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Abstract
Transparent, pyridine-functionalized sol-gel monoliths have been formed and their use in Cr(VI)
sensing applications demonstrated. The monoliths were immersed in acidic Cr(VI)-containing
solutions, and the Cr(VI) uptake was monitored using UV-visible and atomic absorption
spectroscopies. At concentrations at the ppm level, the monoliths exhibit a yellow color change
characteristic of Cr(VI) uptake, and this can be measured by monitoring the absorption change at
about 350 nm using UV-vis spectroscopy. Concentrations at the ppb level are below the limit of
detection using this wavelength of 350 nm for measurement. However, by adding a
diphenylcarbazide solution to monoliths that have been previously immersed in ppb-level Cr(VI)
solutions, a distinct color change takes place within the gels that can be measured at about 540 nm
using UV-vis spectroscopy. Concentrations as low as 10 ppb Cr(VI) can be measured using this
method. The monoliths can then be regenerated for subsequent sensing cycles by thorough washing
with 6.0 M HCl. The factors affecting monolith uptake of Cr(VI) have been explored. In addition,
the gels have been characterized using X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), and Brunauer-Emmett-Teller (BET) measurements.
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1. Introduction
As a suspected carcinogenic agent and toxic pollutant, Cr(VI) poses a threat when present even
at trace levels. Several methods have been reported for the successful determination and
quantification of Cr(VI) in solution [1–24]. Some of these techniques rely on spectroscopic
methods [1–12] while others depend on mass-sensitive devices [13–16] and electrochemical
detection [17–25]. Of the spectroscopic techniques, many make use of diphenylcarbazide for
the colorimetric determination of Cr(VI) [1–7]. In this process, Cr(VI) is reduced to Cr(III)
while diphenylcarbazide (DPC) is oxidized to diphenylcarbazone (DPCO), and a magenta-
colored complex is formed between the reaction products that can be monitored using UV-vis
spectroscopy. Using this reagent, detection limits at the low ppb level have been reported [1,
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2]. One major drawback of techniques using diphenylcarbazide, however, is that the reaction
is irreversible, making its incorporation into regenerable sensors a difficult task.

Sol-gels have been commonly used as substrates for optical [1,26–33] and
spectroelectrochemical [34] analyses mainly because they are transparent in the visible region.
The porosity of the gels can easily be modified, allowing the incorporation of functional groups
into the matrix and the fast transport of molecules throughout the gel interior. The two main
methods of incorporating organic functional groups into sol-gel glass are doping [1,27–31] and
grafting [32,33,35,36]. When doping techniques are employed, SiO2 substrates doped with
organic functional groups are formed, but leaching can often occur due to the fact that the
organic molecules are not chemically bound to the gel interior. In the grafting technique, on
the other hand, organic functional groups are covalently bound to the sol-gel matrix, and
leaching is not expected. Our research group has recently reported a technique for the
preparation of transparent porous silica sol-gel monoliths containing grafted organic functional
groups [33].

In the current work, pyridine-functionalized optically transparent sol-gel monoliths have been
prepared for the optical determination of Cr(VI) in solution. Most metal ions are cations.
Chromium at its highest, VI oxidation state, however, exists mainly as anions (HCrO4

−,
Cr2O7

2−and HCr2O7
− in acidic and CrO4

2− in basic solutions [37]), providing a unique
opportunity for Cr(VI) preconcentration and detection [38]. Previous studies have
demonstrated the capability of sol-gels for Cr(VI) extraction [39], and it has been reported that
pyridinium derivatives form strong and stable complexes with Cr(VI) species [23,25,40–43].
In the present study, 2-[2-(trimethoxysilyl)ethyl]-pyridine is grafted to sol-gel monoliths and
is used for the preconcentration of Cr(VI) inside the gels. This preconcentration takes place as
a result of the electrostatic interaction between the positively-charged pyridinium groups in
the sol-gel matrix and the negatively-charged Cr(VI) anions in solution. At ppm levels, the
monoliths exhibit a yellow color change characteristic of the Cr(VI) absorption. At ppb levels,
the uptake can be monitored by exposing the monoliths to diphenylcarbazide and observing
the subsequent magenta-colored product formed by the reaction of the reagent with the Cr(VI)
bound inside the gel. Our studies have shown that concentrations as low as 10 ppb Cr(VI) can
be measured using this method.

Scheme 1 illustrates the overall sensing cycle for the process. Initially, the pyridine-
functionalized sol-gel monolith is exposed to Cr(VI), and a color change occurs. The monolith
can then either be partially regenerated through exposure to a basic solution of NaOH or
completely regenerated through exposure to diphenylcarbazide and 6.0 M HCl. The resulting
clear monolith can then be used for subsequent measurement cycles.

This paper outlines factors and influences on the monolith preparation and Cr(VI) uptake and
sensing. It demonstrates the possible use of pyridine-functionalized sol-gel monoliths as
regenerable sensors for Cr(VI) determination. In the current approach, pyridinium-
functionalized monoliths directly detect chromate (in the ppm range) and preconcentrate
chromate (in the ppb range). Diphenylcarbazide is then added after ppb-level chromate has
been preconcentrated in the monoliths. This diphenylcarbazide plays two roles in that it allows
for ppb-level Cr(VI) detection and decomposes chromate for its subsequent removal from the
monoliths. An acid wash is then used to regenerate the monoliths for multicycles of Cr(VI)
detection. In comparison, in earlier work involving diphenylcarbazide for chromate detection
[1,2], the optodes for chromate sensing are usually for one time use.
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2. Experimental
2.1 Chemical reagents

Tetramethyl orthosilicate (TMOS, Si(OMe)4, 98%, Sigma-Aldrich), 2-[2-(trimethoxysilyl)
ethyl]-pyridine (Gelest), methanol (MeOH, HPLC grade, Fisher), ethylene glycol (certified
A.C.S., Fisher), 1,5-diphenylcarbazide (DPC, A.C.S. reagent, Sigma-Aldrich), sodium
hydroxide (NaOH, certified A.C.S., Fisher), sulfuric acid (H2SO4, certified A.C.S., Fisher),
disodium ethylenediamine tetraacetate (EDTA, certified A.C.S., Fisher), and hydrochloric acid
(HCl, certified A.C.S., Fisher) were all used as received. Standard solutions of Cr(VI) were
prepared by serial dilution of a 1017 g/mL AA standard (Sigma-Aldrich). Solutions and
standards were prepared using deionized (DI) water (18 MΩ-cm) from a Barnstead
International E-pure 4-holder deionization system. All solutions used in the studies were
prepared fresh. In particular, the DPC solutions were always prepared immediately before use,
as studies have shown that their sensitivity can decrease with time [3].

2.2 Monolith preparation
Detailed procedures of the preparation of functionalized sol-gel monoliths have been reported
previously by our group [32]. An analogous procedure was used for the sol-gel preparation in
the current study. Batches of pyridine-grafted monoliths were prepared by mixing 4.5 mL of
TMOS, 4.5 mL of MeOH, 2.3 mL of ethylene glycol, and, in studies in which the effect of
ligand percentage was not studied, 1.2 mL of 2-[2-(trimethoxysilyl)ethyl]-pyridine in a large
vial. The sol solution was then stirred to ensure a homogeneous mixture, and 625 L of aliquots
were pipetted into each of 20 small (diameter = 13.4 mm) glass vials. NaOH (50 mM, 135 L)
was then added to each of the vials, and gelation occurred within ca. 10 minutes. The gels were
covered with MeOH and allowed to stand for ca. 18 hours. The MeOH was then removed, and
the gels were allowed to shrink in air for ca. 6 hours before they were again covered in MeOH.
After standing for a further 18 hours, the MeOH was removed and replaced stepwise with 75%
MeOH, 50% MeOH, 25% MeOH, and finally pure water to condition the gels and prevent
them from cracking. The resulting optically transparent monoliths, having ca. 12 mm diameters
and 5 mm thicknesses, were kept in water until use. Blank monoliths were prepared in a similar
manner with the exclusion of the 2-[2-(trimethoxysilyl)ethyl]-pyridine. Scheme 2 illustrates
the sol-gel monolith formation.

2.3 Instrumentation
UV-visible spectra were collected using a Hewlett-Packard 8452 photodiode array UV-vis
spectrophotometer or a Thermo Spectronic BioMate 5 scanning UV-vis spectrophotometer.
Atomic absorption (AA) analyses were performed with a Perkin-Elmer 5100 atomic absorption
spectrophotometer using an air/acetylene flame under standard conditions [44]. Brunauer-
Emmett-Teller (BET) measurements were carried out using a Nova 1000 high-speed surface
area and pore size analyzer by Quantachrome Corp using N2 gas absorption. Scanning electron
microscopy (SEM) images were obtained using a Hitachi S4100 SEM with the field-emission
gun operating at 10.0 kV. X-ray photoelectron spectroscopy (XPS) was performed using a Phi
5100LS spectrometer with an Al Kα source operating at 300 W and generating x-rays with
1486.6 eV of energy. Specimens were analyzed at an electron take-off angle of 70°, measured
with respect to the surface plane. In addition, the pressure of the chamber during analysis was
2 x 10−8 mtorr, and the pass energy was 89.45 eV. When acquiring the XPS data, a neutralizer
was used to cancel the positive charging affects of the sample bombardment by x-ray photons.
This neutralizer floods the sample surface with electrons to compensate for the electrons that
are ejected by the photons. The neutralizer was set to an emission control of 21 mA and an
electron energy of 70%.
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2.4 BET, SEM, and XPS measurements
For the BET, SEM, and XPS studies, a pyridine-functionalized sol-gel monolith was ground
into a powder and dried at 100 °C for at least 24 hours prior to measurement. For the BET
studies, the powder was evacuated under vacuum and then cooled to −196 °C using liquid
nitrogen before analysis. The adsorption portion of the N2 isotherm was used to calculate the
pore size distribution of the sol-gel monoliths [45].

2.5 Analysis procedures
For the monitoring of Cr(VI) uptake, each monolith was placed in a solution of varying
concentration for a period of time. After the allotted exposure time had passed, each gel was
removed from solution, thoroughly rinsed with DI water, and either analyzed by UV-vis
spectroscopy or placed in another solution for further study. In many cases, the supernatant
from these gels was filtered and then analyzed by AAS using standard instrumental parameters
[44] and a five-point calibration plot to determine chromium content. Solutions containing
DPC were prepared by mixing 0.020 g of 1,5-diphenylcarbazide and 5.0 mL of acetone in a
100 mL volumetric flask. 2.4 mL of a sulfuric acid solution, prepared by diluting 8.75 mL of
concentrated sulfuric acid to 25 mL in a separate volumetric flask, were then added, and the
flask was diluted appropriately. After chromium and diphenylcarbazide exposure, the gels were
washed numerous times with 6.0 M HCl and then DI water before reuse in subsequent analyses.

3. Results and Discussion
3.1 Monolith uptake of Cr(VI)

Figure 1 shows the ability of the pyridine-functionalized sol-gel monoliths to absorb Cr(VI).
As can be seen in Figure 1A, when a solution of Cr(VI) with an absorption maximum at 350
nm is exposed to a pyridine-functionalized sol-gel monolith, the resulting colorless solution
shows a much lower absorption at the same wavelength. This is due to the fact that the Cr(VI)
has been removed from solution and is electrostatically bound to the pyridine groups present
within the monolith. Figure 1B demonstrates that, when the functionalized monolith is removed
from solution, it shows a very strong absorbance at about 350 nm, corresponding to Cr(VI)
uptake [8]. This absorbance is even stronger than that of the original solution, due to the fact
that the majority of the Cr(VI) has been concentrated within the gel. A blank monolith
containing no pyridine functional groups and immersed in the same Cr(VI) solution shows a
much smaller absorption.

The Cr(VI) uptake of the monoliths was further assessed by analyzing through AAS the Cr
content of solutions that had been exposed to gels prepared by the methods discussed in the
Experimental Section. Table 1 summarizes the results from one such study. Compared to the
blank monoliths, the pyridine-functionalized sol-gel monoliths show a strong uptake of Cr(VI)
from solution, absorbing ca. 75% more Cr(VI) than the blanks. In addition, the functionalized
gels showed a high degree of reproducibility regarding Cr(VI) removal, indicating the
consistency of the gels within the same batch as well as from batch to batch.

3.1.1 Effect of mol% ligand on Cr(VI) uptake—In order to evaluate the affect of the
monolith ligand mol percentage on Cr(VI) uptake, Kd terms were used. The Kd term is defined
as

Kd = μg of Cr(VI) absorbed / g of gel
μg / mL of equilibrium Cr(VI) concentration

and is often used to describe the efficiency of an extraction system [36,46]. Monoliths were
prepared containing various mol percentages of 2-[2-(trimethoxysilyl)ethyl]-pyridine. Each
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was exposed to 5 mL of a solution containing 20 ppm Cr(VI) and 0.1 M HCl for 5 hours. The
supernatant of each gel was then analyzed by AAS, and the Kd terms were calculated. Figure
2 shows a plot of Kd versus mol % ligand. As can be seen, the Kd values steadily increase and
begin to level off at a mol percentage of 2.8%. At mol percentages greater than 2.8%, the Kd
terms increase slightly, but it was found that gels with this increased amount of ligand were
more brittle and structurally unstable. For this reason, monoliths that were used in further
studies consisted of 2.8 mol% of 2-[2-(trimethoxysilyl)ethyl]-pyridine, as this amount of ligand
provides optimum Cr(VI) extraction while maintaining a high degree of gel durability.

3.1.2 Effect of solution pH on Cr(VI) uptake—Based on Scheme 1, it is logical to assume
that the solution pH should have an impact on the Cr(VI) absorption since the uptake seems to
be a result of electrostatic interactions between the negatively-charged Cr(VI) ions and the
positively-charged pyridine groups. A study was done in which monoliths were immersed in
20 ppm Cr(VI) solutions of varying pH. After two hours of exposure, the gels were removed
and analyzed by UV-vis spectroscopy. The results are shown in Figure 3. At solutions of high
pH, there is relatively little absorption of the Cr(VI) species. This is likely due to the fact that
the pyridine groups present within the monoliths are deprotonated and unable to maintain
strong electrostatic interactions with the Cr(VI) species. Furthermore, the spectra collected of
the gels that had soaked in Cr(VI) solutions of basic pH showed a maximum absorbance at
about 370 nm [47]. This absorbance shift to higher wavelengths occurs because CrO4

2− is the
dominant species present in basic solutions of Cr(VI) [38]. It is interesting to note that, even
at high pH values, there is Cr(VI) removal from solution. This seems to suggest that the
interaction between Cr(VI) and pyridine is more than a simple ion-exchange process, as has
been reported previously [23,25]. Cr(VI) solutions having pH values greater than 10 were not
analyzed in this study because the large concentration of OH− ions in such solutions undergoes
nucleophilic attack on the Si-(O-Si) bonds present within the gel, forming Si-OH and
destroying the monolith network.

Based on the results shown in Figure 3, the monoliths absorb much larger amounts of Cr(VI)
at lower pH values. This is likely due to the fact that pyridinium and silanol groups present
within the gel are more sufficiently protonated at lower pH. The isoelectric point of silica sol-
gel is close to pH = 2 [26], and the pKa value of 2-methylpyridine has been reported as 5.96
[48]. Thus, solutions of pH = 2 or lower should be sufficient for maximum gel protonation and,
as a consequence, maximum Cr(VI) uptake. Taking this into account, as well as the critical
role pH plays on analyte absorption (Figure 3), all Cr(VI) solutions were prepared containing
0.1 M HCl.

3.1.3 Effect of gel immersion time—The uptake of Cr(VI) anions by pyridine-
functionalized monoliths was measured by monitoring the absorbance increases over time of
gels exposed to 20 ppm Cr(VI) solutions [47]. The results are shown in Figure 4. Initially, the
absorbance increases rather linearly and quickly as the Cr(VI) species are taken in by the gel.
After ca. 100 minutes, however, the slope of the plot begins to flatten out as more pyridinium
sites are occupied by the Cr(VI) anions. After about 300 minutes, the absorption changes very
little. At this point, the absorbance has reached ca. 95% of its maximum value, indicating that
the monolith has become saturated with Cr(VI). Figure 4 demonstrates the fact that
functionalized monoliths immersed in ppm level Cr(VI) solutions exhibit a distinct color
change after only a few minutes of exposure time. However, in order for maximum Cr(VI)
absorption to take place, the gels must be exposed to the solution for an extended period.

3.2 Monolith characterization
3.2.1 BET analysis—BET gas adsorption experiments indicate that the pyridine-
functionalized sol-gel monolith is quite porous, with an average pore radius of ca. 29 Å and a
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specific surface area of 502 m2/gram. A plot of pore volume as a function of pore radius (Figure
5A) indicates that the monolith has a pore size distribution that is consistent throughout the
bulk of the material. The peak of this plot near 29 Å represents the size of the pores that
contribute most to the pore volume. This high degree of monolith porosity should aid in the
transport of analyte species throughout the gel. Figure 5B shows the N2 adsorption isotherm
plot with a Z-shaped hysteresis loop. This hysteresis loop is common in porous materials
including inorganic oxides and glasses [49,50]. In addition, these results are consistent with
BET data obtained from similarly-prepared monoliths [32a].

3.2.2 SEM and XPS analyses—SEM images of a pyridine-functionalized monolith,
obtained at 20,000× and 30,000× magnification [47], show that the surface is not smooth. The
network of particles packed together is indicative of a base-catalyzed process in which colloidal
silica clusters are initially formed and then linked through gelation [51].

XPS spectra were obtained of pyridine-functionalized monoliths. Peaks of Si, C, O, and N were
observed [47]. These peaks are consistent with the formation of a sol-gel monolith
functionalized with pyridine.

3.3 Monoliths and the optical determination of Cr(VI)
The pyridine-functionalized monoliths discussed thus far are ideal for use as optical sensors
as a result of their transparent, porous nature. When monoliths were exposed to Cr(VI) solutions
of varying concentrations, a linear relationship (R2 = 0.9997) was found between their
absorbance at 350 nm and the Cr(VI) concentration in solution (Figure 6). This indicates the
potential usefulness of these monoliths as sensors for Cr(VI) at the ppm level.

When the monoliths are exposed to ppb level Cr(VI) solutions, no visible color change due to
Cr(VI) absorption is evident at 350 nm; concentrations at this level are below the limit of
detection using this wavelength for measurement. However, when gels that have been
previously exposed to ppb level Cr(VI) solutions are immersed in a diphenylcarbazide solution,
a magenta color forms within the gel. This occurs because, after the Cr(VI) has been
preconcentrated within the gel at the pyridinium sites, the diphenylcarbazide is able to diffuse
through the porous gel structure and react with the bound Cr(VI). This reaction results in the
formation within the gel of a magenta-colored complex between Cr(III) and diphenylcarbazone
that can be monitored using UV-vis spectroscopy.

Figure 7 shows the obtained spectra and corresponding calibration plot of monoliths that have
been exposed to ppb levels of Cr(VI) followed by subsequent immersion in diphenylcarbazide
solution. As can be seen in the spectra, absorption maxima occur at about 540 nm, consistent
with reported absorption spectra of the Cr(III)-diphenylcarbazone complex [1–7]. Each
monolith was immersed in a minimal amount (~2 mL) of diphenylcarbazide solution to prevent
the colored product from leaving the gel after complex formation. The colored complex is
usually formed immediately as the porous nature of the monoliths allows the diphenylcarbazide
to diffuse through the gels and react with the bound Cr(VI) quickly. However, the gels were
typically allowed to soak in diphenylcarbazide solution for 60 minutes, as this length of time
seemed to yield optimal color development [47]. Using this technique, Cr(VI) concentrations
as low as 10 ppb could be determined.

In a separate study, monoliths were exposed to ppb level Cr(VI) solutions for a period of time,
and their supernatants were then exposed to a diphenylcarbazide solution to determine the
amount of Cr(VI) remaining [47]. The results showed that, for monoliths exposed to solutions
consisting of 156 ppb Cr(VI), the average amount of Cr(VI) remaining in solution was 16.8
ppb. For monoliths exposed to 59 ppb Cr(VI), the average amount of Cr(VI) remaining in
solution was below the limit of detection for the employed spectroscopic method. This further
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indicates that, even at the ppb level, Cr(VI) is indeed preconcentrated within the sol-gel
monoliths.

3.4 Monolith regeneration
Once the monoliths have absorbed Cr(VI) anions from solution, their subsequent removal for
monolith regeneration can be very difficult. Various studies were carried out to determine what
medium best removed Cr(VI) from the monoliths. The results are summarized in Table 2.

It is perhaps not surprising that, once a functionalized monolith has been exposed to Cr(VI),
soaking the gel in basic NaOH solution does not completely remove all of the Cr(VI) anions
present. As was seen in Figure 4, the pyridine-functionalized sol-gel monoliths absorb Cr(VI)
even from basic solutions. This suggests that repeated washing of the gels with the base should
not be sufficient to remove all of the Cr(VI) bound in the monoliths. The data presented in
Table 2 seem to confirm this fact. The percentage of Cr(VI) absorbed in the second and third
cycles drops well below the initial amount absorbed, even after several days of washing the
monoliths with basic OH− solution. Thus, washing the gels with base is insufficient for their
complete regeneration.

In order to completely regenerate the gels for further use, the Cr(VI) must first be reduced to
Cr(III). Exposing the monoliths to diphenylcarbazide accomplishes this task. However, once
the Cr(III)-diphenylcarbazone complex has formed within the gel, it must be removed so that
subsequent Cr(VI) sensing cycles can take place. It was found that exposing the monoliths to
0.1 M EDTA completely removed the magenta-colored complex from the gels. It is not clear
what process occurs in the EDTA wash. It is reasonable to assume that EDTA replaces
diphenylcarbazone in the Cr(III)-DPCO complex and effectively removes the species from the
gel. It was determined, however, that when these gels are again exposed to Cr(VI) for
subsequent sensing, the amount of Cr(VI) absorbed from solution was much less than that
absorbed in the initial cycle (Table 2). This is possibly a result of the EDTA molecules
themselves becoming bound to the pyridinium sites present within the gel and preventing
further Cr(VI) binding from solution.

In search of a reagent to regenerate the monoliths, it was found that a simple wash of monoliths
containing the Cr(III)-diphenylcarbazone complex with 6.0 M HCl resulted in completely
colorless gels. Subsequent Cr(VI) uptake studies showed that the monoliths had been almost
completely regenerated for further sensing use (Table 2). The disappearance of the magenta-
color suggests that the acid has decomposed the Cr(III)-diphenylcarbazone species, helping
their removal from the monoliths. In addition, the acid wash may reactivate the sol-gels. In a
study of Cr(VI) extraction and reduction [39], Dave and coworkers have reported the use of
an acidic solution to refurbish protons in their sol-gel matrix. The addition of a 6.0 M HCl
solution may aid in the removal of the Cr(III) and diphenylcarbazone from the gel by fully
protonating the pyridinium sites. These positively-charged pyrdinium groups may help to
repulse and expel the Cr(III). Gels that have been exposed to both ppm and ppb levels of Cr
(VI) can be regenerated for subsequent sensing cycles using this technique.

3.5 Measurement of a Cr(VI)-containing sample
The selectivity of pyridinium organic functional groups for Cr(VI) has been previously reported
[23,25]. In order to demonstrate the feasibility of using these monoliths for Cr(VI) sensing in
environmental applications, a sample of water was obtained from a nearby lake and spiked
with 85 ppb Cr(VI) and pH adjusted to 1. A monolith was then exposed to 20 mL of this solution
for 6 hours, rinsed thoroughly with DI water, and further exposed to a diphenylcarbazide
solution for one hour. A UV-vis spectrum of the gel was taken, and this spectrum was compared
to that of a control gel that was exposed to the same Cr(VI) concentration (prepared in DI
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water) for the same length of time and having the same acidity. The monolith exposed to the
spiked lake water sample showed a maximum absorbance at 540 nm of 0.036 relative to a gel
exposed to 0 ppb Cr(VI), while the control monolith showed a maximum absorbance at 540
nm of 0.034 relative to a gel exposed to 0 ppb Cr(VI) [47]. The relatively small error, 5.9%,
associated with these absorbance values suggests that any biological and/or chemical
interferents present in the lake water sample do not have a significant impact on the acquired
measurements. This demonstrates the potential of these pyridine-functionalized monoliths for
use in environmental Cr(VI) monitoring applications.

4. Conclusions
Pyridine-functionalized sol-gel monoliths have been prepared for the determination of Cr(VI)
in solution. These optically transparent, porous gels were found to preconcentrate Cr(VI)
through the electrostatic interaction between the positively-charged pyridinium groups present
within the monolith and the negatively-charged Cr(VI) anions in solution. At the ppm level,
the Cr(VI) concentration was determined by monitoring the absorption of the preconcentrated
colored analyte at 350 nm. At the ppb level, the preconcentrated Cr(VI) could be analyzed by
exposing the gel to diphenylcarbazide and monitoring the absorbance at 540 nm of the colored
product present within the monolith. The use of the gels for the analysis of Cr(VI) at both the
ppm and ppb levels suggests that they have a wide dynamic range and can be used for
monitoring Cr(VI) at a variety of concentrations [47]. In addition, these monoliths can be
regenerated through exposure to 6.0 M HCl, making their repeated use for Cr(VI) analysis
possible. As a result, these monoliths are unique in that they make use of diphenylcarbazide
for ppb level determination of Cr(VI) while maintaining the ability to be regenerated for
subsequent sensing use. Their incorporation into a flow cell for the online monitoring of Cr
(VI), for e.g. environmental applications, is entirely possible.

Appendix A. Supplementary Data
Supplementary data associated with this article is available.
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Fig 1.
(A) 20 ppm Cr(VI) solution before (a) and after (b) exposure to a pyridine-functionalized
monolith. (B) Spectra of pyridine-functionalized (a) and blank (b) monoliths after exposure to
the same 20 ppm Cr(VI) solution. The Cr(VI) solutions also contained 0.1 M HCl.
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Fig 2.
Plot of Kd vs. mol % ligand. Each data point represents an average of measurements from three
different monoliths.
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Fig 3.
The dependence of monolith Cr(VI) removal on pH. Each monolith was immersed in 20 mL
of a 20 ppm Cr(VI) solution for 2 hours and then analyzed by UV-vis spectroscopy. The
solutions were pH adjusted using HCl and NaOH. Data points represent an average of
measurements from three gels.
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Fig 4.
Cr(VI) uptake as a function of immersion time for a pyridine-functionalized sol-gel monolith.
Four monoliths were each exposed to 20 mL of 20 ppm Cr(VI)/0.1 M HCl, and their absorbance
was periodically measured using UV-vis spectroscopy.

Carrington et al. Page 14

Anal Chim Acta. Author manuscript; available in PMC 2008 January 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 5.
(A) BET pore size distribution for a pyridine-functionalized monolith. (B) N2 gas adsorption-
desorption isotherm for the monolith; adsorption ( ), desorption ( ).
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Fig 6.
(A) Spectra acquired of functionalized monoliths immersed for 2.5 hours in 20 mL solutions
consisting of 0.1 M HCl and a variable amount of Cr(VI): (a) 0 ppm; (b) 4.9 ppm; (c) 9.6 ppm;
(d) 14.3 ppm; (e) 19.2 ppm; (f) 24.2 ppm. (B) The corresponding calibration plot. Data points
represent an average of measurements from three gels.
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Fig 7.
(A) Spectra of Cr(VI)-containing functionalized monoliths after exposure to
diphenylcarbazide. Each gel had been previously exposed for 5 hours to a 20 mL solution
consisting of 0.1 M HCl and: (a) 0 ppb; (b) 11 ppb; (c) 51 ppb; (d) 102 ppb; (e) 204 ppb; (f)
308 ppb Cr(VI). (B) The corresponding calibration plot. Data points represent an average of
measurements from three gels.
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Scheme 1.
Sensing cycle in the current system. Photographic images are not to scale.

Carrington et al. Page 18

Anal Chim Acta. Author manuscript; available in PMC 2008 January 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 2.
Reaction schemes for the formation of blank and functionalized sol-gel monoliths.
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Table 1
Study of the Cr(VI) removal from solution by various monoliths.a Concentrations are given in ppm.

Gel Used Initial Conc. Final Conc. % Removed

Blank Gels 19.6 18.7 ± 0.9 4.5 ± 0.5%
Pyridine-Functionalized Batch 1 20.7 4.7 ± 0.3 77.3 ± 1.4%
Pyridine-Functionalized Batch 2 20.6 3.8 ± 0.1 81.7 ± 0.5%
Pyridine-Functionalized Batch 3 20.7 4.3 ± 0.2 79.1 ± 1.1%

a
Each monolith was immersed in 5 mL of Cr(VI)/0.1 M HCl solution for 5 hours. The values given are based on measurements of three gels from each

batch.
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Table 2
Cr(VI) uptake by monoliths undergoing different regeneration procedures.a

Gel Regeneration Method 1st Cycle % Absorbed 2nd Cycle % Absorbed 3rd Cycle % Absorbed

NaOH 78.8 ± 1.0% 66.4 ± 1.0% 50.0 ± 1.0%
DPC, 0.1 M EDTA 78.5 ± 1.6% 54.6 ± 2.9% 55.8 ± 1.2%
DPC, 6.0 M HCl 77.2 ± 0.3% 74.1 ± 1.3% 72.2 ± 1.9%

a
Each monolith was immersed in 5 mL of ca. 20 ppm Cr(VI)/0.1 M HCl solution for 5 hours, and the supernatant from each gel was analyzed by AAS.

The gels were then regenerated by the given procedure and used for subsequent Cr(VI) analysis. The values given are based on measurements from three
gels.
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