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It is now recognized that an understanding of hexavalent chromium pollution in the environment is tied to an
understanding of how hexavalent chromium binds to geosorbent surfaces. We have applied the nonlinear
optical laser spectroscopy surface second harmonic generation (SHG) to study the adsorption and desorption
kinetics of submonolayer amounts of chromate interacting with the fused quartz/water interface at pH 7 and
at room temperature. The chromate concentrations are varied between 10-6 and 10-5 M. The adsorption and
desorption behavior of chromate at the fused quartz/water interface can be described by a Langmuir adsorption
and a first-order chromate desorption model with an adsorption rate constant of 3(1)× 103 s-1 M-1 and a
desorption rate constant of 0.9(7)× 10-3 s-1. At 300 K and pH 7, the resulting equilibrium constant for
chromate binding is in good agreement with equilibrium constants obtained from Langmuir isotherm
measurements carried out between pH 4 and 9. Thus, thermodynamic and kinetic measurements carried out
in separate studies result in a chromate binding constant of 3.3× 105 ((+17 × 105)/(- 2.1× 105)) M-1 and
a corresponding standard free energy of chromate binding to fused quartz/water interfaces of 32 (+4/-3)
kJ/mol. In agreement with the general notion that chromate is highly mobile in most soil environments, a
simple transport model predicts that chromate would move between 2 and 9% slower than the noninteracting
groundwater phase; that is, it is poorly retained.

I. Introduction

Hexavalent chromium is a carcinogenic and highly toxic
heavy metal ion1-9 whose origin in the environment is mainly
due to industrial activities.5,6,10-13,14The high mobility of Cr(VI)
in many soil environments15-21 causes great environmental
concern.5 Another concern is the fact that heterogeneous and
homogeneous redox chemistry in soils and groundwater can
interconvert Cr(VI) and the less toxic oxidation state of
chromium in the environment, Cr(III). For this reason, all
chromium compounds have been assessed to be potentially
carcinogenic.5,22

The binding and heterogeneous transformations of chromium
species in the environment are governed by surface mecha-
nisms.23 Chromium binding to minerals is often studied by
adsorption isotherm measurements carried out in batch experi-
ments that monitor the aqueous phase chromium concentration
in the absence and presence of the solid species. The concentra-
tion difference is then taken to be the amount adsorbed.22,24,25

Time-dependent studies can be easily performed and yield
important kinetic information on the binding/redox processes
in the reaction vessel. These approaches represent a very
powerful method to assess the affinity of chromium ions toward
the substrate.

We seek to understand the heterogeneous aspects of chro-
mium binding to geosorbents by studying the interfacial
processes of adsorption, reaction, and desorption with interface-
specific probes in on-line, that is, in situ, real time laboratory
studies and at chromate concentration levels that are environ-
mentally representative (the EPA’s maximum contaminant level

goal for total chromium in drinking water is 0.1 mg/L or 2µM,26

and chromium concentration levels at selected sites in New
York, Colorado, and Michigan have been reported to be in the
0.1-1 mM regime).6 In this work, we describe how chromate
binding to fused quartz/water interfaces can be studied in real
time. Ultimately, this approach allows for the study of more
complicated surface processes such as heterogeneous redox
chemistry involving chromate, redox capable substrates, and
dissolved or surface-bound organic and inorganic species that
are redox capable and commonly found in soil environments.
We propose a model for chromate binding to fused quartz/water
interfaces and use experimentally determined chromate adsorp-
tion and desorption rate constants for predicting chromate
retardation factors in soil environments that are rich in silica.

II. Experimental Section

1. Flow Cell and Laser System.The experimental approach
has been described previously.27 Briefly, experiments are carried
out at the fused quartz/water interface, chosen as a simple
heterogeneous mineral oxide/water system for our studies. While
quartz is present in a less pristine form in the natural environ-
ment than the fused quartz used here, we chose to 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 Nochromix solution (Godax
Laboratoriesscaution: Nochromix is extremely toxic and should
only be used after reading and understanding the appropriate
safety information) and rinsing with copious amounts of HPLC
grade water (Aldrich and VWR), the flat side of a 1 in. diameter
fused quartz hemispherical lens (HL, ISP Optics) is placed over
a custom-built Teflon flow cell and held leak-tight using a Viton
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O-ring and a clamp (see Figure 1). The sample solutions are
stored in liquid reservoirs (R1 and R2) and pumped across the
interface using variable-flow peristaltic pumps (P). A dual pump
approach allows us to turn the solute flow on and off at a given
time using Teflon on-off valves (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 Biomedi-
cals) was used as received for preparing the aqueous chromate
solutions, and the solutions were prepared using HPLC grade
water (Aldrich) and verified regularly to be at pH 7 using a pH
meter (Fisher). Standard sodium hydroxide and hydrogen
chloride solutions (Fisher) were used to adjust the pH. The pH
was found to remain stable during the course of the experiments.
Further, the spectral features observed in the bulk solution
spectra, that is, theλmax values and the relative peak intensities
of the ligand-to-metal charge-transfer bands, did not change
during the experiments, indicating that the relative concentra-
tions of HCrO4

- and CrO4
2- did not change, consistent with

the observed pH stability.
The SHG intensity from surface-bound chromate did not

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

The SHG studies are carried out using a kHz 120 fs
regeneratively amplified Ti:sapphire system (Hurricane, Spectra
Physics) pumping an optical parametric amplifier containing a
Type II BBO crystal (OPA-CF, Spectra Physics). In the present
study, the frequency-doubled signal output from the OPA at
580 nm is used in order to monitor chromate adsorption via a
two-photon resonance of the surface-bound chromate centered
at around 290 nm. The 580 nm probe light field is focused onto
the fused quartz/water interface to a spot about 50µm in
diameter. Substrate heating28 is minimized by using fempto-
second probe pulses and by probe light field attenuation below
the damage threshold via variable neutral density filters.29 The
quadratic power dependencies and spectral bandwidth of the
nonlinear signals are verified regularly; departure from the
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). After directing the SHG signal into a
Hamamatsu photomultiplier tube, the signal is preamplified, and
the number of second harmonic photons is recorded versus time
using a gated photon counter (Stanford Research Systems). In
this configuration, the dark counts are around 0.5 photons per
second. All experiments are carried out using the p-in/p-out
polarization combination. Typical signal intensities are on the
order of 0.01 counts per laser shot from the neat fused quartz/
water interface (no chromate present) to 0.1 counts per laser
shot from the fused quartz/water interface with one monolayer
of chromate adsorbed with our experimental setup.

2. Second Harmonic Generation.The adsorption and
desorption behavior of chromate is followed in situ and in real
time using surface second harmonic generation (SHG).30-35 The
adsorbed chromate was identified via a two-photon resonance
of the surface-bound species with the fundamental of the incident
light field.27 The recorded second harmonic intensityISHG is
related to the second-order nonlinear susceptibility of the
interfaceøint

(2). In the case of resonantly enhanced SHG,øint
(2)

consists of a nonresonant and a resonant contribution,øNR
(2) and

øR
(2), respectively, whose cross term vanishes when the reso-

nant contribution exceeds the nonresonant contribution to the
second-order nonlinear susceptibility, as is the case with our
system.øNR

(2) is nonzero due to the fact that a non-centro-
symmetric environment, namely the quartz/water interface, is
present.øR

(2) can be modeled as the product of the number
density of molecules adsorbed on a surface and the molecular
hyperpolarizability,R(2), averaged over all molecular orienta-
tions, according to

Since the experiments in this study were carried out using the
p-in/p-out polarization combination, the detected SHG intensity
arises from theøzzz, theøzxx, and theøxxz ) øxzx tensor elements
in ø(2).35

Equation 1 shows that SHG can be used to perform kinetic
studies of heterogeneous processes by monitoring the time
dependence of the square-rooted SHG intensity, which, after
subtracting the nonresonant background contribution from the
neat fused quartz/water interface (no chromate present), is
proportional to the number of adsorbed species at the interface.

III. Results/Discussion

1. Reversibility of Chromate Adsorption at the Fused
Quartz/Water Interface. Shown as the bottom trace in Figure
2a is the background-subtracted and square-rooted SHG versus
time trace for three consecutive chromate adsorption and
desorption experiments. The corresponding absorbance meas-
urement at 275 nm, collected simultaneously with the SHG
measurements at 290 nm, is plotted on the top graph.

Until 250 s, only water is flown over the interface at a flow
rate of 0.4 mL/s. At 250 s, the water flow is stopped and the
chromate flow is initiated simultaneously at a concentration of
7 × 10-5 M in pH 7 water and a flow rate of 0.4 mL/s. The
background-subtracted and square-rooted SHG signal intensity
is observed to increase and reaches a steady-state level at∼300
s. On the basis of the SHG surface spectrum27 and the increase
of the bulk CrO4

2- absorbance recorded simultaneously with
the SHG measurements, the SHG signal increase is attributed
to resonance enhancement of the molecular hyperpolarizability

Figure 1. Dual pump flow system with a hemispherical lens attached
to the Teflon sample cell (top): F) optical filter; Po) polarizer;λ/2
) wave plate; L) lens; PMT) photomultiplier with monochromator;
V ) valve; P) peristaltic pump; R1 and R2) liquid reservoirs; D)
spectrophotometer; W) waste.

xI
SHG

∼ øint
(2) ) øNR

(2) + øR
(2) ) øNR

(2) + Nads〈R
(2)〉 (1)
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of the surface-bound chromate.27 The resonantly enhanced SHG
signal in Figure 2a is termedIR, and the nonresonant background
SHG signal is termedINR. According to eq 1, the time trace
shown in Figure 2a thus depicts the time-dependent chromate
surface coverage.

Figure 2a shows that, consistent with eq 1, not only chromate
adsorption but also chromate desorption from the quartz/water
interface can be followed in real time: Once the chromate flow
is turned off, and plain water is flown over the interface at the
same flow rate, the SHG signal decreases to the original
background level. Turning off the chromate flow without
simultaneously turning on the water flow does not cause a
change in the SHG signal intensity, indicating that mixing in
the cell is complete. Figure 2a also shows that the adsorption
of chromate is found to be reversible, which is consistent with
the observed high mobility of hexavalent chromium in many
soil environments. After one run, the experiment can be started
again, resulting in the same maximum SHG intensity upon
initiating the chromate flow and resulting in the same back-
ground level upon replacing the chromate flow with water. This
indicates that chromate binding is indeed fully reversible and
that, within the noise level of the data, there is no memory effect

from previous chromate adsorption experiments upon carrying
out a new adsorption/desorption experiment.

At pH 7, the chromate concentration (7× 10-5 M) used in
these experiments results in approximately monolayer coverage.
This was verified by recording adsorption isotherms at a variety
of pH values between 4 and 9. For clarity, the isotherm for
chromate adsorption to the fused quartz/water interface at room
temperature and pH 4 is shown in Figure 2b. The isotherm is
very similar to the one obtained for pH 7.27 The chromate
concentration ranged from 5× 10-6 to 1.2 × 10-4 M. The
background-subtracted and square-rooted SHG signal is pro-
portional to the number density of adsorbates (see eq 1). Figure
2b shows that monolayer coverage is reached at around 8×
10-5 M at pH 4. The adsorption isotherm shown in Figure 2b
can be described by a Langmuir model which is based on the
equilibrium CrO4

2-(aq) + site(s)S CrO4
2-‚site(s), where site

refers to an adsorption site at the fused quartz/water interface,
and aq and s refer to the aqueous and surface-bound localization
of chromate, respectively. A Langmuir fit yields a free energy
of adsorption of 37(1) kJ/mol at 300 K. The chromate adsorption
isotherms recorded between pH 4 and 9 yielded approximately
the same free energies of adsorption. The results from the
measured adsorption isotherms are listed in Table 1.

2. Chromate Adsorption at the Fused Quartz/Water
Interface as a Function of Bulk Flow Rate and Bulk
Chromate Concentration. To obtain kinetic information on
the processes that govern chromate binding to the fused quartz/
water interface, we studied the effect that (a) changes in the
total flow rate at constant chromate concentration and (b)
changes in the chromate concentration at constant total flow
had on the adsorption and desorption traces. The first set of
experiments allows us to characterize our experimental flow
system with the goal to carry out kinetic studies on heteroge-
neous redox chemistry involving various environmentally
relevant chromium oxidation states. The second set of experi-
ments allows us to test the validity of our proposed kinetic model
for chromate interaction with quartz/water interfaces.

Before carrying out these two sets of experiments, we
recorded the SHG signal from the plain quartz/water interface
as a function of water flow rate (pH 7, no chromate present).
In these experiments, the SHG signal intensity is found to be
independent of the bulk flow rate (bulk flow rates up to 1 mL/s
were applied). This experiment serves as a control experiment
for chromate adsorption studies that focus on the effects of
changing the chromate flow rate on chromate adsorption and
desorption traces such as the ones presented in Figure 2a.

Figure 3a shows chromate adsorption traces recorded at
varying total flow rates and a constant chromate concentration.
Here, the total flow rate was taken to be the measured chromate
flow rate plus the measured water flow rate. The total flow rate
was increased from 0.4 to 0.8 mL/s; the measured chromate
concentration was 1× 10-5 M. The adsorption trace for the
fastest flow rate is located at the bottom of the graph, and
adsorption traces carried out using decreasing flow rates are

Figure 2. (a) Top: CrO4
2- absorbance vs time trace at 372 nm (left)

for three consecutive chromate adsorption and desorption experiments
at pH 7. Bottom: Time dependence of the square-rooted and background-
subtracted SHG signal from the fused quartz/water interface recorded
simultaneously with the absorbance measurements.λSHG ) 290 nm;
[CrO4

2-] ) 7 × 10-5 M. As in all other experiments, the polarization
combination was p-in/p-out. (b) Adsorption isotherm of CrO4

2- at the
quartz/water interface at pH 4 bulk solution.T ) 300 Κ. λSHG ) 290
nm.

TABLE 1: Free Energies and Chromate Bulk
Concentrations Resulting in Monolayer Coverage Formation
for Chromate Binding to the Fused Quartz/Water Interface
Held at Various pH Levels between 4 and 9

pH ∆Gads(kJ/mol) [CrO4
2-]mono (M)

4 37(1) 8.0× 10-5

5 35(3) 1.0× 10-4

6 33.1(2) 1.5× 10-4

7 37.7(1) 5.0× 10-5

8 38.4(4) 1.5× 10-4

9 36(1) 1.0× 10-4
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offset for clarity by 2 units on they-axis. It can be seen in Figure
3a that faster flow rates lead to faster SHG signal increases.
Further, the time at which the SHG signal increase begins is
shortened with increasing flow rates, which is consistent with
a faster throughput of the probe species in our flow system as
the bulk flow rate is increased.

3. Kinetic Model for Chromate Interaction with the Fused
Quartz/Water Interface. The data presented in Figure 3a can
be fit to a variety of adsorption models, several of which are
summarized by Jung and Campbell in the context of alkanethiol
adsorption from the liquid phase onto gold36,37or by Georgiadis
et al. in the context of nucleic acid monolayer formation on
gold-thiol systems.38 On the basis of the observed reversibility
of chromate adsorption and the fact that the recorded chromate
adsorption isotherms appear Langmuirian,27 we chose the
Langmuir adsorption model coupled to first-order desorption.
In addition to this model, we also fit a diffusion-limited and a
diffusion-controlled adsorption model36-38 to the data. Within
the limit of noise in the data, the Langmuir adsorption model
coupled to first-order desorption, which includes explicit
adsorption and desorption terms, yielded the best fits.

While our chromate adsorption and desorption traces (such
as the ones shown in Figure 2a) indicate full reversibility and
while the recorded isotherms appear Langmuirian (both implicit
assumptions in the Langmuir adsorption/desorption model), there
is one significant drawback to this model for the limit of small

bulk concentrations: The first-order Langmuir model does not
take into account that the bulk phase could be depleted due to
adsorption of the solute at the interface. To check whether bulk
phase depletion is significant during the adsorption process, we
compared the number of chromate ions in the sample cell with
the estimated maximum number of surface-bound chromate
ions: At any given time, the number of chromate ions in the
cell volume (3 cm3) is around 2× 1016. If one assumes 1014 to
1015 adsorption sites per cm2 at the interface and a 5 Å2 surface
area taken up by the chromate tetrahedron, the maximum
number of ions bound to the 1 cm2 surface at monolayer
coverage can be estimated to be around 1014. In our experiments,
bulk depletion would thus be below 1% at the bulk concentra-
tions used in the adsorption experiments (10-5 M), but some
concentration gradient is expected to form. This is consistent
with results obtained from calculating the characteristic diffusion
time τdiff according to37,39

where Γ1/2 is the absolute 50% saturation surface coverage
during an individual adsorption experiment,Cbulk is the bulk
chromate concentration, andD is the chromate diffusion
coefficient in the solvent, that is, water, at room temperature.
Our experiments only yield surface coverages relative to
monolayer formation. If we assume that one monolayer of
adsorbed chromate corresponds to about 1014 adsorbed chromate
ions per cm2, then characteristic diffusion times ranging from
10 to 40 s are obtained (a diffusion coefficient for 0.01 M
K2CrO4 in water of 1.4× 10-5 cm2 s-1 measured by Iadicicco
et al.40 was used in this calculation). This is similar to the
observed half-life of the adsorption process (on the order of
tens of seconds), consistent with the notion that some concentra-
tion gradient will form.37 It should be noted, however, that this
calculation yields an upper limit to the characteristic diffusion
time, and absolute surface coverages below 1014 cm-2 would
result in smaller characteristic diffusion times and thus a smaller
concentration gradient. The argument that the concentration
gradient in our flow system is small is consistent with our
observation that stopping the flows after chromate adsorption
does not result in changes in the SHG signal intensity, indicating
that mixing is complete. These considerations indicate that bulk
depletion is likely not to pose a problem. The adsorption portion
of the chromate binding experiments was thus analyzed using
the Langmuir model with first-order desorption.36-38,41,42This
model can be written as CrO42-(aq)+ site(s)S CrO4

2-‚site(s),
where site refers to an adsorption site at the fused quartz/water
interface, and aq and s refer to the aqueous and surface-bound
localization of chromate, respectively. In this reversible system,
the chromate adsorption rate is first order in aqueous chromate
concentration and in the surface number density of adsorption
sites. The chromate desorption rate is first order in the surface
number density of chromate bound to an adsorption site. The
time-dependent surface coverage obtained from the Langmuir
adsorption/desorption model is the sum of the adsorption and
desorption rates:

whereθ is the relative chromate surface coverage, (1- θ) is
the relative surface coverage of unoccupied adsorption sites,ka

is the adsorption rate constant, andkd is the desorption rate

Figure 3. (a) Square-rooted and normalized SHG vs time traces for
chromate adsorption recorded at increasing total flow rates and a
constant chromate concentration.λSHG ) 290 nm; [CrO4

2-] ) 1 × 10-5

M. Flow rates for the traces, bottom to top: 0.78, 0.71, 0.66, 0.61,
0.54, and 0.43 mL/s. (b) Rate of the SHG signal increase measured as
a function of bulk flow rate (empty squares, left). Relative rate of
absorbance increase measured as a function of bulk flow rate normalized
to the slowest rate of absorbance increase (empty circles, right). Rate
of the SHG signal increase divided by the relative and normalized rate
of bulk absorbance increase (filled circles, left).

τdiff )
( Γ1/2

Cbulk
)2

D
(2)

dθ
dt

) kaCbulk(1 - θ) - kdθ (3)
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constant. If the resonant SHG signal intensities exceed the
nonresonant signal intensities, as is the case in this study, and
if the difference between the square-rooted resonant and
nonresonant SHG signal intensities is the chromate surface
coverage, then the following time-dependent expression is the
solution to eq 3 and was fit to the chromate adsorption traces
shown in Figure 3a:

where the left-hand-side of the equation represents the amount
of chromate adsorbed,a is an offset parameter that is included
explicitly in order to account for the fact that the data shown in
Figure 3a are offset on they-axis for clarity by the quantitya,
b is the final square-rooted SHG signal intensity level yielding
the final coverageθf (i.e. b ) {C/(C + (kd/ka))}), and robs is
the observed rate for chromate binding, given by

At zero bulk concentration, adsorption cannot occur. For this
case, the rate of change in the surface coverage of previously
adsorbed chromate becomes the desorption rate, which is given
by the desorption rate constant. Figure 3b shows the dependence
of the observed rates for the SHG signal increase (obtained from
fitting eq 4 to the data shown in Figure 3a) on the flow rate.
The open squares are the observed rates for the SHG signal
increase. The filled circles are the observed rates for the SHG
signal increase divided by the relative rate at which the bulk
chromate concentration increases normalized to the slowest flow
rate, represented by the open circles. This correction was carried
out in order to account for the fact that plug flow conditions
are not met in our flow cell. The rates that are corrected for the
parabolic concentration profile in our flow system are the
adsorption rates used for further analysis. Figure 3b shows that
the corrected adsorption rates appear to be independent of the
flow rate. If laminar flow conditions were prevalent in our cell
(the Reynolds number isRe) 0.1), a concentration boundary
layer would develop whose thicknessδ is a function of the mean
stream velocityu0.37,43 This thickness is given by

whereScis the Schmidt number (Sc) ν/D, with D being again
the diffusion coefficient for the species under investigation and
ν being the kinematic viscosity of water at room temperature
(0.009 cm2 s-1))44 and x is the distance from the flow cell
entrance to the focus spot of the laser (0.5 cm). With a diffusion
coefficient for chromate in aqueous solution of 10-5 cm2 s-1,40

and the range in flow velocities in these experiments,δ ranges
from 70 to 80µm. For the data in Figure 3b, the mean stream
velocity increases from 0.70 to 0.90 cm s-1 and the boundary
layer becomes slightly thinner.

Were the experiment limited by mass transfer, the adsorption
rates should depend on the flow rate. This is due to the fact
that the adsorption rates are composed of three processes that
can be described by the mass transfer coefficientkc, the
adsorption rate constantka, and the desorption rate constantkd.
One can set up two boundary conditions in order to find the
relationship between mass transfer coefficient, the rate constants,
the bulk concentration, and the surface coverage.45 One bound-
ary condition is that the molar flux to the boundary layer equals
the convective transport across the boundary layer (approximated
by a linear concentration profile, i.e.,WB ) kc(C0 - CMθ)),45

where C0 is the bulk chromate concentration andCM is the
concentration in moles per liter corresponding to monolayer
coverage (introduced to maintain units). The other boundary
condition is that the molar flux to the surfaceWS equals the
rate of adsorption and desorption; that is,WS ) dθ/dt CMV/A.
Here the expression for the time-dependent surface coverage
from eq 3 is multiplied by the concentration in moles per liter
corresponding to monolayer coverage and a sample volume-
to-surface area ratio in order to describe the molar flux from
the aqueous phase to the surface. One thus arrives at the
following expression:

Solving forθ, one finds the dependence of the chromate surface
coverage on the mass transfer coefficient, the bulk chromate
concentration, and the adsorption and desorption rate constants:

Using the Fro¨ssling correlation for large, centimeter diameter
single catalyst pellets,45,46 one can express the mass transfer
coefficient as a function of mean stream velocity for systems
in which the hydrodynamic boundary layer thickness is much
smaller than the diameter of the pellet such that curvature effects
can be neglected:

where D is again the diffusion coefficient of the adsorbing
species,dp is the diameter of the pellet,Scis again the Schmidt
number, andRe is the Reynolds number, given byRe ) u0/
νdp. The mass transfer coefficient thus depends on the mean
stream velocity. The fact that the measured chromate adsorption
rates are independent of the flow velocity indicates that the
system is kinetically controlled; that is, chromate adsorption to
the quartz/water interface is not mass transfer limited in our
flow cell.

4. Chromate Adsorption at the Fused Quartz/Water
Interface as a Function of Chromate Concentration.After
establishing that our flow cell is kinetically controlled, we tested
our kinetic model for chromate binding to quartz/water inter-
faces. The process under investigation can be written as
CrO4

2-(aq) + site(s)S CrO4
2-site(s), where site refers to an

adsorption site at the fused quartz/water interface, and aq and
s refer to the aqueous and surface-bound localization of
chromate, respectively. In this equilibrium system, the chromate
adsorption rate is first order in aqueous chromate concentration
and in the surface number density of adsorption sites. The
chromate desorption rate is first order in the surface number
density of chromate bound to an adsorption site. The ratio of
the adsorption and the desorption rate constants yields the
equilibrium constant for chromate adsorption, which is given
by Kads ) ka/kd.

The model predicts that the observed adsorption rate can be
expressed asrobs ) kaC + kd (eq 5). A plot of the observed
binding rates versus bulk chromate concentration at constant
flow rate should thus give a straight line whose slope yields
the adsorption rate constant,ka, and whose intercept yields the
desorption rate constant,kd. We thus carried out chromate
adsorption studies in which the chromate concentration was

xIR - xINR ) a + b(1 - exp-robst) (4)

robs) kaCbulk + kd (refs 38 and 42) (5)

δ ) Sc-1/3xνx
u0

(6)

WB ) kc(C0 - CMθ) ) [kaC0(1 - θ) - kdθ]CMV/A (7)

θ ) C0

( Akc

CMV
- ka)

Akc

V
- kaC0 - kd

(8)

kc ) D
dp

(2 + 0.6xRex3Sc) (9)

9624 J. Phys. Chem. A, Vol. 107, No. 45, 2003 Mifflin et al.



changed while maintaining the flow rate constant at 0.8 mL/s.
The experiments were carried out using chromate concentrations
that result in submonolayer coverages to avoid surface satura-
tion, for which the desorption rates would become independent
of the bulk chromate concentration. Similar adsorption traces
to the ones presented in Figure 3a were found, and eq 4 was fit
to the adsorption traces. The resulting adsorption rates are plotted
versus the bulk chromate concentration in Figure 4. It can be
seen that the chromate adsorption rate increases linearly with
increasing chromate concentration in the bulk. An increase in
the observed rates with increasing chromate concentration is
consistent with eq 8.

Fitting eq 5 to the data in Figure 4 yields aka of 3(1) × 103

s-1 M-1 and akd of 0.009(7) s-1. At a chromate concentration
of 1 × 10-5 M, the concentration for the chromate adsorption
versus flow rate experiments, the adsorption rate constant would
result in an adsorption rate of 3(1)× 10-2 s-1, which compares
well with the adsorption rates obtained from the data shown in
Figure 3b. At a chromate concentration of 10-5 M, the
adsorption and desorption rate constants result in an equilibrium
constant for chromate adsorptionKads at 300 K of 3.3× 105

((+17 × 105)/(- 2.1 × 105)) M-1. Using a standard state for
∆G° of 1 mol dm-3,47 the equilibrium constant for chromate
adsorption then corresponds to a standard free energy of
chromate adsorption of 32 (+4/-3) kJ/mol, which, within
experimental error, is comparable to the free energies of
adsorption determined from the adsorption isotherms (see Table
1). The standard free energies of adsorption determined in this
work are higher than the ones reported for chromate adsorption
into aluminum oxide, goethite, and titanium dioxide by Deng
and Stone,24 and we attribute this discrepancy to the difference
in the systems studied.

5. Chromate Desorption from the Fused Quartz/Water
Interface. The desorption parts of the chromate adsorption and
desorption experiments shown in Figure 2 were analyzed using
a first-order desorption model. Figure 5a shows the desorption
traces recorded using the same flow rates and the same chromate
concentration as in the adsorption experiments. The rates of the
SHG signal decay are found to increase with increasing flow
rate, and the onset time to chromate desorption becomes shorter.
A single-exponential function, consistent with a first-order
desorption rate law, of the form

is fit to the data shown in Figure 5a. Here,a is a constant
accounting for the offset in the data,b is the final square-rooted
SHG signal intensity level, andc is the rate of signal increase,
that is, the rate of chromate desorption. The observed rates of
chromate desorption are plotted as a function of the bulk flow

rate in Figure 5b (open squares). After correction for the rate
of the bulk chromate signal increase (open circles), it can be
seen that the corrected chromate desorption rates (filled circles)
are independent of the bulk flow rate, similar to the corrected
rates of chromate adsorption. This indicates that for the
desorption experiments, like for the adsorption experiments,
mass transfer is negligible; that is,kc < kd. The average de-
sorption rate has a value of 0.016(2) s-1, which, within experi-
mental error, is close to the desorption rate constant obtained
from the linear fit of eq 5 to the data plotted in Figure 4.

6. Environmental Significance.Our results show that it is
possible to study the kinetics of chromate binding to the quartz/
water interface using surface SHG in on-line, that is, in situ,
real time laboratory studies. The studies can be performed using
environmentally representative chromate concentrations. Using
water flow rates that are typical of subsurface environments,
the experiments can be carried out under flow velocity condi-
tions at which chromate binding to the quartz/water interface
is kinetically controlled. Adsorption and desorption rate con-
stants can be determined with surface specificity. The adsorption
and desorption rate constants determined here will be used in
future kinetic studies that focus on chromate binding to mineral
oxide/water interfaces in the absence and presence of co-
adsorbates as well as chromate reduction by either redox-capable
substrates or organic species in the aqueous phase.

A simple but widely used48 model that predicts pollutant
transport in aqueous solution through porous soils and that is

Figure 4. Chromate adsorption rates measured as a function of bulk
chromate concentration. The solid line is a fit to eq 5. The dashed lines
indicate the upper and lower bounds to the fit.

xIR - xINR ) a + b exp(-ct) (refs 36, 37, and 42) (10)

Figure 5. (a) Square-rooted and normalized SHG vs time traces for
chromate desorption recorded at increasing total flow rates and a
constant chromate concentration.λSHG ) 290 nm; [CrO4

2-] ) 1 × 10-5

M. Flow rates for the traces, bottom to top: 0.78, 0.71, 0.66, 0.61,
0.54, and 0.43 mL/s. (b) Rate of SHG signal decrease measured as a
function of bulk flow rate (empty squares, left). Relative rate of
absorbance decrease measured as a function of bulk flow rate
normalized to the slowest rate of absorbance decrease (empty circles,
right). Rate of the SHG signal decrease divided by the relative and
normalized rate of bulk absorbance decrease (filled circles, left).
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based on experimentally determined binding constants can be
used to calculate the migration distance of chromate in
groundwater relative to a nonretarded species such as ground-
water.23 This distance is given by

wherex is the distance traveled,ω is the average groundwater
velocity, t is the time,F is the bulk density of the geomedia or
the sorbent,n is its porosity, andKd is a binding parameter that
describes the interaction of the sorbent with chromate. Using
typical values for silicate rock materials,F/n has values around
4 and 10 g/cm3. For the general reactionA + Ci ) Ai, Kd is
defined as the ratio of the mass of adsorbate adsorbed per mass
of solid to the mass of the adsorbate in solution at equilibrium:

whereA is the number of unoccupied surface adsorption sites,
Ci is the total dissolved adsorbate remaining in solution at
equilibrium, andAi is the amount of adsorbate on the solid at
equilibrium.

The advantage of theKd model is that pollutant transport
modeling is straightforward, as nonlinearities between surface
coverage and bulk concentration of a pollutant are not included.
The most significant drawback of theKd model is that it does
not explicitly take into account all possible processes that may
be taking place, resulting in an approximation to the actualKd

value for a system that may or may not be accurate.48 Further,
since Kd values are calculated for specific environmental
conditions, aKd value calculated for one site may not be
applicable to another site. The effect of colloids on pollutant
transport is not included in the model, either. For these reasons,
calculatedKd values tend to be used as upper or lower limit
estimations for contaminant migration in groundwater.48 For the
purpose of assessing the financial and human resources needed
to remediate a contaminated site, an upper limit of theKd would
likely be used.

Using the linear portion of our Langmuir isotherm plot, we
are able to calculate aKd value for the aqueous chromate-fused
quartz system. To compare our calculated values with literature
values, we converted the units of the upper limits of our surface
coverage estimate to grams of chromate per gram of substrate,
and our chromate concentration to g‚mL-1, resulting inKd units
of milliliters per gram. The absolute surface coverage,θabs, is
calculated by multiplying the relative surface coverage,θ, which
is unitless and normalized to 1, by 1014 ions‚cm-2, that is, the
upper limit to the number of chromate ions on the quartz surface.
Using the molar mass of CrO42-, the absolute surface coverage
corresponds to 1.93× 10-8 g‚cm-2. A fused quartz cube of 1
cm3 volume, six 1 cm2 surfaces, and a density of 2.648 g‚cm-3

would then have a chromate surface coverage of 4.4× 10-8

gchromate/gquartz. After converting the chromate concentration units
from moles per liter into grams per mole (using the molar mass
of the K2CrO4 salt used for preparing the solutions), we are
able to obtain aKd value, in units of milliliters per gram, from
the slope of the linear portion of the Langmuir isotherm plot.
At pH 4, aKd value of 0.004 mL/g is obtained, at pH 7, theKd

value is 0.006, and at pH 9, theKd value is 0.009. These values
are below 1 mL/g, which is in good agreement with theKd

values obtained by Rai et al.,49 who reportedKd values in silica-
rich soils between 0 and 1 in a comparable pH regime. Using

F/n values around 4 and 10 g‚cm-3, retardation factors between
1.02 and 1.09 are obtained, indicating that, in silica-rich
environments between pH 4 and 9, chromate would move
between 2 and 9% slower than the noninteracting groundwater
phase; that is, it is poorly retained and highly mobile. This is
in good agreement with laboratory studies and field measure-
ments.49

Our experimental technique for obtainingKd values provides
an advantage over traditional methods in that SHG yields
surface-specific, rather than bulk-specific, data for the adsorption
and desorption processes of a contaminant with soil surfaces.
Fused quartz, which interacts poorly with chromate, serves as
a testing ground for applying nonlinear optical probes to
environmental problems. Clearly, kinetic and thermodynamic
data derived from more realistic interfaces other than the pristine
fused quartz/water interface used in this work will provide more
reliable estimates for predicting the migration potential of
chromate in the environment. This is the subject of future work
which focuses on obtaining kinetic and thermodynamic param-
eters for more complicated interfaces that are decorated with
inorganic and/or organic ionic or molecular species coadsorbed
with the surface-bound chromate.

IV. Conclusions

The adsorption and desorption kinetics of chromate to the
fused quartz/water interface held at pH 7 and at room temper-
ature were studied using nonlinear optical laser spectroscopy
surface second harmonic generation (SHG). The chromate
concentration was varied between 10-6 and 10-5 M. The
adsorption and desorption behavior of chromate at the fused
quartz/water interface was modeled using a model based on
Langmuir adsorption and first-order chromate desorption. This
model yielded an adsorption rate constant of 3(1)× 103 s-1

M-1 and a desorption rate constant of 9(7)× 10-3 s-1. These
rate constants are in good agreement with desorption rate
constants determined in individually measured chromate adsorp-
tion and desorption traces. At 300 K and pH 7, the resulting
equilibrium constant for chromate binding is in good agreement
with equilibrium constants obtained from Langmuir isotherm
measurements carried out between pH 4 and 9. Thus, thermo-
dynamic and kinetic measurements carried out in separate
studies result in a standard free energy of chromate binding to
fused quartz/water interfaces of 32 (+4/-3) kJ/mol and a
corresponding chromate binding constant of 3.3× 105 ((+17
× 105)/(- 2.1 × 105)) M-1. A simple model for chromate
transport through geosorbents rich in silicate materials predicts
that chromate will move<10% as far as groundwater, depending
on sorbent porosity and density. Clearly, kinetic and thermo-
dynamic data derived from more realistic interfaces other than
the pristine fused quartz/water interface used in this work will
provide more reliable estimates for predicting the migration
potential of chromate in the environment, and this will be
addressed in future studies.
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