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Inorganic anions and cations are ubiquitous in environmental chemistry. Here, we use second harmonic
generation to track the interaction of the environmentally important metal cations barium, strontium, and
cadmium and the nitrate anion with fused quartz/water interfaces at pH 7. Using a dynamic flow system, we
assess the extent of reversibility in the binding process and report the absolute number density of adsorbed
cations, their charge densities, and their free energies of adsorption. We also present resonantly enhanced
second harmonic generation experiments that show that nitrate is surface active and report the free energies
and binding constants for the adsorption process. The second harmonic generation spectrum of surface-
bound nitrate shows a new adsorption band that cuts further into the solar spectrum than nitrate in the aqueous
or solid state. The results that we obtain for all four inorganic ions and the implications for tropospheric and
aquatic chemistry as well as geochemistry are discussed in the context of fundamental science as well as
pollutant transport models.

I. Introduction

A. Nitrate. The nitrate ion is commonly found in natural
waters and in the atmosphere.1,2 In natural waters, nitrate is an
important nutrient, but excessive concentrations lead to eutroph-
ication, and when in drinking water, it can be harmful to human
health.3,4 Anthropogenic sources of nitrate in the environment
include agricultural fertilizers and NOx emitted from combustion
engines. Thus, it is not surprising that in recent work Nolan et
al.3 and Squillace et al.4 reported that sources of drinking water
regularly exceed the Environmental Protection Agency (US
EPA) maximum contamination limit (MCL) of 10 ppm.5 In the
atmosphere, gas-phase nitrogen oxides represent a unique
footprint left by human activity on a planetary scale6 where they
can undergo heterogeneous chemistry in presence of mineral
dust or sea salt aerosols to produce adsorbed or particulate
nitrates.7,8

In the atmosphere and in natural waters, irradiation of nitrate
at its long wavelength absorption band (λmax at approximately
300 nm) results in the photochemical production of important
reactive species such as hydroxyl radicals and NOx.2,9,10Thus,
in fresh surface waters, nitrate can oxidize natural organic matter
via hydroxyl radicals and impact aquatic redox chemistry.10,11

In the atmosphere, the photochemical conversion of nitrate to
NOx has important implications for tropospheric ozone produc-
tion because nitrogen dioxide can ultimately lead to ozone
formation.1,12 The photoactivity of nitrate depends on the
wavelength and intensity of solar radiation reaching the Earth’s
surface. At wavelengths shorter than 320 nm, there is a steep
drop-off in the solar radiation intensity reaching the Earth’s
surface, and radiation below 290 nm is completely adsorbed
by stratospheric ozone.1,13 Recently, Hudson et al. showed that
the long wavelength absorption band of nitrate can shift to
shorter wavelengths at high nitrate concentrations.12 This effect
is large enough to shift the absorbance peak maximum to
wavelengths shorter than the ozone cutoff and thus has important

implications for environmental nitrate photochemistry. These
examples from geochemistry and atmospheric chemistry clearly
indicate that it is important to consider the local environment
of nitrate when evaluating its role in the atmosphere and natural
waters.

Interfaces are ubiquitous in the environment, and because they
provide a unique chemical medium for adsorbates they often
play a key role in controlling the speciation, transport, and
ultimate fate of environmentally important species. When dust
plumes pass through clouds, water layers can condense on the
individual particles,14,15creating an aqueous layer on the mineral
surface were chemistry can occur. Nitrate is often found
associated with mineral dust particles collected in different
regions of the world,15 and laboratory studies show that HNO3

can undergo heterogeneous reactions on oxide surfaces in the
presence of water.15,16 In order to improve our understanding
of how interfaces may influence nitrate chemistry, we use the
nonlinear spectroscopic technique second harmonic generation
(SHG)17-19 to study nitrate at a mineral/water interface. Given
the fact that silicates are the most common constituent in soil
and mineral dust particles, we study the interaction of nitrate
with fused quartz/water interfaces.15 Although the fused quartz/
water interface is clearly a pertinent model system for under-
standing the chemistry occurring on atmospheric mineral dust
particles, this model system also provides valuable insight into
heterogeneous geochemical environmental processes.

SHG is a powerful technique for studying heterogeneous
systems because it can track adsorption and desorption processes
in real-time, provide quantitative thermodynamic parameters via
adsorption isotherms, and probe chemically specific electronic
transitions of adsorbates with high surface selectivity.17,20-29

Here we report spectroscopic studies of nitrate at the fused
quartz/water interface to elucidate how the physics and chem-
istry of nitrate may be altered upon adsorption to a model
mineral/water interface. We have already shown, through SHG
studies, that electronic transitions of environmentally important
species such as chromate(VI) or oxytetracycline can be perturbed
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upon adsorption.21,22Given the sharp drop-off of solar radiation
intensity at shorter wavelengths, a similar shift in the nitrate
electronic transition at 300 nm could have important ramifica-
tions for nitrate photochemistry in natural waters and in the
troposphere.

B. Barium, Strontium, and Cadmium. Similar to nitrate,
cadmium is a well-known contaminant,30,31and its accumulation
in soils has been linked to intensive agricultural activities.32 One
agricultural source of this metal is processed phosphate fertilizer
from phosphate rock deposits.33 The residual metal in the
fertilizer represents a significant input of cadmium into the
surrounding soils.33 Other sources of cadmium include metal
smelting and refining industries and leaching of landfills.30

Cadmium is extremely toxic and has an extensive range of acute
and chronic health effects including kidney damage, lung
oedema, and osteoporosis.31 Given the hazards associated with
cadmium exposure the US EPA has set a MCL of 5 ppb for
cadmium in drinking water.30

Barium is another divalent trace metal found in groundwater
and other aquatic systems.11 Although barium lacks the extreme
toxicity of cadmium, it is of environmental interest because its
anthropogenic sources include copper smelting, mining opera-
tions, and well drilling operations where it is directly released
into the ground.34,35The US EPA has set an MCL of 2 ppm for
barium.34 Furthermore, the World Health Organization reported
that health effects resulting from chronic exposure include
hypertension, stroke, and kidney damage.36 Barium and stron-
tium, another alkaline earth metal, have environmentally
important radioisotopes. Strontium-90 is a major fission product
of uranium-235 and plutonium-239 with a half-life of 29.1 years,
and is an important constituent of radioactive waste.37 Radioac-
tive strontium is metabolized in the body in the same way as
calcium and thus accumulates in bones, leading to bone cancers
and leukemia.37 Strontium-90 and barium-140 are important
radioactive species resulting from nuclear fallout.38

As with nitrate, surfaces and interfaces are expected to play
a key role in the speciation, transportation, and ultimate fate of
these environmentally important metal ions. Thus, their interac-
tion with soil/water interfaces has been studied extensively. For
instance, batch studies and titration experiments show that
factors influencing cadmium adsorption to environmentally
relevant interfaces include pH, soil organic content, and
background electrolyte concentration.39,40 Previous work on
barium adsorption to mineral oxide interfaces such as iron
oxides,41,42 calcite,43 alumina,44 and quartz45 has also shown a
dependence on pH and background electrolyte. Similarly, it is
known that strontium sorption to quartz depends on pH and
background electrolyte.46 After comparing the relative uptakes
of several different alkaline earth ions at the quartz/water
interface, Malati et al. suggested these ions bind through an
outer-shell mechanism.45

Extended X-ray absorption fine structure (EXAFS) studies
also provide valuable information regarding the local structure
of an interfacial species. EXAFS studies have been carried
out on cadmium sorbed to montmorillonite,47 cryptomelane
(KMn8O16),48 goethite,49 and hydrous ferric oxide.50 These
studies indicate Cd sorption can occur through outer-sphere
complexation, inner-sphere complexation, or surface precipita-
tion, and the exact mechanism of binding was reported to depend
on the chemical identity of the substrate, the bulk solution pH,
and the electrolyte and metal ion concentration. EXAFS studies
have also been carried out on barium sorbed to montmorillonite
and suggest a coexistence of outer- and inner-sphere surface
complexes for sorbed Ba.51

To compliment this previous work, we utilize the nonlinear
spectroscopy second harmonic generation (SHG) to study
cadmium, barium, and strontium binding to the fused quartz/
water interface. As with nitrate, SHG provides unique informa-
tion regarding metal ion adsorption because of its ability to
monitor the interaction of these metal ions with environmentally
relevant interfaces in real-time, with surface-specificity and
under flow conditions. Furthermore, we have already demon-
strated that SHG can provide quantitative information regarding
manganese(II) ion sorption to model environmental interfaces,52

including absolute surface coverages. Herein, we expand upon
our earlier work, and investigate the interfacial behavior of the
environmentally important metal cations cadmium, barium, and
strontium. To more accurately model natural waters, we have
studied the sorption of these three metals from a 10 mM NaCl
aqueous solution to mimic environmentally relevant ionic
strengths. This concentration was selected because it lies in the
upper range of ionic strengths for fresh water2 and would also
be relevant for regions where fresh waters mix with seawaters
such as in marine estuaries. Although previous nonlinear optical
studies have focused on dyes or chromophores with conjugated
push-pull systems,17,53,54to our knowledge, this work represents
the first time that the adsorption of alkaline earth and transition
metal cations from electrolyte solutions has been studied using
SHG. Furthermore, it is hoped that this work clearly demon-
strates the unique versatility of SHG for studying a broad range
of metal and nonmetal ions at environmental interfaces.

II. Theoretical Background

A. Resonantly Enhanced SHG.Second harmonic generation
(SHG) is a nonlinear optical phenomenon, which can probe
interfacial processes such as adsorption with high surface-
selectivity.17,19,25,55SHG involves the conversion of two photons
of an incident wavelength,ω, into an emitted photon of twice
the frequency,2ω. As can be seen below in eq 1, the intensity
of the second harmonic response of an interface,ISHG, is related
to the second order nonlinear susceptibility,ø(2), of the
interface.17 Furthermore, when the second harmonic generated
at an interface matches an electronic resonance involving an
interfacial species, the second-order susceptibility of the interface
can be expressed as the sum of its non-resonant and resonant
contributions,øNR

(2) andøR
(2).56-58

The non-resonant and resonant contributions are linked through
the phase factor,∆φ. For resonantly enhanced SHG experiments,
this phase difference is assumed to be 90°, which eliminates
the cross product resulting from the square modulus.23,27

The resonant portion of the second-order susceptibility can
be modeled as the product of the number density of a resonant
adsorbate species,Nads, and the second order molecular hyper-
polarizability of that species,R(2), averaged over all molecular
orientations.17,18

From eqs 1 and 2, SHG can be used to probe the relative
adsorbate surface coverage and to record adsorption isotherms,
which yield important parameters such as thermodynamic
binding constants and adsorption free energies. For SHG
measurements of surface adsorbates,R(2), can be expressed as

xISHG ) ESHG ∝ x|ø(2)| ) x|øNR
(2) + øR

(2)ei∆φ|2 (1)

øR
(2) ) Nads〈R5

(2)〉 (2)
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a summation of all of the electronic transitions of the adsor-
bate.19,25,55

Here,a, b, andc represent the ground, intermediate, and excited
electronic states, respectively, whereasωba and ωca are the
resonance frequencies of the corresponding electronic transitions.
In addition,µ is the electric dipole moment operator,Γba and
Γca are damping coefficients for each transition,h is Planck’s
constant, ande is the charge on an electron. From eq 3, it can
be seen that when the incident frequency,ω, and/or the second
harmonic frequency,2ω, matches an electronic resonance within
the adsorbate, the second-order molecular hyperpolarizability,
R(2), is increased. Following eqs 1 and 2, this increase inR(2)

results in the resonant enhancement of the overall SHG signal
intensity. Resonance enhancement allows for interface-specific
spectroscopic studies. Specifically for this work, nitrate displays
a well-known electronic transition at 300 nm,2,12 and therefore,
resonantly enhanced SHG can be used to track the presence of
nitrate at the fused quartz/water interface.

B. ø(3) Technique. Resonantly enhanced SHG, although a
powerful technique for studying adsorption,21,26,28,29is difficult
to apply to metal ion adsorption at mineral oxide/water interfaces
when the metal ion electronic transitions are either very weak
or located in the far UV where water absorbs. To bypass this
limitation we employ theø(3) technique as an alternative non-
resonant SHG procedure.59 In this technique, pioneered by
Eisenthal and co-workers, the dependence of the SHG signal
on interfacial potential,Φ0, is modeled according to eq 4

whereE2ω is the second harmonic electric field,Eω is the applied
fundamental electric field, andø(2) andø(3) are the second order
and third order nonlinear susceptibilities of the interface.60-62

Conceptually, eq 4 attributes the total SH light generated to
two contributions. Theø(2) term is independent of the static
electric field and the corresponding electric potential at the fused
quartz/water interface. In contrast, theø(3) term is modulated
by the surface potential and is due, on the molecular-level, to
the polarization and net orientation of water molecules that are
aligned by an interfacial electric field resulting from a charged
surface.59,63Specifically for this study, the fused quartz substrate
carries a net negative surface charge density when in contact
with pH 7 water and the resulting surface potential decays to
the bulk value over a distance characterized by the Debye length,
which, in turn, depends on electrolyte concentration.2,64 The
interfacial potential can be modeled using Gouy-Chapman
theory

where σ is the net surface charge density,C is the total
concentration of electrolyte in the bulk aqueous solution,z is
the charge of the screening electrolyte andε is the permittivity
of bulk water.2,65 Equation 5 shows that changes in the surface
potential, and thus the SHG E-field, depend on changes in
charge density at the interface and also changes in the electrolyte
concentration. By tracking the changes in the SHG signal that
are caused by the interaction of Ba, Sr, and Cd cations with the
mineral/water interface, we can study the molecular details of

metal cation adsorption and desorption. Assuming Langmurian
adsorption,64,66,67the surface charge density will be modulated
by the bulk cation concentration according to the approach put
forth by Salafsky and Eisenthal.59

In eq 6,σ0 is the surface charge density of the bare fused quartz/
water interface,σcation is the interfacial charge density resulting
from adsorbed metal cations,K is the equilibrium binding
constant for the cation, andC is the bulk cation concentration.
Thus, by combining eqs 4-6, we obtain a model for the SHG
signal intensity as a function of metal cation concentration. By
fitting this model to our experimental data, we are able to
determine quantitative information regarding metal ion adsorp-
tion, including binding constants, free energies of adsorption,
the absolute number density of the metal cations at the interface,
and information that is crucial to assessing the reversibility of
metal cation binding to environmental interfaces. Together with
the resonantly enhanced SHG measurements demonstrated in
this work for the related inorganic anion, nitrate, SHG proves
to be powerful for studying environmentally and biologically
important anions and cations.

III. Experimental Methods

Our experimental setup has been described in detail previ-
ously.20,21Briefly, SHG studies were performed using a regen-
eratively amplified Ti:sapphire laser (Hurricane, Spectra Physics)
pumping an optical parametric amplifier (OPA-CF, Spectra
Physics) at a kHz repetition rate producing tunable light fields
between 570 and 750 nm. The laser beam is directed through a
variable density filter, where the power is attenuated to∼0.3
µJ per 120 fs pulse to safely avoid optical breakdown and
nonlinear optical processes other than SHG. After focusing the
attenuated fundamental probe light onto the fused quartz/water
interface, the reflected fundamental and second harmonic light
are passed through a UV-grade Schott filter and a monochro-
mator to eliminate the fundamental before the second harmonic
light is detected using a gated single photon counting system.
The quadratic power dependence and appropriate bandwidth of
the SHG signal are verified regularly to ensure that the sample
damage threshold is not exceeded.

The experimental setup is pictured in Figure 1. A fused quartz
hemispherical lens (ISP Optics) is clamped upon the open top

R5 ijk
(2) )

-4π2e3

h2
∑
b,c

< a|µbi|b > < b|µbj|c > < c|µbk|a >

(ω - ωba + iΓba)(2ω - ωca + iΓca)
(3)

EB2ω ∝ øb(2)EBωEBω + øb(3)EBωEBωΦ0 (4)

Φ0 )
2kBT

ze
arcsinh[σx π

2εkBTCelectrolyte
] (5)

Figure 1. Experimental setup and flow cell used in SHG experiments.
See experimental methods section for further details.

σ ) σ0 + σcation( K × Ccation

1 + K × Ccation
) (6)
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of a custom-built Teflon flow cell. A Viton O-ring is used to
seal the lens to the flow cell and ensure that no leaks occur.
Variable flow peristaltic pumps are used to pump Millipore
water (18.2 MΩ) and aqueous analyte solutions of NaNO3

(Fluka, 99%), CdCl2 (Allied Chemical, 99%), BaCl2 (Mallinck-
rodt, 99.9%), SrCl2 (Acros Organics, 99%), and NaCl (VWR,
99%) through the flow cell. The flow rate is maintained at∼1.0
mL/s. The pH of all water and analyte solutions is adjusted to
7 ( 0.2 through the use of HCl (VWR, ACS Reagent Grade)
and NaOH (Spectrum Chemicals, 97%) solutions. All chemicals
were used as received. (n.b. All solutions used were open to
the atmosphere and approximately 0.1 mM NaOH was needed
to neutralize the slight acidity due to dissolved CO2. The added
NaOH has a negligible effect on ionic strength in the metal
studies because of the presence of 10 mM NaCl as a background
electrolyte. In the case of nitrate, the combination of dissolved
CO2 and NaOH leads to an ionic strength of about 10-4 M for
the water and nitrate solutions.)

Prior to each experiment, the fused quartz hemisphere was
cleaned by treating its surface for 1 h with NoChromix (a
chromium-free commercial glass cleaner, Godax Laboratories),
followed by successive rinses of Millipore water and methanol.
The lens was then sonicated in methanol for 6 min and dried
for 30 min in an 80°C oven. Finally, the lens was subjected to
30 s of plasma cleaning in air. Before placing the hemisphere
in contact with the aqueous phase, the flow cell was cleaned
by flowing 1 L of Millipore water through the entire flow cell
system, including tubing.

To monitor the analyte concentration during experiments,
aliquots from the output flow were collected. Nitrate concentra-
tions were measured by monitoring the nitrate UV absorbance
at 206 nm. At pH 7 and over the experimentally relevant nitrate
concentrations (1× 10-6-6 × 10-5 M), the extinction
coefficient at this wavelength was determined to be 6800 cm-1

M-1 (no added background electrolyte). Cadmium, barium and
strontium concentrations were determined using Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES,
Varian). NaCl concentrations were monitored using a conduc-
tivity meter (Fisher Traceable Conductivity and TDS Meter,
Fisher Scientific).

IV. Results and Discussion

A. SHG Surface Spectroscopy.The SHG spectrum of nitrate
adsorbed to the fused quartz/water interface was recorded, in
triplicate, by monitoring the SHG signal as a function of the
incident fundamental wavelength. The spectrum was collected
using a 0.3 mM solution of sodium nitrate held at pH 7. This
concentration corresponds to surface saturation of the nitrate
anion (vide infra, section IV.C). Figure 2, which is a representa-
tive spectrum of the three recorded, shows that the SHG
spectrum displays a maximum at 300 nm and a shoulder at
longer wavelengths, which we observed in all of the three SHG
spectra we recorded. This observed maximum matches the well-
knownλmax observed for nitrate in aqueous systems, which may
be attributed to the n-π* transition and/or theσ-π* transition
as opposed to theπ-π* transition, which occurs at∼200 nm
and which is much stronger.2,12,68In addition, Figure 2 includes
the 10 mM aqueous and solid-state UV-vis spectra of sodium
nitrate. The solid-state spectrum was collected by detecting the
reflection of a UV-vis spectrometer light source from the
surface of a pressed pellet of sodium nitrate using a fiber optic
assembly. Both bulk spectra and the interfacial SHG spectra
display the sameλmax.

Rotlevi and Treinen showed that the electronic transitions of
nitrate can shift under different solvents conditions.69 Addition-

ally, Hudson et al. recently demonstrated that theλmax of nitrate
blue-shifts from 301 to 287 nm at high nitrate brine concentra-
tions.12 The shoulder near 330 nm that we observe in the SHG
spectrum can be explained by considering that the bulk nitrate
absorbance peak at 300 nm may be composed of several
overlapping electronic transitions.68 The energy and/or symmetry
of one or more of these overlapping transitions may shift or be
broken at the interface, which would result in the shoulder
observed in the SHG spectrum. We note that, in contrast to the
blue-shiftedλmax observed by Hudson et al. for nitrate brines,
the shoulder observed in the SHG spectrum of surface-bound
nitrate is red-shifted relative to the bulk absorbance. This
difference suggests that when nitrate is localized at the fused
quartz/water interface, the corresponding electronic transitions
of nitrate are perturbed by a mechanism that is different from
that operating in bulk brine solution. (For nitrate brines, it is
believed that a loss of planar symmetry decreases conjugation
resulting in higher energy transitions.12) Rotlevi and Treinin
observed a red-shifted nitrate absorption band in solvents with
low dielectric constants, and this solvent effect was attributed
to reduced hydrogen-bonding capability.69 Thus, the shoulder
present in the SHG spectrum suggests that one of the transitions
involved in the SHG resonance enhancement may be in a low-
dielectric environment. At the molecular level, this low-dielectric
environment would be consistent with the notion that solvent
water molecules surround only a portion of the nitrate ion when
it is adsorbed to the fused quartz/water interface. It should be
noted that a similar effect was observed in our work on the
adsorption oxytetracycline at the fused quartz/water interface.22

Overall, the data presented here and those reported by Hudson
et al. clearly testify to the rich electronic spectroscopy of nitrate
in different geochemically and atmospherically important
environments, which has been overlooked until now.

B. Adsorption/Desorption Traces.To assess the reversibility
of anion and cation binding to the interface, we performed

Figure 2. Nitrate SHG spectrum overlaid with the bulk aqueous and
solid-state UV-vis spectra. Filled circles are the SHG spectrum of
nitrate at the fused quartz/water interface at pH 7 and 0.3 mM
concentration. Empty circles are the SHG response for the fused quartz/
water interface in the absence of nitrate. All SHG data has been
normalized to the maximum SHG E-Field value measured for nitrate.
UV-vis spectra are individually normalized to one and offset for clarity.
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adsorption/desorption studies at pH 7 by exposing fused quartz/
water interfaces to aqueous nitrate, cadmium, barium, or
strontium solutions in dynamic flow experiments. Using our
dual-pump flow system, water is flowed past the quartz substrate
while monitoring the interface with 600 nm laser light. At∼250
s, the water flow is stopped, and simultaneously, the analyte
flow is started at the same flow rate such that the overall flow
rate does not change. After this switch, the SHG signal for the
interface in the presence of the analyte is monitored until it
stabilizes, indicating steady-state conditions with respect to
adsorption and desorption are met. At this time, the SHG signal
is recorded for several minutes. We then replace the analyte
flow with a flow of plain water while continuing the SHG signal
collection until the baseline level is reached again.

The results of the adsorption/desorption experiments for
nitrate, barium, cadmium, and strontium are shown in Figure
3. Figure 3 is obtained by taking the square root of the measured
SHG intensity and then offsetting the data so that the background

quartz/water signal corresponds to zero. For nitrate (Figure 3A),
the fundamental laser wavelength is tuned to the 2-photon
resonance observed in its SHG surface spectrum (300 nm). Thus,
resonance enhancement is expected to occur with the SHG
E-field increasing proportionally with interfacial nitrate number
density (see eq 2). Indeed, an SHG E-field increase is observed
when bulk aqueous nitrate is brought into contact with the
interface, which indicates that nitrate adsorbs to the interface
(i.e., that it is surface active). When the nitrate solution at the
interface is replaced with water, the SHG E-Field decreases to
the original baseline level. This indicates that the interaction is
fully reversible. This result is consistent with field studies that
have shown nitrate is readily transmitted through well-drained
soils to groundwater.3

In contrast to the SHG signal increase from nitrate at the
interface, we observe a signal decrease for barium, cadmium,
and strontium (Figure 3, panels B-D, respectively) when these
divalent bulk aqueous metal cations are brought into contact
with the interface in the presence of 10 mM NaCl as a
background electrolyte. This decrease is consistent with theø(3)

effect as described in eqs 4 and 5. Similar to nitrate, the SHG
E-field returns to the original baseline level when the metal ion
solutions at the interface are replaced with plain water. This
indicates that the interactions of these divalent cations with the
fused quartz/water interface are fully reversible. The observed
reversibility is consistent with field studies that show that barium
becomes mobilized in higher salinity waters,70 and laboratory
studies that show that strontium and cadmium are only weakly
bound by silicate minerals.46,71

C. Binding Curves for Nitrate, Barium, Cadmium, and
Strontium. By plotting the SHG E-field as a function of bulk
aqueous analyte concentration at pH 7, quantitative thermody-
namic information regarding adsorption can be obtained.59,64

After subtracting the nonresonant background using the proper
phase relationships for resonantly enhanced SHG and normal-
izing to monolayer coverage,27 a nitrate adsorption isotherm was
obtained. Figure 4 shows that the interface becomes saturated
with nitrate at a concentration of∼2 × 10-5 M. Additionally,
we applied the Langmuir adsorption model to the isotherm data
to obtain thermodynamic parameters for nitrate adsorption to
the fused quartz/water interface. The fit yielded a binding
constant,Kads, of 7(1)× 105 M-1. Using this binding constant,
and a 55.5 M aqueous solution as the reference state,64 we obtain
a nitrate free energy of adsorption (∆Gads, nitrate) of -43.3(4)
kJ/mol, which is indicative of physisorption interactions medi-

Figure 3. Adsorption/desorption traces for (from top) nitrate, barium,
cadmium and strontium recorded at pH 7. Barium, cadmium and
strontium traces were run at concentrations of 1, 2, and 4 mM,
respectively, in the presence of 10 mM NaCl as a background
electrolyte. The nitrate trace was measured at a bulk concentration of
0.5 mM without any background electrolyte. The dashed line indicates
the background signal before introduction of the analyte.

Figure 4. Isotherm for nitrate recorded at pH 7 and 298 K. The solid
line represents the Langmuir model fit to the experimental data. The
nitrate data is normalized to the saturated surface signal.
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ated by the hydrogen bonding and ion-dipole interactions that
we expect for this aqueous/electrolyte system. It should be noted
that nitrate is often considered inert and nonsorbing in geochem-
ical studies.72 However, using surface complexation modeling,
Sahai and Sverjensky obtained binding constants ranging from
6.3 × 104 to 1.6× 108 M-1 for nitrate adsorption to hematite,
rutile, magnetite, andR-Al2O3.73 The nitrate binding constant
obtained using SHG is consistent with the binding constants
determined by Sahai and Sverjensky, and it indicates that nitrate
ions can be surface active.

A different approach is used for obtaining thermodynamic
parameters for barium, strontium and cadmium interacting with
fused quartz/water interfaces. As seen in Figure 5 and consistent
with eqs 4 and 5, the SHG E-field decreases with increasing
bulk barium, cadmium, and strontium concentrations when we
record the corresponding binding curves. Similar to the adsorp-
tion/desorption traces, these binding curves were measured using
10 mM NaCl as the background electrolyte. Additionally, in
Figure 5 the SHG response from increasing amounts of barium
is contrasted against the SHG response from increasing amounts
of NaCl added to a 10 mM NaCl solution. It can be seen that
a NaCl solution that has the same ionic strength as a BaCl2

solution leads only to a minimal change in SHG E-field relative
to the change due to BaCl2. Although the cadmium and
strontium binding curves extend to a much higher analyte
concentrations than for barium, it is still apparent from Figure
5 that at identical ionic strengths the divalent metals produce a
much greater change in the SHG E-field than NaCl. This result
indicates that the changes observed in the SHG E-Field for the
three binding curves in Figure 5 are due interactions with the
divalent metal cations and not due to the counterions or variation
in the background electrolyte.

The fitting equation from which thermodynamic parameters
can be extracted is obtained by combining eqs 4-6, and
collecting constants.59

Above,A andB are fitting parameters composed of constants
from eqs 4 and 5. The other two fitting parameters in eq 7 are
K, the binding constant, andσcation, which is surface charge
density due to the adsorbed metal ions. This fitting equation
can be constrained by experimentally determining the surface
charge density of the fused quartz/water interface in the absence
of an adsorbate,σ0. Following a procedure described by
Eisenthal and co-workers,61,63 SHG was used to measure a
surface charge density of-0.013(2) C/m2 for the fused quartz/
water interface (see Figure 6). When the surface charge density
obtained is compared to literature values they are similar (within
a factor of 5) for fused quartz/water interfaces near pH 7.59,63

Another challenge in fitting the data presented here is
selecting the proper expression for the interfacial potential.
Typically, the Gouy-Chapman model for symmetric electrolytes
is utilized in theø(3) technique.63,74,75However, this model is
not ideal for our experimental system given that the aqueous
solution consists of a mixture of monovalent and divalent ions.
While an analytical expression has been derived that relates the
interfacial potential to the surface charge density and the
electrolyte concentration for a 2:1:1 electrolyte solution such
as those studied in this work,76 the interfacial potential cannot
be expressed in closed form for this case, which prevents its

substitution into eq 4. To circumvent this problem, we ap-
proximate the potential using the Gouy-Chapman model for
symmetric electrolytes, which provides the fitting equation
described previously (eq 7).

For barium and strontium, chemical equilibrium modeling
software (ChemEQL, EAWAG: Swiss Federal Institute of
Aquatic Science and Technology) indicates that the metal
speciation is dominated by the 2+ state. On the basis of this
information, we fit the experimental data using two different
approaches. In the first approach, we assume that the screening
that results from NaCl is negligible. We thus equateCelectrolyte

with Ccation, which is equivalent to assuming that all the charge

ESHG ) A + B arcsinh(30.2M1/2m2C-1

xCelectrolyte

×

(σ0 + σcation( K × Ccation

1 + K × Ccation
))) (7) Figure 5. Binding curves for (from top) barium, strontium, and

cadmium recorded at pH 7 and 298 K. The solid lines represent fits to
the data using theø(3) equation modulated by the Gouy-Chapman
model and the Langmuir model (eq 7). See text for further details
regarding fits. Barium, strontium, and cadmium binding curves were
measured using 10 mM NaCl as a background electrolyte. The barium,
strontium, and cadmium curves are normalized to the background
aqueous NaCl signal. Barium curve top axis: Solid squares represent
the normalized SHG response for increasing concentrations of NaCl
added to a 10 mM NaCl solution. The top axis, while spanning a
different concentration range than the bottom axis, matches the ionic
strengths resulting from the BaCl2 concentrations displayed on the
bottom axis. The dotted line represents a linear fit to the solid squares
and illustrates the minimal change in SHG due to increasing NaCl over
the relevant ionic strength range.
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screening is due to the divalent cations. Increasing the divalent
metal concentration in a pure water solution should have a
stronger screening effect than increasing the divalent metal
concentration in a pre-existing electrolyte solution. Thus, this
first approach overestimates the change in SHG E-field that is
attributable to the increasing screening electrolyte concentration,
Celectrolyte. In the second approach we expressCelectrolyte as the
sum of NaCl and analyte concentration, which is identical to
assuming that BaCl2 and SrCl2 only dissociate to BaCl1+ and
SrCl1+ in solution. This second approach underestimates the
change that is attributable to the increasing screening electrolyte
concentration because BaCl1+ and SrCl1+ will not screen the
surface charge as effectively as the actual species in solution:
Ba2+ and Sr2+. We then report a range of values that spans the
binding parameters obtained using these two fitting approaches.
(It should be noted that in Figure 5 the fits to the binding curves
represent the second approach wereCelectrolyteis the sum of the
NaCl and analyte concentration.)

In contrast to barium and strontium, chemical equilibrium
modeling indicates that cadmium, under the experimental
conditions, has a more complicated bulk speciation and disas-
sociates at appreciable concentrations into CdCl1+ and Cd2+.
Fitting eq 7 to the cadmium binding curve data therefore requires
that the total electrolyte concentration be modeled as the sum
of the NaCl concentration and the CdCl2 concentration. As
before with the alkaline earth metals, this approach is equivalent
to assuming that CdCl2 only disassociates to CdCl1+ in solution.
From the equilibrium modeling, we know that under our
experimental conditions a majority of CdCl2 disassociates into
CdCl1+ and Cl1- and not into Cd2+ and 2 Cl1-. Dissociation
into monovalent species becomes increasingly important at high
CdCl2 concentrations (51% at 1 mM CdCl2 to 65% at 12 mM
CdCl2). At high cadmium and NaCl concentrations (12 and 10
mM, respectively), the number of divalent species represents
less than 20% of the concentration of monovalent species. These
considerations regarding cadmium speciation suggest that we
can approximate CdCl2 as a symmetric single-valent electrolyte,
which would allow us to take the screening electrolyte concen-
tration to be sum of the NaCl and CdCl2 concentrations. In
addition, we chose to fit the adsorption isotherm with a single
effective binding constant in the Langmuir model since including

more than one binding constant would introduce unreasonable
error into our fitting through over-parametrization.

Following the procedure outlined above to fit the experimental
data in Figure 5, binding constants ranging from 1.3(5)-4(1)
× 104 M-1 and 2.3(3)-2.6(5) × 103 M-1 are obtained for
barium and strontium, respectively. For cadmium, a binding
constant of 2.9(8)× 103 M-1 is obtained. The corresponding
free energies of adsorption, referenced to 55.5 M water, are
found to range from-33(1) to-36.2(7) kJ/mol for barium and
from -29.1(3) to -29.4(5) kJ/mol for strontium. The free
energy for cadmium binding was calculated to be-29.7(8) kJ/
mol. (See Table 1 for summary of parameters obtained from
fitting the data in Figure 5). These values can be compared
against analogous Langmuir isotherms obtained by classical
batch techniques. Westrup et al. measured a binding constant
of 3.0× 103 M-1 for Cd(II) at the silica/water interface, which
is (within error) equal to the binding constant reported in this
paper.77 The binding constant reported by Tsai et al., 5× 103

M-1, for Sr(II) at the bentonite/water interface78 is slightly higher
than the binding constant measured at the fused quartz/water
interface using theø(3) technique. However, these two binding
constants are within the same order of magnitude, and the
discrepancy can be explained by the differing compositions of
bentonite, which is an aluminosilicate mineral, and fused quartz.

Unlike resonantly enhanced SHG, theø(3) technique allows
for the determination of the surface charge density at adsorbate
saturation, and thus, the absolute number of adsorbates.52,59From
the fitting equation we obtain an adsorbate surface charge
density, σcation, ranging from 0.0135(7)-0.020(5) C/m2 and
0.008(5)-0.014(1) C/m2 for barium and strontium respectively,
and 0.006(1) C/m2 for adsorbed cadmium. Assuming that barium
and strontium bind to the interface as+2 cations this charge
density corresponds to 0.84(5)-1.3(4)× 1013 barium ions/cm2

and 5(3)-8.8(7)× 1012 strontium ions/cm2. For cadmium the
charge density corresponds to 1.9(3)× 1012 Cd2+ ions/cm2 or
3.8(6) CdCl2+ ions/cm2. Assuming hexagonally packed hard
spheres and using the measured adsorbate densities, which range
from 0.19-1.3 × 1013 ions/cm2, we calculated adsorbate radii
between 2-12 nm. However, the radii resulting from assuming
hexagonal packing are significantly larger than literature values
for the second-shell distances of the hydrated cations, which
are approximately 480, 480, and 440 pm for barium, strontium,
and cadmium, respectively.79,80 Therefore, it appears that at
maximum coverages the metal ions are not closely packed at
the fused quartz/water interface, even when the second hydration
sphere is considered. Instead, the fused quartz/water interface
has a low density of surface-bound metal ions, which may be
due to either the poor binding affinity of fused quartz or the
background electrolyte competing for adsorption sites.

V. Conclusions and Environmental Implications

Adsorbed nitrate at the fused quartz/water interface was
spectroscopically identified via resonantly enhanced SHG
spectroscopy. The two-photon resonance near 300 nm is
consistent with bulk aqueous and solid-state measurements.
However, a shoulder at longer wavelengths is observed in the
SHG spectrum of the adsorbed nitrate, and this feature is not
present in the bulk spectra. Because the nitrate absorbance band
is close to the cutoff of the solar spectrum in the troposphere at
290 nm, a perturbation of this band would alter the photochemi-
cal activity of nitrate in the environment. Therefore, the shoulder
observed for nitrate at the fused quartz/water interface suggests
that nitrate photoreactivity may be substantially different at
mineral oxide/water interfaces as opposed to the bulk. Given

Figure 6. ø(3) charge screening experiment for determination of charge
density at the fused quartz/water interface. The line represents the fit
of the Gouy-Chapman model to the experimental data. The data set
is a combination of two experimental runs performed on separate days
using freshly prepared fused quartz substrates (see text for details on
substrate preparation). Data sets were combined by subtracting to shift
the data sets so that the flat regions corresponded to ay axis value of
zero and then normalizing to the data point corresponding to lowest
NaCl concentration.
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the fact that nitrate photolysis is an important source of reactive
species in natural waters and the atmosphere, this change in
reactivity has important environmental implications. Addition-
ally, nitrate binding to the fused quartz/water interface was found
to be completely reversible, to follow the Langmuir adsorption
model, and to be driven by a free energy of adsorption of-43.3-
(4) kJ/mol. These results are consistent with the general notion
that nitrate is highly mobile in the environment.

SHG, specifically theø(3) method, was also utilized to study
barium, strontium, and cadmium adsorption to the fused quartz/
water interface under environmentally relevant background
electrolyte concentrations. It was found that barium and
cadmium adsorption in the presence of 10 mM NaCl is fully
reversible with free energies ranging from-33(1) to-36.2(7)
kJ/mol and -29.1(3) to -29.4(5) kJ/mol for barium and
strontium, respectively. For cadmium, a free energy of-29.7-
(8) kJ/mol was obtained. These free energies are several orders
of magnitude lower than free energies that are expected for a
binding mechanism in which the metal ion interacts directly
with a negatively charged surface site through Coulombic
attraction. Instead, they are more consistent with the formation
of one or two hydrogen bonds upon adsorption.65 The number
density of metal ions at the fused quartz/water interface was
also determined to be 0.84(5)-1.3(4)× 1013 Ba ions/cm2, 5(3)-
8.8(7) × 1012 Sr ions/cm2, and 1.9(3)× - 3.8(6) × 1012 Cd
ions/cm2. These values are lower than what would be expected
for hexagonally packed metal ions containing two hydration
spheres (∼1 × 1014 ions/cm2). Thus, when taken in combination,
the free energies of adsorption and the low absorbate number
densities indicate that barium, strontium, and cadmium ions are
sparsely adsorbed to the fused quartz/water interface through
an outer-shell mechanism. This result is in agreement with batch
and EXAFS experiments that show barium and strontium bind
to quartz and that cadmium binds to silicate minerals through
an outer-shell mechanism.45,46,71This conclusion clearly dem-
onstrates how the quantitative results from our SHG studies
provide valuable mechanistic insight into metal cation adsorption
at the mineral oxide/water interface.

The binding constants determined from fitting our adsorption
isotherm data were also used to predict the environmental
mobility of the four species studied in this work. TheKd model
is used by regulatory agencies, including the US EPA, to
calculate the extent to which pollution transport is slowed down
in the environment due to heterogeneous binding events at solid/
water interfaces.81,82 To apply this model, we calculate a
Langmuir adsorption isotherm using the binding constants
determined from our experimental work. TheKd binding
parameter is calculated from the simulated isotherm after
converting surface coverage and bulk concentration to units of
ganalyte/gquartzand g/mL, respectively.20 (n.b. For barium, stron-
tium, and cadmium we use the surface density determined in
our experiments in carrying out this unit conversion. However,
in the case of nitrate, a surface charge density of 5× 1012 ions/
cm2 was assumed because this value falls in the range of those
obtained for the cations.) A linear least-squares analysis of the
submonolayer regime in the simulated adsorption isotherm then
yields a slope, which is theKd value in units of mL/g. TheKd

value is then incorporated into an expression for the retardation
factor,Rf.82

Here, F is the bulk density of the soil, andn is its porosity.
Given typical porosity values corresponding to unconsolidated

granular deposits,F/n values for silica-rich soil environments
range from 4 to 10 g/cm3.82 The limitations of this model have
been discussed in our earlier work. However, the simplicity of
Kd model allows us to calculate theRf values for nitrate, barium,
strontium and cadmium binding to the fused quartz/water
interface at pH 7 (see Table 2 for summary of results). The
range ofRf values calculated for nitrate was 1.032-1.08, which
corresponds to nitrate traveling at 97%-93% the rate of
groundwater. For the metal cations, due to the lowKd values
all of the Rf values obtained were very close to unity. TheKd

values obtained for Sr(II) and Cd(II) from the SHG experiments
are substantially lower than literature values from batch experi-
ments.83 However, the discrepancy is not surprising given that
the cited studies were run on soil samples taken from the field,
instead of pristine fused quartz. After comparing our experi-
mental results to batch studies, it appears that quartz is not the
dominant adsorbent in many soil systems. Still, insofar as the
results from our laboratory experiments are applicable to
geochemical heterogeneous environments, the relatively lowRf

values indicate that barium, strontium and cadmium will move
through silica-rich environments at essentially the same rate as
groundwater. By incorporating our SHG experiments into the
Kd model, we have demonstrated the versatility of SHG for
providing insight into the mobility and the mechanism of binding
for a wide range of environmentally important ions.
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