AIOH + ofx® = =Al-ofxt + OH". (7)

The amount of acid/base added to reaction vessels wasThis could explain the slight hysteresis between thgQAl
constant for the full isotherm of each adsorbent to permit adsorption/desorption isothermBig. 3b), and adsorption
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via the COO functional group agrees with the sorp- background electrolyte solutions at a particular pH from
tion mechanism inferred from sorption edge experiments their counterparts containing dissolved ofloxacin.) Ofloxacin
(Fig. 2b). Dissolution data for Al adsorbents are very simi- dissolved in the different background electrolyte solutions
lar and show elevated Al concentrations in solution (582 and were compared because it kmown that ofloxacin forms
593 pM for Al-P42 and Al-NPs7, respectively) for samples  strong bonds with divalent catiofis1,12,14,39-41]possi-
reacted with the highest initial concentration of ofloxacin, bly through interaction between the carboxylic and ketone
relative to mineral controls<{6.4 uM) and solubility data  groupg40,41]

published previously for these materials (.4 uM) [22]. In Fig. 4, we observe that the €0 stretch of COOH
This is also consistent with adsorption via a ligand exchange (1710 cntl) [14,39-42]is lost as pH increases. Subse-
reaction, which would tend to promote Al dissolutif@8]. quently, intensity of the asymmetric (1585 th [42] and
symmetric (1340 cm?) [42] stretch of COO increases
3.3. Infrared spectra of dissolved ofloxacin and with increasing pH. There is also an increase in the inten-
ofloxacin—adsorbent complexes sity of the wavenumber that we assign as vibrations as-

. ) sociated with protonation of Nin the piperazinyl group

Although several studies have used infrared spectroscopy(1400 cnr?) [43]. Assignments of the remaining vibrations
to investigate the interaction of ofloxacin with polyva- opserved inFig. 4 are as follows: GO stretch of ketone
lent cationg14,39—41] these studies have not documented 4royp (1620 cm?) [14,39,40] C=C aromatic stretching

changes in agueous phase spectra as a function of pH (i.e.(1530 cnt) [42], and C—-O—C stretching of the ether group
functional group protonation) and cation composition (i.e., (1055 cntl) [14,39,42]

aqueous phase complexation). Thus, as noted by Macias \glecular orbital models of ofloxacin calculations on
et al.[14], assigning functional groups appropriately to Vi- he explicitly solvated models generally produce similar fre-
brations observed in powder IR spectra of ofloxacin—metal quencies £35 cnm; Table 3 for the main peaks of inter-

complexes can be challenging. In order to help interpret o5 The @0 stretch of the carboxylic acid for explicitly
ATR-FTIR spectra of ofloxacin adsorbed to the mineral sur- . ateq cationic ofloxacirsian exception because it is cal-
faces, we first collected ATR-FTIR difference spectra of culated to occur at 80 cn lower than the experimental
ofloxacin (9 mM) dissolved in 0.06 M NaCl and 0.02 M <0 ation. The main reason for this discrepancy is the ap-

CaCh from pH 5 to 10 as shown ifrigs. 5. and 6 (Dif- eproximate representation of the electron correlation in the
ference spectra were obtained by subtracting spectra of th

1620
1530
1400

1620
1530
.. 1400

T T — —— T T T T T T —— T T T
1800 1600 1400 1200 1000 1800 1600 1400 1200 1000
wavenumber (cm'l) wavenumber (cm'l)

Fig. 4. Attenuated total reflectance—Fourier transform infrared (ATR-FTIR) Fig. 5. Attenuated total reflectance—Fourier transform infrared (ATR-FTIR)
difference spectra of ofloxacin in 0.06 M NaCl from pH 5 to 10. Difference difference spectra of ofloxacin in 0.02 M CaGtom pH 5 to 10. Differ-
spectra were obtained by subtracting spectrum of 0.06 M NaCl at a partic- ence spectra were obtained by subtracting spectrum of 0.02 M,Ga@l
ular pH from spectrum of ofloxacin dissolved in 0.06 M NaCl at the same particular pH from spectrum of ofloxacin dissolved in 0.02 M Ca&tithe

pH. same pH.
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1620
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1340
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1340
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T T T T i T T T 1800 1600 1400 1200 1000
1800 1600 1400 1200 1000 .
) wavenumber (cm )
wavenumbers (cm)

. . . Fig. 7. Attenuated total reflectance—Fourier transform infrared (ATR-FTIR)
Fig. 6. Attenuated total reflectance—Fourier transform infrared (ATR-FTIR)  jige o ce spectra of (a) ofloxacin in 0.02 M CaCht pH 7.2 and

difference spectra of (a) ofloxacin in 0.02 M CaCat pH 5.5 and ofloxacin-adsorbent slurry at pH 7.2 for (b) Abf» and (c) Si-Rqo. Dif-

ofloxacin-adsorbent slurry at PH 5.5 for_(b) AbF and (c) Si-Roo. Dif- ference spectra were obtained hybtacting spectrum of 0.02 M Cagl
ference spectra were obtained hybtracting spectrum of 0.02 M Cagll from ofloxacin dissolved in 0.02 M Cag&la) and by subtracting 0.02 M

from ofloxacin dissolved in 0.02 M Cagl(a) and by subtracting 0.02 M CaCbh-adsorbent slurry from ofloxacin-0.02 M Ca&idsorbent slurry
CaCbh-adsorbent slurry from ofloxacin-0.02 M Ca&idsorbent slurry (b and c)

(b and c).

molecule. Although the LYP gradient-corrected correlation
functional is adequate for most of the bonds in the mole-
cule, C=0 bonds depend more strongly on electron corre-
lation [44], so this calculated mode ends up with a larger

Difference spectra of oflacin and ofloxacin—mineral
complexes formed at pH 5.5 and 7.2 are showikiigs. 6
and 7 respectively. (Differene spectra were obtained by
. . . subtracting a spectrum of mineral suspended in 0.02 M
discrepancy with experimenf more accurate method for o .

CaCb at a specific pH from corresponding samples re-

electron correlation could psibly decrease this error, but . . o :
methods such as (MP2, Maller Plesset second-order pertur_acted with ofloxacin.) The spectra indicate that sorption of

bation)[45] require far more computational time and are not oﬂolxtacm oceurs Vt'.a S|r}1|lz|a_|r ;lzrchanlsmslfor : given mmt; d
practical for a model of this size. However, without explicit 3! tYP€, IITESPECUive of pH. 7o example, ofloxacin sorbe

solvation, COO stretching was predicted to occur in the t© Al20s at pH 5.5 Fig. 80) and 7.2 Fig. 7b) shows a dra-
1725-1710 cm! region, an error of 100 crt or more. In matic decreasg in the intensity olf th.e ke-tone (1620 Hm
addition, linear regression of calculated versus predominant@nd asymmetric COO (1590 cn1™) vibrations. However,
experimental frequencie@ > 16) for the three explicitly the same spectra show a large increase in the intensity of
solvated molecules yielded slopes of40.03) andR? val- peaks at 1530 and 1275 crh
ues of 0.99. Based on this good correlation, we conclude that  We attribute the change at 1530 thito a downward
the model calculations produce realistic vibrational frequen- Shift in frequency of the ketone and/or asymmetric COO
cies for ofloxacin and can be used to help interpret spectrastretch upon innersphere complexation with an Al center on
of unknown structures such as surface complexes. the mineral surface. Moleculanodeling of an ofloxacin—Al
Ofloxacin spectra collected in 0.02 M CaQ(Fig. 5 complex, whereby Al is bound via bidentate complexation
show trends similar to those Fig. 4as pH increases, butvi-  to the ketone and carboxylate functional groupsg( 8)
brations associated with the ketone and asymmetric stretch[10,13], indicates that the downward shift is attributable to
of COO™ are more intense and broadened in the presence ofthe ketone vibration (predicted at 1525 thn Table 4. Al-
Cat. We propose, as have othdd9], that this is indica-  though others have suggested that the ketone group vibration
tive of a weak Ca—ofloxacin complex that forms between the may decrease in frequency upon strong complexation with
ketone and carboxylate functional groups. Apparently, simi- a metal ion[14,39], our experimental data and calculations
lar complexes are not formed in the presence of monovalentdemonstrate this occurrencas do calculations performed
ions with a large hydrated radius (e.g., Ndig. 4). by Sagdinc and Bayaf#1]. Perhaps more importantly, the
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Table 3

Selected experimental and calcuthtgbrational frequaecies for ofloxacin

Vibration Experimental (cm?) Calculated (crml)
pH5 Cationic
C=0 stretch of carboxylic acid 1705 1614, 1598
C=0 stretch of ketone group 1622 1646
COO™ asymmetric stretching 1582 N.C.V.
C=C stretching 1530 1541
COO~ symmetric stretching 1344 N.C.V.
C—-O-C stretching of ether group 1058 1075
pH 7 Zwiterionic Fig. 8. Molecular structure of (Ofj4Al-ofloxacin (zwitterionic) complex.
C=O0 stretch of ketone group 1620 1646 This complex has the same basic orientation as the ofloxacin molecules
COQO™~ asymmetric stretching 1579 1614 shown inFig. 1a.
C=C stretching 1528 1541
COO~ symmetric stretching 1343 1336 . .
C—-O—C stretching of ether group 1054 1065 ketone frequency (1620 cm). This suggests that ofloxacin
pH 10 Anionic may be bonded to Sidsurfaces via a cation bridge at
C=0 stretch of ketone group 1615 1644 pH 5.5, glthough t.he same occurrence is not observeq at
COO~ asymmetric stretching 1579 1603 pH 7.2 Fig. 7c). This supports our contention that ofloxacin
C=C stretching 1527 1533 sorbs to SiQ@ through the protonated piperazinyl group, via
COO™ symmetric stretching 1342 1342, 1348 weaker electrostatic interaction, and through a cation bridge.
C—-O-C stretching of ether group 1053 1079

Note Experimental assignments arg@oeted for ofloxacin in 0.06 M NaCl; 3.4. Mechanisms for enhanced or reduced ofloxacin
N.C.V. is no calculated vibration. However, the calculated results where sorption to mesoporous adsorbents

N.V.C. is reported are reasonable. This is due to the presence of COOH,
only, in the modeled cationic moleculehereas, the experimental data con-

tain both cationic (dominant) and zwitterionic (minor) species in solution. Enhanced ofloxacin sorption to meso[)orousﬁ@hy_

pothesized to occur due to higher concentration of"Ca
([Ca2*]) within the confines of a pore. Our calculations
IR data strongly support our hypothesis that ofloxacin sorbs indicate that electric double layer (EDL) thickness extend-
to Al2Os surfaces via a ligand exchange procid€s-48] ing from a planar solid—water interface in 0.02 M Ca®

In contrast, IR spectra of ofloxacin sorbed to $iO 1.2 nm[49]. Given that the mean pore diameter of Sid®
(Figs. 6¢ and 7care similar to those of dissolved ofloxacin, is 3.4 nm, EDLs within pore confines would not quite over-
despite the fact that Sis8 adsorbed 2-3 times more lap near the center of this circular pore. However, the pres-
ofloxacin per unit mass than did Akk (Figs. 6b and 7p ence of EDLs extending from pore walls into the pore cen-
However, the spectra of the ofloxacin—gi€omplex col- ter should increase [G4] and decrease [C] in the pore,
lected at pH 5.5 shows an increase and broadening of therelative to concentrations of these ions near surfaces exter-

Table 4
Correlation of calculated vibrations and assignmen@nofl—ofloxacin complex tox@erimental vibrations

Vibration Calculated (cm?) Experimental (crm?)
Zwitterionic

C=0 stretch of carboxylate—Al complex 1755 (s) 1621

C=C stretching 1593 (m), 1572 (m) 1591

C=0 stretch of ketone group 1525 (w) 1532

CH wag 1488 (s), 1468 (m) 1500-1450

C-O(C) stretch 1415 (m), 1413 (s) 1408

CH wag 1378 (m), 1372 (m) 1371

CH wag 1325 (m), 1322 (m) 1346

CH wag 1290 (w) 1278

CH wag 1257 (w) 1240

CH wag 1227 (m) 1226

Al-O-C(0) 1197 (m) 1200

CH wag 1174 (m) 1151

CH wag 1135 (w) 1134

C—H bend 1106 (w), 1075 (m) 1098

C—O-C stretch of ether group 1076 (m) 1055

C-H wag 959 (w) 1005

C—-H wag 936 (w) 983

Note Vibration assignments are based on model results andimegm@al vibrations areeported for ofloxacin—Al-g4» slurry spectra collected at pH 7.2
(Fig. 7).
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nal to pores[50]. The higher [C&"] within pores would sion from specific, but as yet undetermined, aluminol sites
promote ofloxacin—-Ca complexation via the carboxylate  within pore cavities. Overall, the data indicate that intraparti-
group Fig. 5 and effectively increase the amount of pos- cle mesopores can enhance ofloxacin sorption to adsorbent
itive charge on an ofloxacin ion. Therefore, a zwitterionic minerals, but the degree of enhancement may be diminished
ofloxacin molecule could bind to the surface via the proto- or even reversed by other mitigating factors (e.g., surface
nated N of the piperazinyl group and, at the same time, bind charge properties).

via a cation bridge as others have obser{fg]. This ap-

pears to be a reasonable explanation for increased ofloxacin

sorption to mesoporous Si-fy and it agrees with our other ~ Acknowledgments
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