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Abstract

Mesoporous and nonporous SiO2 and Al2O3 adsorbents were reacted with the fluoroquinolone carboxylic acid ofloxacin over a
of pH values (2–10) and initial concentrations (0.03–8mM) to investigate the effects of adsorbent type and intraparticle mesopores
adsorption/desorption. Maximum ofloxacin adsorption to SiO2 surfaces occurs slightly below the pKa2 (pH 8.28) of the antibiotic and
sorption diminishes rapidly at pH> pKa2. For Al2O3, maximum sorption is observed at pH values slightly higher than the adsorbent’s
of zero net charge (p.z.n.c.) and less than midway between the pKa values of ofloxacin. The effects of pH on adsorption and ATR–F
spectra suggest that the zwitterionic compound adsorbs to SiO2 solids through the protonated N4 in the piperazinyl group and, possibl
a cation bridge; whereas the antibiotic sorbs to Al2O3 solids through the ketone and carboxylate functional groups via a ligand exc
mechanism. Sorption edge and isotherm experiments show that ofloxacin exhibits a higher affinity for mesoporous SiO2 and nonporous
Al2O3, relative to their counterparts. It is hypothesized that decreased ofloxacin sorption to mesoporous Al2O3 occurs due to electrostat
repulsion within pore confines. In contrast, it appears that the environment within SiO2 mesopores promotes sorption by inducing format
of ofloxacin–Ca complexes, thus increasing electrostatic attraction to SiO2 surfaces.
 2004 Elsevier Inc. All rights reserved.

Keywords:Ofloxacin; Fluoroquinolone carboxylic acid; Mesoporosity; Sorption edge; Adsorption/desorption isotherms; ATR–FTIR spectroscopy;
Molecular modeling; Mineral–organic interactions
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1. Introduction

Fluoroquinolone carboxylic acids (FQCAs) are a cl
of chemotherapeutic agents with antibacterial activity use
in human and veterinary medicines. Although absorpti
of orally administered FQCAs is high[1], a portion of the
dose passes through the body into human and anima
crement. Thus, FQCAs have been detected in wastew
insufficiently treated by sewage treatment plants[2,3], liq-
uid animal manures[4], and streams[5]. Recent studies in
the United States and Europe have documented the pre
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of FQCAs in wastewaters and streams with concentrat
typically reported in the range of ng L−1 to µg L−1 [2,5–7].
Due to the land application or discharge of wastes to stre
and our limited knowledge of the fate and interactions
FQCAs in aquatic and terrestrial environments, these c
pounds are of significant environmental concern[3,5,8].

Within the large class of FQCAs, ofloxacin is used to tr
urinary and respiratory tract infections in humans and
mals[9]. Although a significant number of studies have
vestigated aqueous ofloxacin–metal complexation reac
[9–14], much less work has been done on the sorptio
ofloxacin to minerals and soil. Djurdjevic et al.[13] de-
termined that sorption of ofloxacin to Al2O3 solids exhib-
ited S-shaped isotherms when experiments were condu
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from 19 to 140 µmol L−1 in neutral and very acidic (pH 1
aqueous background solutions, and isotherms were L-sh
(Langmuir) in basic solutions (pH 11). The greatest ext
of sorption occurred at neutral pH (0.7 mmol g−1) followed
by sorption at pH 1 (0.5 mmol g−1) and sorption at pH 11
(0.38 mmol g−1) [13]. However, ofloxacin sorption ont
Al(OH)3 gel exhibited a C-shaped (linear) isotherm and 2
of adsorbed ofloxacin was released from the mineral surfac
during desorption reactions[15]. Al dissolution and change
in solution pH as a function of ofloxacin adsorption we
not measured in either study. Thus, it is unclear to what
tent aqueous Al may compete with Al surfaces for ofloxa
complexation, and the multifunctionality of this compound
may equate to several possible bonding mechanisms.

Nowara et al.[16] investigated the sorption of sever
FQCAs, including levofloxacin (an active optical isomer o
ofloxacin), to soil, soil clay fractions, and soil minerals. T
study reported that adsorption of FQCAs to soil, soil c
fractions, and layer silicates is very high (95–99% remo
from initial aqueous concentrations ranging from 0.28
28 µmol L−1) and desorption in 0.01 M CaCl2 is very low
(<2.6% of adsorbed amount was released into solution)
frared spectra and microcalorimetry data were interpre
by Nowara et al.[16] to suggest that FQCAs are bound
clays via a cation bridge between charged basal surface
the carboxylate functional group of FQCAs[16]. However,
cation bridging is a relatively weak sorption mechanism t
is not associated typically with irreversible adsorption
observed by Norwara et al.[16]. In addition, experimenta
pH values were generally equal to or less than the pKa1

of the FQCAs, thus cationic forms of the compounds m
have been adsorbed to mineral surfaces. HighKoc values
(40,000–71,000) suggest that sorption was also influen
by the amount of organic carbon present in the soil[16], and
others have reported sorption of FQCAs to dissolved hu
acids[17,18].

An additional factor that should be considered wh
studying the fate of organic compounds in soils and s
ments is substrate surface morphology. Recent studies hav
demonstrated that mineral mesoporosity (2–50 nm in p
diameter), as occurs in naturally weathered geosorben
[19], can impact organic compound sorption. Zimmerm
et al. [20] observed that nitrogenous organic compou
smaller than one-half the average mesopore diameter e
ited significantly greater surface area-normalized adsorpti
to mesoporous alumina and silica, relative to nonporous
logues. Sorption of larger compounds was inhibited du
compound exclusion from the internal mesopore surfa
Goyne et al.[21] documented increased adsorption of
pesticide 2,4-D to alumina sorbents with increased me
porosity. However, it should be noted that porosity, in a
of itself, is not always the most important governing fa
tor. For instance, 2,4-D did not adsorb to mesoporou
nonporous silica, presumably because of electrostatic re
sion[21].
d

d

-

In this work, studies were conducted to investigate
sorption of the FQCA ofloxacin to nonporous and me
porous Al2O3 and SiO2 mineral sorbents. The objective
of this study were (a) to investigate differences in ofloxa
sorption to Al2O3 and SiO2 surfaces as a function of pH an
initial concentration, (b) to determine if mesoporosity influ
ences the amount of ofloxacin sorbed to Al2O3 and SiO2
solids, and (c) to determine the mechanism(s) through w
ofloxacin binds to Al2O3 and SiO2 surfaces.

2. Materials and methods

2.1. Properties of the adsorbate

Ofloxacin (9-fluoro-2,3-dihydro-3-methyl-10-(4-methy
1-piperanzinyl)-7-oxo-7H-pyrido[1,2,3-de]-1,4-benzoxazi-
ne-6-carboxylic acid; 98% minimum purity) was purchas
from Sigma–Aldrich Co. (St. Louis, MO) and used as
ceived. The compound was stored at 4◦C in the dark to min-
imize photolytically induced degradation[22]. Ofloxacin is
a zwitterionic compound with acid dissociation constants o
6.08 (pKa1) and 8.25 (pKa2) (Fig. 1) [12,23]. As shown in
Fig. 1b, the antibiotic is primarily cationic below pKa1 (N4
in the piperazinyl group), anionic above pKa2 (3-carboxyl

(a)

(b)

Fig. 1. (a) Ionization of aqueous ofloxacin and (b) distribution of cationic
(ofx+), zwitterionic (ofx0), and anionic (ofx−) ofloxacin in aqueous solu
tion as a function of pH (pKa1 = 6.08 and pKa2 = 8.25) [10,21].
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group), and zwitterionic (net neutral) between pKa1 and
pKa2. Due to solubility issues (Csat

w = 9 mM at pH 7),
ofloxacin stock solutions werenot prepared at concentr
tions greater than 9 mM[23]. The dimensions of ofloxacin a
determined by measuring interatomic distances and acc
ing for van der Waals radii of the atoms and constrained
energy minimization using the COMPASS force field
1.2× 0.95× 0.6 nm.

2.2. Adsorbent synthesis and characteristics

Four mineral adsorbents were used in the present w
(1) mesoporous Al2O3 (Al-P242), (2) nonporous Al2O3(Al-
NP37), (3) mesoporous SiO2 (Si-P700), and (4) nonporou
SiO2 (Si-NP8), where the subscripts refer to specific surfa
area in m2 g−1. Al-NP37 and Si-NP8 were purchased from
Alfa Aesar (Ward Hill, MA), Stock Nos. 40007 and 8970
respectively. Al-NP37 was washed and dried as described
Goyne et al.[24] to remove an N-containing soluble co
stituent associated with synthesis. Adsorbents Al-P242 and
Si-P700 were prepared using a neutral template route[25–
27]. The synthesis procedure and removal of the temp
from the fabricated adsorbents are detailed elsewhere[24,
25]. All minerals, except Si-NP8, were ground gently prio
to characterization and stored in polyethylene bottles p
to use. The physical and chemical characteristics were
lished previously[24], and a summary is provided inTable 1.

2.3. Batch sorption edge and isotherm experiments

Mineral adsorbents were suspended in a 0.02 M Ca2
(0.06 M ionic strength) background electrolyte solution
give a sorbent surface area to solution ratio of 2.86×
103 m2 L−1 in PTFE centrifuge tubes. Sorption experime
were conducted in the absence of pH buffers to pre
competitive sorption between buffer constituents (e.g., phos
phate) and ofloxacin for available sorption sites and to
low for measurement of pH shifts often indicative of lig-
and exchange reactions[28]. All stock solutions or sam
ples containing ofloxacin were wrapped in aluminum
and/or stored in amber glassware to prevent or minim
photodegradation.

Solutions of 0.06 M HCl or 0.02 M Ca(OH)2 were added
to mineral suspensions (prior to reaction) to achieve a
-

-

pH range from pH 2 to 10 for sorption edge experiments
pH 7.2 for isotherm experiments. Samples were spiked
ofloxacin dissolved in 0.02 M CaCl2 to give initial ofloxacin
concentrations ranging from 0.03 to 8 mM for isotherm
periments or 1 mM for sorption edge experiments. Altho
these concentrations are significantly greater than those d
tected in natural waters[2,5–7], our goal was to compar
ofloxacin sorption to mesoporous and nonporous silica
alumina, not to mimic solute concentrations found in i
pacted waters. For the isotherm experiments, the initial p
the ofloxacin stock solution and CaCl2 solution was adjuste
to 7.20. Samples were reacted on an end-over-end sh
(7 rpm) in the dark at 298 K for 30 min. Adsorbent-fr
controls (no mineral) were reacted concurrently to measu
compound loss resulting from sorption to centrifuge tu
walls or volatilization. Neither of these was found to be s
nificant.

After reaction, mineral suspensions were centrifuge
15,290g and 298 K for 45 min. An aliquot of supernata
solution was removed by pipet, stored in 4 ml amber vi
and refrigerated for measurement of ofloxacin concentra
tion. The remaining solution was aspirated, filtered thro
a 0.02-µm nominal pore size filter, acidified to pH< 2 with
trace metal grade HCl, and refrigerated at 4◦C. Concentra-
tions of Al and Si were determined using a Perkin–Elm
Elan DRC II inductively coupled plasma-mass spectro
ter (ICP-MS). The pH of unfiltered and unacidified sup
natant solution was measured using a calibrated Orion
semi-micro combination pH electrode attached to a Bec
man� 390 pH meter.

Ofloxacin concentrations in solution were determined b
measuring the concentration of nonpurgable organic ca
(NPOC) and total nitrogen (TN) present in solutions ac
fied to pH< 2 with trace metal grade HCl (Shimadzu Mod
TOC-VCSH, total organic carbon analyzer, equipped wit
TNM-1, total nitrogen measuring unit, and an ASI-V a
tosampler). Standards were prepared by dissolving oflox
in 0.02 M CaCl2. There were no significant differenc
between ofloxacin concentrations calculated using NPO
or TN; thus all data shown are based on NPOC meas
ments for simplicity. High-performance liquid chromato
raphy (HPLC) was not used, due to decreased column
tention of ofloxacin when aluminum was present in so
tion (i.e., peaks were broadened and decreased in heigh
r)
f the
stant
Table 1
Physical characteristics and surface charge properties of the adsorbents

Adsorbent SBET (m2 g−1) Dpore (nm) S ip (%) p.z.n.c. pKa1 pKa2

Si-P700 700± 10 3.4± 0.4 99.7 <2.85 NA 6.85± 0.63
Si-NP8 7.5± 0.1 14± 2 NA <2.82 NA 7.74± 0.27
Al-P242 242± 6 8.2± 0.6 96.5 6.47± 0.05 6.19± 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 al.[21] for detailed methods and data analysis;SBET is the specific surface area± std. dev. as measured by N2 BET; Dpore is the mean
pore diameter± std. dev. determined by the BJH method on the adsorption isotherm leg;Sip is the intraparticle surface area(within pores 2–20 nm in diamete
as percentage of total determined by BJH method; p.z.n.c. is the point of zero net charge± 95% CI; values of p.z.n.c. not encountered in the pH range o
experiment are expressed as the lowest pH values of the experiment; pKa1 and pKa2 are surface acidity intrinsic constants in accordance with the con
capacitance model, using proton charging data from[21].
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evidently because of ofloxacin complexation with Al in
the aqueous phase). However, excellent agreement bet
standards analyzed using HPLC and NPOC/TN was
served in the absence of aluminum. Mineral blanks
ofloxacin) were reacted concurrently for correction.

Surface excess of ofloxacin was calculated as

(1)Γads= Cads,B − Cads,S

SAS
,

whereΓads is the surface excess of ofloxacin (µmol m−2),
Cads,S andCads,B are the equilibrium ofloxacin concentr
tions (µmol kg−1) in supernatant solutions of mineral su
pensions (S) and for the corresponding blank (B) after
reaction period, andSAS is the suspension concentration
adsorbent (m2 kg−1).

Desorption reactions (isotherm experiments only) w
initiated immediately after the adsorption step by addin
mass of 0.02 M CaCl2 (pH 7.20) equivalent to that mass
supernatant solution removed. Desorption reaction time
equal to that for adsorption (30 min). After the desorpt
period, supernatant solutions were again removed by p
and analyzed. Adsorbate retained was calculated from

(2)Γdes= Γads−
{

(Cdes,S)(Mtot,soln) − (Cads,S)(Ment)

SA

}
,

whereΓdesis the surface excess of ofloxacin (µmol m−2) af-
ter the desorption step,Cdes,S is the ofloxacin concentratio
in supernatant solution of mineral suspension (S) after th
desorption reaction (µmol kg−1), Mtot,soln is the total mass
of solution (kg) in the reaction vessel during desorpti
Ment is the mass of entrained solution (kg) remaining in
centrifuged adsorbent pellet after aspiration of adsorp
step supernatant, andSA is the total surface area of adso
bent (m2) in the reaction vessel.

Sorption data were fit to the Langmuir–Freundlich eq
tion [29] which has been shown to successfully mode
number of other organic compounds on heterogeneous
faces[20,30]:

(3)qi = NtAc
β
i

1+ Ac
β
i

,

whereqi is adsorbate surface excess (µmol m−2), Nt is the
total number of binding sites,A is a parameter related t
the binding affinity (K0; K0 = A1/β ), ci is the equilibrium
aqueous concentration of ofloxacin (µmol L−1), andβ is a
fitting parameter[20,30,31]. Whenβ = 1, the Langmuir–
Freundlich equation reduces to the Langmuir equation

(4)qi = NtAci

1+ Aci

(β = 1),

whereas, ifci or A approach zero, it equation reduces to
Freundlich equation

(5)qi = Ac
β
i (ci or A → 0).

The Langmuir–Freundlich equation was fit to the exp
mental data using the method outlined in Umpleby et
n

-

[29], where the solver function of Microsoft Excel 200
is used to vary iteratively the three fitting parametersNt,
A, and β to maximize the coefficient of determinatio
(R2 = 1).

2.4. Infrared spectroscopy

Attenuated total reflectance (ATR)–Fourier transform
frared (FTIR) spectroscopy was employed to docum
changes in ofloxacin spectra as a function of pH and io
composition and to investigate the mechanism of ads
tion. For aqueous phase spectra, stock solutions con
ing 9.0 mM ofloxacin were prepared in 0.06 M NaCl a
0.02 M CaCl2 background electrolyte solutions with pH va
ues ranging from pH 5 to 10. A 3-ml aliquot of solution w
then transferred into an ATR cell equipped with a 45◦ ZnSe
flat plate crystal (ARK cell, Thermo Spectra-Tech, Inc.), a
spectra were obtained by averaging 400 scans at 2 cm−1 res-
olution on a Nicolet Magna 560 spectrometer.

Infrared spectra of adsorbedofloxacin were obtained fo
samples containing 11.80 g L−1 of mesoporous material re
acted at pH 5.5 and 7.2 for 30 min with initial ofloxacin co
centrations of 0 and 9.0 mM, as described previously. A
adsorption, samples were centrifuged and most of the su
natant solution was removed, except ca. 3.0 ml which
left in the suspension to create a slurry. ATR–FTIR slu
samples were immediately transferred into the ATR cell
data collection. Spectra of adsorbed ofloxacin were obtaine
by subtracting those of the ofloxacin-free slurry.

2.5. Molecular modeling of infrared frequencies

Gas-phase, infrared frequencies of cationic, anio
zwitterionic ofloxacin, and an Al–ofloxacin complex we
calculated at the B3LYP/6-31G(d) level[32–34] using the
Gaussian 98 program[35]. Frequency values were correct
by multiplying calculated values by 0.96[36]. Model struc-
tures of the cationic, zwitterionic, and anionic species
ofloxacin were modeled with and without explicit hydr
tion of the polar functional groups. In addition, the specie
(OH2)4Al–ofloxacin (in the zwitterionic state) was modele
The Al3+ was bonded in a bidentate fashion to one O a
of the carboxylate group and to the O atom of the adjac
ketone group. The output files were then used to view
imated vibrational motions in Molden Version 3.9[37] for
band assignment.

3. Results and discussion

3.1. Ofloxacin adsorption as a function of pH

The effects of pH on ofloxacin adsorption to SiO2 sur-
faces are shown inFig. 2a. Above pH 5.0, Si-P700 adsorbs
significantly more ofloxacin than does Si-NP8. Maximum
ofloxacin sorption to these minerals (80.3 and 67.2%
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(a)

(b)

Fig. 2. Ofloxacin adsorbed (Γads) on (a) Si-NP8 and Si-P700 or (b) Al-NP37
and Al-P242 as a function of pH after 30 min of reaction time (duplica
means are shown and error bars, where visible, represent 95% CI)
face excess is expressed as micromoles per square meter and molecu
square nanometer.

Si-P700 and Si-NP8, respectively) occurs slightly below th
pKa2 (pH 8.28) of the antibiotic and diminishes rapidly
pH> pKa2. Thus, we presume that cationic and zwitterio
ofloxacin are adsorbed to the negatively charged silica
faces (i.e.,≡SiO− functional groups) via the protonated N4
in the piperazinyl group. At the pH of maximum measu
sorption, only 45 and 9% of the dissociated silanol gro
on the surface of Si-P700 and Si-NP8 [24], respectively, are
occupied by the compound, suggesting that sorption wa
limited by the availability of≡SiO− sites.

The fact that Si-NP8 adsorbs more ofloxacin below pH
than does Si-P700 can be attributed to 50% higher dens
of dissociated surface silanol groups on Si-NP8 at pH 3–5
according to surface charge data reported previously[24].
However, at this pH, Si-P700 has a greater fraction of diss
ciated silanol groups occupied by ofloxacin. For instan
ofloxacin sorbed onto Si-P700 at pH 3.32 occupies 62%
of the ≡SiO− groups, whereas at pH 3.40 ofloxacin oc
pies only 34% of the≡SiO− groups on Si-NP8. Overall, it
appears that the presence of intraparticle mesoporosit
creases ofloxacin sorption to SiO2 surfaces.
-
er

t

(a)

(b)

Fig. 3. Ofloxacin sorbed on (a) Si-NP8 and Si-P700 or (b) Al-NP37 and
Al-P242 after 30 min of adsorption (Γads) or desorption (Γdes) reaction
time (duplicate means are shown and error bars, where visible, repr
95% CI). Surface excess is expressed as micromoles per square me
molecules per square nanometer.

In contrast,Fig 2b indicates that ofloxacin sorption
mesoporous Al2O3 (Al-P242) was consistently lower tha
sorption to nonporous Al2O3 (Al-NP37) over the full pH
range investigated. Sorption of the antibiotic to Al2O3 solids
increases significantly above pH 5.0, concurrent with
creased aqueous concentrations of zwitterionic ofloxaci
this case,Γ max (88.2 and 73.3% for Al-NP37 and Al-P242,
respectively) occurs at pH slightly less than midway
tween the pKa values of ofloxacin (pH 7.16) and slight
higher than the adsorbent point of zero net charge (p.z.
Table 1). At pH greater than that ofΓmax, adsorption dimin-
ishes as alumina surfaces become increasingly nega
charged, thus repelling zwitterionic and anionic ofloxa
from the surface. These data lead us to hypothesize
ofloxacin sorption to≡AlOH+

2 surface sites via the dissoc
ated 3-carboxyl group (COO−) of the zwitterion is initiated
between pH 4.5 and 5.5. Initiation likely occurs closer to
5.5 based onFig. 1b. However, the same mechanism of so
tion may not be applicable below pH 5.0.

Ofloxacin adsorption to Al2O3 decreasesfrom pH 2 to
4.5, and the same reproducible trend appears in the
sets for both alumina solids (Fig. 2b). We are unable to ex
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Table 2
Langmuir–Freundlich parameters for SiO2 and Al2O3 isotherms

Adsorbent Reaction phase Nt (µmol m−2) A (µM−1) β K0 (µM−1) R2 (n)

Si-NP8 Adsorption 0.80 4.6× 10−5 1.5 1.3× 10−3 0.96 (10)
Desorption 0.63 5.7× 10−5 1.5 1.8× 10−3 0.96 (9)

Si-P700 Adsorption 1.5 1.2× 10−3 0.94 8.2× 10−4 1.00 (9)
Desorption 1.5 4.8× 10−4 1.1 1.1× 10−3 0.97 (9)

Al-NP37 Adsorption 1.4 1.3× 10−3 1.1 2.3× 10−3 0.92 (10)
Desorption 2.6 7.0× 10−3 0.65 4.5× 10−4 1.00 (6)

Al-P242 Adsorption 1.2 9.5× 10−4 1.0 1.1× 10−3 1.00 (10)
Desorption 0.78 5.6× 10−4 1.4 4.1× 10−3 0.98 (10)

Note. Nt is adsorption capacity;A is a parameter related to mean binding affinity (K0); β is an exponent related to the heterogeneity of binding site energ
distribution;K0 is the mean binding affinity;R2 is the coefficient of determination, andn is the number of sample points utilized to calculate the parame
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plain the cause of this occurrence, other than to sugges
the mechanism of ofloxacin adsorption is likely differe
than above pH 5.0. Below pH 5, the fraction of zwitterion
ofloxacin is very low (Fig. 1b) and surface complexation v
COO− is likely insignificant. It is possible that dissolutio
of Al at acidic pH promotes the formation of Al-bridge
dimers[36] whose adsorption could be enhanced relativ
monomeric ofloxacin. Irrespective of the mechanism(s
adsorption, it is clear that intraparticle porosity does not
crease sorption of ofloxacin to alumina surfaces. This is
spite the fact that ofloxacin is smaller (1.2× 0.95× 0.6 nm)
than the nominal pore size of Al-P242 (8.2 nm) and that thes
alumina minerals have nearlyidentical surface charge prop
erties[24].

3.2. Ofloxacin adsorption/desorption isotherms

Adsorption/desorption experiments were conducted to
vestigate ofloxacin sorption and retention as a function
initial sorptive concentration at a target equilibrium pH 7.
(Fig. 3). The isotherm data agree with findings from so
tion edge experiments in that mesoporous SiO2 consis-
tently sorbs more ofloxacin than nonporous SiO2 (Fig. 3a);
whereas, the opposite is true for Al2O3 adsorbents (Fig. 3b).

The Langmuir–Freundlich isotherm results inTable 2in-
dicate thatNt (sorption maximum) andA (measure of bind
ing affinity) for the two minerals adsorbing greater amou
of ofloxacin are very similar and higher than the lower affi
ity sorbents. In addition, values ofNt indicate that wherea
the sorption maximum was reached by Si-NP8, adsorption
to the other minerals is below the predicted maximum.
other discernible trends are apparent within the Langm
Freundlich isotherm parameters.

As mentioned under Section2, isotherm experiment
were conducted in the absence of pH buffers. Thus, oflox
stock solution and 0.02 M CaCl2 background electrolyte so
lution were adjusted with base (0.02 M Ca(OH)2) to pH
7.20, and additional acid (0.06 M HCl) or base was adde
the beginning of each experiment to offset any pH chan
resulting from buffering of the minerals themselves[24].
The amount of acid/base added to reaction vessels
constant for the full isotherm of each adsorbent to per
tmeasurement of proton or hydroxide production, but va
among the four adsorbents.

Equilibrium pH values for SiO2 samples were relativel
constant (pH 7.20–7.40) except for those reacted at the hig
est initial concentration of ofloxacin (pH 6.77 and 6.65
Si-NP8 and Si-P700, respectively). This proton productio
likely decreased the quantity of ofloxacin sorbed to th
samples, relative to that adsorbed at pH 7.20 (seeFig. 2a),
and may slightly skew the isotherm shapes shown inFig. 3a.
However, this shift to more acidic pH is indicative of prot
displacement from≡SiOH surface functional groups. Th
is verified by comparing the moles of ofloxacin adsorb
to the predicted density of≡SiO− present at equilibrium
pH for samples with the highest initial ofloxacin concent
tion. At pH 6.78, 0.79 µmol m−2 of ofloxacin is adsorbed
to Si-NP8 and the predicted density of≡SiO− at this pH
is 0.74 µmol m−2. However, 1.15 µmol m−2 of ofloxacin
is adsorbed to Si-P700 with a predicted dissociated silan
site density of 0.34 µmol m−2 at pH 6.65. Thus cationi
ofloxacin is displacing adsorbed protons upon adsorptio

≡SiOH+ ofx+ � ≡SiO–ofx+ H+. (6)

Calculations show that for Si-NP8 the stoichiometry of this
cation exchange reaction is 1:1 as shown in Eq.(6). For Si-
P700, the measured release of H+ is somewhat lower than th
moles of ofloxacin adsorbed in excess of negatively cha
sites, suggesting the possibilityof additional sorption mech
anisms (e.g., cation bridging).

In contrast, pH values for Al2O3 reacted samples sho
an increasein pH with increased ofloxacin adsorption, r
gardless of whether acid or base was added to reach
target equilibrium pH of 7.20. The range of Al2O3 sam-
ple pH values (pH 6.45–7.58) are located very near m
mum adsorption (seeFig. 2b), and the shape of the Al2O3
isotherms should be very similar to that of isotherms wh
pH = 7.20 for all samples. These results are suggestiv
ligand exchange reactions between≡AlOH+

2 and the COO−
of ofloxacin[26]:

≡AlOH + ofx0 � ≡Al–ofx+ + OH−. (7)

This could explain the slight hysteresis between the Al2O3
adsorption/desorption isotherms (Fig. 3b), and adsorption
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IR)
via the COO− functional group agrees with the sor
tion mechanism inferred from sorption edge experime
(Fig. 2b). Dissolution data for Al adsorbents are very sim
lar and show elevated Al concentrations in solution (582
593 µM for Al-P242 and Al-NP37, respectively) for sample
reacted with the highest initial concentration of ofloxac
relative to mineral controls (<6.4 µM) and solubility data
published previously for these materials (<1.4 µM) [22].
This is also consistent with adsorption via a ligand excha
reaction, which would tend to promote Al dissolution[38].

3.3. Infrared spectra of dissolved ofloxacin and
ofloxacin–adsorbent complexes

Although several studies have used infrared spectros
to investigate the interaction of ofloxacin with polyv
lent cations[14,39–41], these studies have not documen
changes in aqueous phase spectra as a function of pH
functional group protonation) and cation composition (i
aqueous phase complexation). Thus, as noted by Ma
et al. [14], assigning functional groups appropriately to
brations observed in powder IR spectra of ofloxacin–m
complexes can be challenging. In order to help inter
ATR–FTIR spectra of ofloxacin adsorbed to the mineral s
faces, we first collected ATR–FTIR difference spectra
ofloxacin (9 mM) dissolved in 0.06 M NaCl and 0.02
CaCl2 from pH 5 to 10 as shown inFigs. 5 and 6. (Dif-
ference spectra were obtained by subtracting spectra o

Fig. 4. Attenuated total reflectance–Fourier transform infrared (ATR–FT
difference spectra of ofloxacin in 0.06 M NaCl from pH 5 to 10. Differen
spectra were obtained by subtracting spectrum of 0.06 M NaCl at a p
ular pH from spectrum of ofloxacin dissolved in 0.06 M NaCl at the sa
pH.
.,

s

background electrolyte solutions at a particular pH fr
their counterparts containing dissolved ofloxacin.) Ofloxa
dissolved in the different background electrolyte soluti
were compared because it isknown that ofloxacin forms
strong bonds with divalent cations[11,12,14,39–41], possi-
bly through interaction between the carboxylic and ket
groups[40,41].

In Fig. 4, we observe that the C=O stretch of COOH
(1710 cm−1) [14,39–42] is lost as pH increases. Subs
quently, intensity of the asymmetric (1585 cm−1) [42] and
symmetric (1340 cm−1) [42] stretch of COO− increases
with increasing pH. There is also an increase in the in
sity of the wavenumber that we assign as vibrations
sociated with protonation of N4 in the piperazinyl group
(1400 cm−1) [43]. Assignments of the remaining vibratio
observed inFig. 4 are as follows: C=O stretch of ketone
group (1620 cm−1) [14,39,40], C=C aromatic stretching
(1530 cm−1) [42], and C–O–C stretching of the ether gro
(1055 cm−1) [14,39,42].

Molecular orbital models of ofloxacin calculations
the explicitly solvated models generally produce similar
quencies (±35 cm−1; Table 3) for the main peaks of inter
est. The C=O stretch of the carboxylic acid for explicitl
solvated cationic ofloxacin is an exception because it is c
culated to occur at 80 cm−1 lower than the experimenta
observation. The main reason for this discrepancy is the
proximate representation of the electron correlation in

Fig. 5. Attenuated total reflectance–Fourier transform infrared (ATR–FT
difference spectra of ofloxacin in 0.02 M CaCl2 from pH 5 to 10. Differ-
ence spectra were obtained by subtracting spectrum of 0.02 M CaCl2 at a
particular pH from spectrum of ofloxacin dissolved in 0.02 M CaCl2 at the
same pH.
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Fig. 6. Attenuated total reflectance–Fourier transform infrared (ATR–FT
difference spectra of (a) ofloxacin in 0.02 M CaCl2 at pH 5.5 and
ofloxacin-adsorbent slurry at pH 5.5 for (b) Al-P242 and (c) Si-P700. Dif-
ference spectra were obtained by subtracting spectrum of 0.02 M CaCl2
from ofloxacin dissolved in 0.02 M CaCl2 (a) and by subtracting 0.02 M
CaCl2-adsorbent slurry from ofloxacin–0.02 M CaCl2-adsorbent slurry
(b and c).

molecule. Although the LYP gradient-corrected correlat
functional is adequate for most of the bonds in the mo
cule, C=O bonds depend more strongly on electron co
lation [44], so this calculated mode ends up with a lar
discrepancy with experiment. A more accurate method fo
electron correlation could possibly decrease this error, b
methods such as (MP2, Møller Plesset second-order pe
bation)[45] require far more computational time and are
practical for a model of this size. However, without expli
solvation, COO− stretching was predicted to occur in t
1725–1710 cm−1 region, an error of 100 cm−1 or more. In
addition, linear regression of calculated versus predomi
experimental frequencies(n � 16) for the three explicitly
solvated molecules yielded slopes of 1 (±0.03) andR2 val-
ues of 0.99. Based on this good correlation, we conclude
the model calculations produce realistic vibrational frequ
cies for ofloxacin and can be used to help interpret spe
of unknown structures such as surface complexes.

Ofloxacin spectra collected in 0.02 M CaCl2 (Fig. 5)
show trends similar to those inFig. 4as pH increases, but v
brations associated with the ketone and asymmetric str
of COO− are more intense and broadened in the presen
Ca2+. We propose, as have others[40], that this is indica-
tive of a weak Ca–ofloxacin complex that forms between
ketone and carboxylate functional groups. Apparently, s
lar complexes are not formed in the presence of monova
ions with a large hydrated radius (e.g., Na+; Fig. 4).
-

f

Fig. 7. Attenuated total reflectance–Fourier transform infrared (ATR–FT
difference spectra of (a) ofloxacin in 0.02 M CaCl2 at pH 7.2 and
ofloxacin-adsorbent slurry at pH 7.2 for (b) Al-P242 and (c) Si-P700. Dif-
ference spectra were obtained by subtracting spectrum of 0.02 M CaCl2
from ofloxacin dissolved in 0.02 M CaCl2 (a) and by subtracting 0.02 M
CaCl2-adsorbent slurry from ofloxacin–0.02 M CaCl2-adsorbent slurry
(b and c).

Difference spectra of ofloxacin and ofloxacin–minera
complexes formed at pH 5.5 and 7.2 are shown inFigs. 6
and 7, respectively. (Difference spectra were obtained b
subtracting a spectrum of mineral suspended in 0.02
CaCl2 at a specific pH from corresponding samples
acted with ofloxacin.) The spectra indicate that sorption
ofloxacin occurs via similar mechanisms for a given min
eral type, irrespective of pH. For example, ofloxacin sor
to Al2O3 at pH 5.5 (Fig. 6b) and 7.2 (Fig. 7b) shows a dra
matic decrease in the intensity of the ketone (1620 cm−1)
and asymmetric COO− (1590 cm−1) vibrations. However
the same spectra show a large increase in the intensi
peaks at 1530 and 1275 cm−1.

We attribute the change at 1530 cm−1 to a downward
shift in frequency of the ketone and/or asymmetric CO−
stretch upon innersphere complexation with an Al cente
the mineral surface. Molecular modeling of an ofloxacin–A
complex, whereby Al is bound via bidentate complexat
to the ketone and carboxylate functional groups (Fig. 8)
[10,13], indicates that the downward shift is attributable
the ketone vibration (predicted at 1525 cm−1; Table 4). Al-
though others have suggested that the ketone group vibr
may decrease in frequency upon strong complexation
a metal ion[14,39], our experimental data and calculatio
demonstrate this occurrence,as do calculations performe
by Sagdinc and Bayarı[41]. Perhaps more importantly, th
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Table 3
Selected experimental and calculated vibrational frequencies for ofloxacin

Vibration Experimental (cm−1) Calculated (cm−1)

pH 5 Cationic

C=O stretch of carboxylic acid 1705 1614, 1598
C=O 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 Zwitterionic

C=O stretch of ketone group 1620 1646
COO− asymmetric stretching 1579 1614
C=C stretching 1528 1541
COO− symmetric stretching 1343 1336
C–O–C stretching of ether group 1054 1065

pH 10 Anionic

C=O stretch of ketone group 1615 1644
COO− asymmetric stretching 1579 1603
C=C stretching 1527 1533
COO− symmetric stretching 1342 1342, 1348
C–O–C stretching of ether group 1053 1079

Note. Experimental assignments are reported for ofloxacin in 0.06 M NaCl
N.C.V. is no calculated vibration. However, the calculated results w
N.V.C. is reported are reasonable. This is due to the presence of CO
only, in the modeled cationic molecule; whereas, the experimental data co
tain both cationic (dominant) and zwitterionic (minor) species in solutio

IR data strongly support our hypothesis that ofloxacin so
to Al2O3 surfaces via a ligand exchange process[46–48].

In contrast, IR spectra of ofloxacin sorbed to Si2
(Figs. 6c and 7c) are similar to those of dissolved ofloxac
despite the fact that Si-P700 adsorbed 2–3 times mo
ofloxacin per unit mass than did Al-P242 (Figs. 6b and 7b).
However, the spectra of the ofloxacin–SiO2 complex col-
lected at pH 5.5 shows an increase and broadening o
,

Fig. 8. Molecular structure of (OH2)4Al–ofloxacin (zwitterionic) complex
This complex has the same basic orientation as the ofloxacin mole
shown inFig. 1a.

ketone frequency (1620 cm−1). This suggests that ofloxac
may be bonded to SiO2 surfaces via a cation bridge
pH 5.5, although the same occurrence is not observe
pH 7.2 (Fig. 7c). This supports our contention that ofloxac
sorbs to SiO2 through the protonated piperazinyl group, v
weaker electrostatic interaction, and through a cation bri

3.4. Mechanisms for enhanced or reduced ofloxacin
sorption to mesoporous adsorbents

Enhanced ofloxacin sorption to mesoporous SiO2 is hy-
pothesized to occur due to higher concentration of C2+
([Ca2+]) within the confines of a pore. Our calculatio
indicate that electric double layer (EDL) thickness exte
ing from a planar solid–water interface in 0.02 M CaCl2 is
1.2 nm[49]. Given that the mean pore diameter of Si-P700
is 3.4 nm, EDLs within pore confines would not quite ov
lap near the center of this circular pore. However, the p
ence of EDLs extending from pore walls into the pore c
ter should increase [Ca2+] and decrease [Cl−] in the pore,
relative to concentrations of these ions near surfaces e
.2
Table 4
Correlation of calculated vibrations and assignments ofan Al–ofloxacin complex to experimental vibrations

Vibration Calculated (cm−1) Experimental (cm−1)

Zwitterionic
C=O stretch of carboxylate–Al complex 1755 (s) 1621
C=C stretching 1593 (m), 1572 (m) 1591
C=O 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(O) 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 and experimental vibrations are reported for ofloxacin–Al-P242 slurry spectra collected at pH 7
(Fig. 7b).
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nal to pores[50]. The higher [Ca2+] within pores would
promote ofloxacin–Ca2+ complexation via the carboxylat
group (Fig. 5) and effectively increase the amount of po
itive charge on an ofloxacin ion. Therefore, a zwitterio
ofloxacin molecule could bind to the surface via the pro
nated N4 of the piperazinyl group and, at the same time, b
via a cation bridge as others have observed[16]. This ap-
pears to be a reasonable explanation for increased oflox
sorption to mesoporous Si-P700 and it agrees with our othe
data that suggest ofloxacin binds to Si-P700surfaces by more
than one mechanism.

It is unclear why adsorption to Al-NP37 exceeds that o
Al-P242. Ofloxacin sorption to Al-P242 is not reduced due
to exclusion of the antibiotic from the pores, differences
surface charge properties, or increased dissolution of
P242 resulting in aqueous and solid phase Al competition
ofloxacin. In addition, ATR–FTIR and molecular orbital ca
culations indicate that ofloxacin forms a strong innersph
complex with surface aluminum molecules. Thus, we c
clude that the coexistence of positive- and negative-cha
sites on Al2O3 [24] may inhibit sorption of ofloxacin within
the pore confines, relative to external surfaces. If ofloxa
sorbs to Al centers via the ketone and carboxylate gro
then over a wide range of pH the protonated N4 of the piper-
azinyl group will be positioned toward the pore center. T
may, depending on the local surface charge properties
sult in an energy barrier that prohibits or hinders ofloxa
sorption to particular aluminol sites. In other words, rep
sive forces between the protonated N4 of the piperanzinyl
groups and≡AlOH+

2 surface functional groups may inhib
ofloxacin sorption within pore confines.

4. Conclusions

Intraparticle mesoporosity in SiO2 solids was found to re
sult in increased uptake of ofloxacin when adsorption
normalized to sorbent surface area. Relative to the n
porous solid, the presence of intraparticle porosity resu
in a statistically significant sorption enhancement throu
out the isotherms and over most of the sorption edge for
porous silica adsorbent (Si-P700). Observations of proton re
lease in association with ofloxacin sorption and sorption
excess of the surface site density of≡SiO− groups (mea-
sured in absence of ofloxacin) indicate that the compo
is capable of displacing protons complexed with sila
groups as it sorbs to SiO2 surfaces via the protonated N4
of the piperazinyl group. Conversely, ofloxacin adsorpt
to nonporous Al2O3 was significantly higher than that t
mesoporous Al2O3 in both sorption edge and isotherm e
periments. The observed hydroxyl release concurrent
ofloxacin adsorption and shifts in the frequency of keto
and increased intensity of carboxylate stretching vibrati
are indicative of ligand exchange between ofloxacin
≡AlOH or ≡AlOH+

2 surface sites. Decreased adsorption
porous Al2O3 is postulated to result from electrostatic rep
sion from specific, but as yet undetermined, aluminol s
within pore cavities. Overall, the data indicate that intrapa
cle mesopores can enhance ofloxacin sorption to adso
minerals, but the degree of enhancement may be dimini
or even reversed by other mitigating factors (e.g., sur
charge properties).
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