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While it is well known that chromium contamination in groundwater represents a considerable threat to the
environment, little is known about the heterogeneous processes that govern chromium interaction with solid
materials in soil. Using the nonlinear optical laser spectroscopy surface second harmonic generation (SHG),
we have studied chromate adsorption and desorption at the fused quartz/liquid water interface in real time, at
room temperature and at chromate concentrations between 1× 10-6 and 2× 10-4 M. Adsorbed chromate is
spectroscopically identified via a two-photon resonance of one of its ligand-to-metal charge-transfer bands
with the fundamental probe light. Adsorption isotherm measurements at 300 K result in a free chromate
adsorption energy∆Gads of 38 ( 1 kJ/mol at pH 7. Real-time kinetic measurements of chromate adsorption
and desorption show reversible chromate binding to the fused quartz/water interface, consistent with the high
mobility of Cr(VI) in soils and the∆Gads determined from our adsorption isotherm measurements. The pH
dependence of chromate binding to the fused quartz/water interface is discussed.

I. Introduction

Among toxic metal contaminants, chromium is second in
abundance after lead1 and originates mainly from fossil fuel
combustion, metal, alloy, and wood industries, and petrochemi-
cal cooling towers.2-6 Cr(III) and Cr(VI) (in the form of
chromate, CrO42-) are the two stable oxidation states in the
environment,7 with Cr(VI) contamination being almost entirely
anthropogenic.8,9 Cr(VI) carcinogenicity, toxicity,5,8,10-14 and
high mobility8,15-21 in soils causes great environmental concern.
In contrast, Cr (III) occurs naturally, is less mobile than Cr(VI)
and, in small quantities, is an essential trace element for humans
and animals.5,8 Certain oxides and organic compounds are
known to convert Cr(III) back to Cr(VI), and the recognition
of this type of redox chemistry has led to the assessment that
all chromium compounds are potentially carcinogenic.8,22

In general, binding and heterogeneous transformations of
chromium species in the environment are governed by surface
mechanisms.23 Modern groundwater pollutant transport models
rely on pollutant-to-soil binding constants that depend on
pollutant adsorption and desorption rate constants.23 An under-
standing of chromium binding to mineral surfaces is tightly
linked to predicting migration potentials of heavy metal ions
and toxic chemicals in general released into the environment.

Chromium adsorption isotherm measurements on a variety
of geosorbents are often carried out using batch experiments
by monitoring the aqueous phase chromium concentration in
the absence and presence of the solid species. The concentration
difference is then taken to be the amount adsorbed. Deng and
Stone reported chromate adsorption isotherms on anatase
(TiO2)24 as well as goethite and aluminum oxide.25 The authors
reported Langmuirian adsorption, with equilibrium constants for
adsorption and desorption that were highest for goethite,
followed by TiO2 and Al2O3. While these studies can be carried
out using environmentally representative chromate concentration

levels as low asµM, the authors emphasize that the adsorption
experiments rely on the assumption that chemical transformation
of the adsorbate is negligible.24 Chromate interaction with Al2O3,
SiO2, goethite, and a variety of clays was also found to be
efficient in studies by Buerge and Hug22 in the order Al2O3 >
goethite> clays (kaolinite, montmorillonite)> SiO2.

Geometries for adsorbed chromium species can be determined
using X-ray spectroscopies.26 For instance, Fitts et al. reported
the formation of hydroxo-bridged Cr(III) dimers and higher-
order polymers bound toγ-Al2O3,27 and Baron et al.6 reported
the formation of hydrated and hydroxylated adsorbate states in
soils. Grossl et al.18 and Fendorf et al.20 reported that chromate
formed monodentate, bidentate-binuclear, and bidentate-
mononuclear surface complexes on goethite (R-FeOOH), sug-
gesting both tetrahedral and hexagonal coordination of chro-
mium by oxygen. Formation of these adsorbate structures was
found to depend on surface coverage, and proposed binding
models include both inner- and outer-sphere mechanisms.

In general, surface-specific approaches for studying chromium
interaction with geosorbents are limited by relatively low
sensitivities, and consequently most surface studies in the
available literature are carried out using chromium concentra-
tions that exceed the ones found in most contaminated and
uncontaminated soils by several orders of magnitude. The EPA’s
maximum contaminant level goal for total chromium in drinking
water is 0.1 mg/L (corresponding to a total chromium concen-
tration level of 2µM),28,29 and chromium concentration levels
at various waste sites in the states of New York, Colorado, and
Michigan are found to be in the 0.1-1 mM regime.5 Due to
the nonlinear relationship between aqueous phase concentration
and surface coverage for small aqueous phase concentrations,30

the application of kinetic, thermodynamic, mechanistic, and
structural information obtained from experiments that use high
concentration levels is problematic. Thus, in the context of
environmentally representative chromium concentrations ap-
proaching the EPA limit, our understanding of chromium
adsorption isotherms on a variety of substrates remains
qualitative.15,18-20,22,25,31
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II. Experimental Section

Materials/Methods. Since silicates are commonly found in
the inorganic soil phase,23,32 we have chosen the fused quartz/
water interface as an initial heterogeneous system for our studies.
In the natural environment, quartz is usually present in a less
pristine form than the fused quartz samples employed in this
work. However, we begin our studies on chromium binding to
mineral oxide/water interfaces by using a simple heterogeneous
system that can be expanded in chemical complexity, which is
the subject of future work. After careful cleaning with Nochro-
mix (Godax Laboratories) solution and rinsing with copious
amounts of HPLC grade deionized water (VWR), the flat side
of a 1′′ diameter fused quartz hemispherical lens (HL, ISP
Optics) is placed over a custom-built Teflon flow cell (C) and
held leak-tight using a Viton O-ring and a clamp (See Figure
1). The sample solutions are stored in liquid reservoirs (R1 and
R2). The chromium-containing aqueous phase is flown across
the interface using flow-controlled peristaltic pumps (P, Fisher).
A second peristaltic pump for HPLC grade deionized water
allows us to vary the chromate concentration in real time. A
length of tubing between the sample cell and the point where
both flows are combined ensures proper mixing of the sample
solutions. Swagelok fittings are used for connecting the tubing
and the cell.

Our dual-pump approach allows us to turn the solute flow
on and off at a given time using Teflon on-off valves (V,
Swagelok) while maintaining a constant overall flow rate.
Simultaneously with the SHG surface measurements, the solute
concentration is recorded in real time using a diode array UV-
vis spectrometer (D, Ocean Optics, 185-850 nm). Potassium
chromate salt (ICN Biomedicals) was used as received for
preparing the aqueous chromate solutions. At the chromate
concentrations used, the pH did not change, and no buffer was
needed to maintain the aqueous phase at pH7. The pH was
checked regularly with a pH meter. Standard sodium hydroxide
and hydrogen chloride solutions were used to adjust the pH.
The SHG intensity from surface-bound chromate did not change

upon replacing the aqueous phase with a 10-3 M NaCl solution,
indicating that in this concentration regime counterions did not
replace the adsorbed chromate.

Surface SHG.Aqueous chromate displays electronic transi-
tions in the UV-vis which originate from ligand-to-metal
transitions.9,13,33-39 Adsorbates with electronic resonances in the
UV-vis range can be probed and identified directly at the
surface using resonantly enhanced SHG.40-45 In SHG, two
photons of the same fundamental frequency are concertedly
coupled into one photon at twice the frequency; i.e., light at a
wavelengthλ is converted into light at a wavelengthλ/2. This
nonlinear optical effect becomes important when high-intensity
light fields (e.g., from lasers) are present in noncentrosymmetric
media, including surfaces and interfaces.40-45 The second-
harmonic intensity,ISHG, is related to the nonlinear susceptibility,
ø(2), of the medium. In centrosymmetric media, such as bulk
water or bulk fused quartz,ø(2) is zero in the electric dipole
approximation, and SHG is thus not allowed in centrosymmetric
media. The interface between two bulk media, however, is
noncentrosymmetric, andø(2) of the interface is nonzero.

The second harmonic intensityISHG can be modeled as the
product of the number density of molecules adsorbed on a
surface and the second-order nonlinear molecular polarizability,
averaged over all molecular orientations, according to

Equation 1 shows that SHG can be used to perform kinetic
studies of heterogeneous processes by monitoring the square-
rooted SHG intensity, which is proportional to the number of
adsorbed species at the interface, as a function of time.

The perturbation expansion for the second-order nonlinear
molecular polarizability contains terms related to electronic
transitions in the molecules and can be described by electric
dipole transition terms

whereΓ represents damping coefficients,µbi is the electric dipole
transition moment,a, b, andc represent the ground, intermediate,
and final state respectively, and the summation is over all excited
states.40,46 As ω or 2ω (the frequency of the input light or the
second harmonic frequency, respectively) approaches a natural
resonance frequency of the adsorbate (ωba or ωca), the second-
order nonlinear molecular polarizability and the SHG efficiency
increase. Thus, SHG allows for interface-specific spectroscopic
studies.

Laser System.The SHG studies are carried out using a kHz
120 fsec regeneratively amplified Ti:Sapphire system (Hur-
ricane, Spectra Physics) pumping an optical parametric amplifier
containing a Type II BBO crystal (OPA-CF, Spectra Physics).
For the present study, frequency doubling of the signal and sum
frequency mixing of the signal and the residual pump from the
OPA produce femtosecond probe light between 480 and 800
nm and allow for the collection of SHG surface spectra between
240 and 400 nm (3 nm bandwidth). The spot probed by the
laser beam is approximately 50µm in diameter. The 580 nm
reflection from the fused quartz/water interface is specular,
which means that the substrate is optically flat, consistent with
a surface roughness below 290 nm. Measurements of the SHG
intensity obtained from the fused quartz/water interface as a
function of pH reproduced the pH-dependent results of Ong et

Figure 1. Dual pump flow system with hemispherical lens attached
to the Teflon sample cell (top). Teflon flow cell with Swagelok fitting
enlarged (bottom). xISHG ∼ ø(2) ) Nads〈R

(2)〉 (1)

T(2)

Rijk
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al.47 and Higgins et al.48 and are consistent with a point of zero
charge for the fused quartz/water interface between 2 and 3.5.
We correct for laser output power fluctuations using SHG49-51

reference lines, employing z-cut quartz reference samples
(Boston Piezo-Optics). Substrate heating52 is minimized by using
femtosecond probe pulses and by probe light field attenuation
below damage threshold via variable neutral density filters.51

Quadratic power dependencies and spectral bandwidth of the
nonlinear signals are verified regularly; departure from quadratic
power dependence and the 3 nm spectral bandwidth for the SHG
is observed at laser fluences above 8µJ. Signal absorption by
the aqueous phase is avoided by probing the liquid-solid
interface from the fused quartz side at an angle of 60°, which
is near the total internal reflection (TIR) angle for the quartz/
water interface. Radiation from processes other than SHG is
rejected using Schott filters and a monochromator (Monospec,
TVC). The SHG signal is directed into a Hamamatsu photo-
multiplier tube (0.5 dark counts/s), preamplified, and the number
of second harmonic photons is recorded versus time using a
gated photon counter (Stanford Research Systems). Typical
signal intensities are on the order of 0.01-0.1 counts per laser
shot with our experimental setup and are independent of the
bulk flow rate at a given sample concentration and pH.

A non-TIR geometry was used for a control experiment to
verify that the results obtained with the near-TIR geometry were
not biased by the choice of that geometry. In these experiments,
a custom-built hemispherical quartz cell with an opening at the
top was sealed tight with a Viton O-ring against a flat glass
plate covered with Parafilm on which a fused quartz sample
(Edmund Scientific) was placed. The probe laser was directed
onto the sample from the aqueous phase at an incident angle of
60°, and the SHG signal was recorded in reflection mode. The
results were identical to the ones obtained with the near-TIR
geometry; the signal intensities, however, were lower by a factor
of 3 to four.

III. Results/Discussion

Spectroscopic Characterization of Chromate at the Fused
Quartz/Water Interface. Before spectroscopically character-
izing adsorbed chromate at the fused quartz/water interface, the
SHG response of the neat fused quartz/water interface at pH 7
(no chromate present) was measured and found to be flat
between 280 and 360 nm. This spectrum was recorded using
the frequency-doubled signal beam from the OPA as the input
and represents the nonresonant contribution of the neat quartz-
water interface.

Figure 2a shows the SHG surface spectrum of chromate
adsorbed to a fused quartz-water interface. The spectrum was
obtained by scanning the fundamental frequency at constant
pulse energy (1.5µJ/pulse) and by recording the SHG at the
corresponding wavelength. According to eq 2, resonance
enhancement of the SHG signal should occur once the SHG
wavelength matches an electronic transition in the adsorbed
species. The chromate concentration was held at 5× 10-5 M
and pH 7 and, on the basis of the chromate adsorption isotherm,
corresponds to monolayer coverage (vide infra). During the
collection of the spectrum, the chromate solution was flown
over the fused quartz/water interface in a closed loop at a rate
of 0.5 mL/s. Upon stopping the chromate flow, the SHG signal
intensity did not change, indicating that mixing in the cell was
complete. The p-in-p-out polarization combination was used
in all experiments.

The SHG spectrum shown in Figure 2a displays a resonance
centered at 290 nm and the beginning of a second resonance at

wavelengths below 240 nm. The 290 nm band in the SHG
spectrum has an overall bandwidth that is comparable to the
two ligand-to-metal transitions of chromate ions in bulk aqueous
solution at pH>4, which occur at about 275 and 370 nm (see
Figure 2b) with a measured absorption coefficient of 3400(100)
M-1 cm-1 and 4500(100) M-1 cm-1, respectively, at pH 7.
Further, the SHG spectrum shown in Figure 2a appears to
display some degree of fine structure in the 290 nm band.

Since the SHG intensity increases at smaller wavelengths but
not at longer wavelengths, one could argue that the SHG
spectrum represents the lower-energy ligand-to-metal transition
of adsorbed chromate, and that the beginning of the peak at
around 240 nm in the SHG spectrum could be due to the higher-
energy ligand-to-metal transition of the adsorbed species. The
apparent blue shift in the SHG spectrum compared to the lower-
energy ligand-to-metal transition of chromate in aqueous
solution at pH>4 would be consistent with a binding mecha-
nism that involves (1) the chromate oxygen ligands and surface
SiOH groups and/or (2) the formation of HCrO4

- at the surface
(below pH 4, chromate in aqueous solution exists in the

Figure 2. (a) Normalized surface SHG spectrum of a quartz-water
interface at pH 7 (empty circles) and a quartz-water interface exposed
to a 5 x10-5 M CrO4

2- solution at pH 7 (filled circles). The polarization
combination is p-in/p-out. (b) Bulk absorption spectra of chromate
solutions at pH 7, 4, 2, and 1. (c) SHG intensity as a function of analyzer
angle (p-in). The quartz/water interface was in contact with a 10-5 M
chromate solution held at pH 7. The thick line is a sinusoidal fit to the
data.
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protonated form, showing a 20 nm blue shifted ligand-to-metal
transition with respect to chromate at pH>4, see Figure 2b).
Studies focusing on the pH dependence of the SHG surface
spectra and extended wavelength studies are currently underway
to further investigate the spectroscopy of chromate adsorbed to
the quartz-water interface.

A polarization analysis of the SHG obtained from the quartz/
water interface in contact with a 1× 10-5 M chromate solution
held at pH 7, shown in Figure 2c, indicates that the SHG signals
obtained from chromate adsorbed to the quartz-water interface
are well polarized. The chromate surface coverage in this
experiment was below a monolayer (vide infra). The polarization
results shown in Figure 2c are expected and confirm that an
s-polarized SHG signal is forbidden when driven by a p-
polarized light field in uniaxial surface systems, suggesting that
in this experiment chromate is isotropically adsorbed to the
quartz-water interface. Examination of the null-angles obtained
from these measurements allows us to gain additional orienta-
tional information for the adsorbed chromate,53 which will be
addressed in future studies.

Kinetics of Chromate Interaction with the Fused Quartz/
Water Interface. Shown as the right trace in Figure 3 is an
SHG versus time trace for chromate adsorbing from the aqueous
phase to a quartz/water interface ([CrO4

2-] ) 1 × 10-5 M) with
consecutive desorption. The interface was probed at 580 nm,
and the corresponding SHG at 290 nm was recorded, resulting
in SHG resonance enhancement due to one of the ligand-to-
metal transitions in CrO42- in the near UV (see Figure 2a). Using
our dual-pump flow system, water was flown over the fused
quartz/water interface at a rate of 0.4 mL/s. At 200 s, the water
flow was stopped, and simultaneously the chromate flow was
started at the same flow rate such that the overall flow rate did
not change. The square-rooted SHG signal is observed to
increase and reaches steady-state at∼300 s at a signal level
∼2 times above the background from the neat quartz/water
interface. On the basis of the SHG surface spectrum shown in
Figure 2a and the increase of the CrO4

2- absorbance measured
in the solution exiting the sample cell (left trace in Figure 3),
the SHG signal increase is attributed to chromate adsorption at
the quartz/water interface, consistent with eq 1. Figure 3 also
shows that chromate adsorption is completely reversible: Once
the chromate flow is halted and the aqueous phase replaced with
plain water, the square-rooted SHG signal decays to its original
background level, indicating that all chromate has desorbed from
the interface. This is consistent with the general notion that,
dependent on environmental conditions and type of sorbent,
hexavalent chromium is mobile in the environment.

The kinetic trace shown in Figure 3 indicates that chromate
adsorption and desorption occurs slowly and over the course
of several minutes. This time scale indicates that chromate

diffusion from the bulk to the solid-liquid interface is important,
and this important issue will be addressed in future work.

Thermodynamics of Chromate Adsorbed to the Fused
Quartz/Water Interface. Figure 4a shows the isotherm for
chromate adsorption to the water/quartz interface at room
temperature. The solution was held at pH 7, and the chromate
concentration ranged from 3× 10-6 to 2 × 10-4 M. The
background-subtracted and square rooted SHG signal is pro-
portional to the number density of adsorbates (vide supra).
Figure 4a shows that monolayer coverage is reached at 5×
10-5 M, and that at the concentration approaching the EPA
concentration limit (10-6 M), the chromate surface coverage
reaches zero. As has recently been discussed by Simpson and
Rowlen,54,55orientation effects on the SHG signals are important
in many heterogeneous systems when carrying out adsorption
isotherms or kinetic studies, and we will address this subject in
future studies.

The chromate adsorption isotherm may be analyzed in terms
of a simple Langmuir adsorption model, in which the inverse
of the relative surface coverage is plotted as a function of inverse
chromate concentration, shown in Figure 4b. From the slope of
the resulting straight line, the free energy of chromate adsorption
to the quartz-water interface can be determined according to

(a molarity of 55.5 M is used for the aqueous solution).30 With
a slope of 1.54(2)× 10-5 M-1, corresponding to an equilibrium
adsorption constant of 3.6(1)× 106 M-1, the free energy of
chromate adsorption to the quartz-water interface is found to
be 38(1) kJ/mol at room temperature and pH 7, consistent with
the formation of 2-3 hydrogen bonds and a weak physisorption
process governing the interaction of chromate with quartz-water
interfaces. Given our observation that chromate adsorption and
desorption is fully reversible and given the relatively low free
energy for chromate binding consistent with the formation of
two to three hydrogen bonds, the interaction of chromate with
the fused quartz/water interface appears to be governed by a
physisorption process via hydrogen bonding. The binding

Figure 3. Square-rooted and normalized SHG vs time trace (right)
and CrO4

2- absorbance vs time trace at 372 nm (left) for a CrO4
2-

adsorption and desorption experiment.λSHG ) 290 nm; p-in/p-out. The
SHG signals are on the order of 0.01 and 0.1 counts per shot.

Figure 4. (a) Adsorption isotherm of CrO42- at the quartz-water
interface at pH 7 bulk solution. (b) Inverse CrO4

2- surface coverage
vs inverse chromate concentration.

[d(1/θ)/d(1/[CrO4
2-])]-1 ) 1

55.5M
exp(-∆G°ads/RT) (3)
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mechanism might thus be one dominated by the interaction of
the chromate oxygen ligands with the interface, consistent with
the notion that the formation of outer-sphere complexes can be
important for chromate binding in certain soil environments.

We also recorded the chromate adsorption isotherm at pH 4
and found it to be similar to the isotherm obtained at pH 7,
with a free energy of adsorption of chromate to the quartz/water
interface of 38(1) kJ/mol at pH 4 as well. These free energies
are slightly higher than the ones reported for chromate adsorp-
tion onto aluminum oxide, goethite and titanium dioxide by
Deng and Stone,25 and this difference is attributed to the
difference in the systems investigated, i.e., the fact that
macroscopic flat interfaces, versus colloid particle surfaces, are
studied here. Adsorption experiments carried out at pH 10
showed no change in the SHG signal when chromate was
present in the aqueous phase; i.e., binding of the doubly
negatively charged chromate to the quartz/water interface was
not observed. This is consistent with the fact that quartz/water
interfaces have a point of zero net proton charge between pH 1
and 3,23,56,57 with SiO- surface coverage increasing with
increasing pH.23,58

Environmental Significance.The present study shows that
nonlinear optical spectroscopies can be applied to study the
interaction of toxic metals of environmental concern with water/
quartz interfaces. The approach yields surface-specific spectro-
scopic, kinetic, and thermodynamic data, which may be used
for modeling toxic metal migration in contaminated soils. In
the case of chromate, the experiments can be carried out with
submonolayer sensitivity, and in a chromate concentration range
that is environmentally significant (as low as 10-6 M, i.e., the
EPA limit for chromium). Furthermore, chromate adsorption
and desorption processes can be followed in real time, and the
experiments can be carried out over a range of environmentally
relevant pH values.

Future studies will address the effect that inorganic and
organic impurities located at the quartz surface have on
chromium binding. These studies appear especially useful in
light of the fact that chromate may not always be mobile,
depending on environmental conditions and type of sorbent.20

Further, we plan to study redox reactions that chromate can
undergo at water/mineral oxide interfaces, paying particular
attention to the important role that coadsorbed organic and
inorganic species have in the heterogeneous chemistry of
chromium in contaminated environments.

IV. Conclusions

Second-harmonic generation measurements on the adsorption
and desorption of chromate at fused quartz/water interfaces were
carried out. Adsorbed chromate is spectroscopically identified
by a two-photon resonance of one of its ligand-to-metal charge
transfer bands with the fundamental of the probe laser. Chromate
binding to the fused quartz-water interface is found to be
completely reversible, consistent with the general notion that
chromate is highly mobile in the environment. Equilibrium
adsorption isotherms appear Langmuirian and result in a free
energy of adsorption of 38(1) kJ/mol at pH 4 and 7, consistent
with the formation of two to three hydrogen bonds upon
chromate adsorption to the fused quartz/water interface. The
chromate surface coverage approaches a monolayer at a
chromate concentration around 5× 10-5 M and approaches zero
at chromate concentrations around 10-6 M.
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