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Quantification of Cr(VI) in an aqueous solution is conducted by direct UV—visible spec-
trophotometry based on the yellow coloring of the chromate ion. Measurements show that
absorption follows the Beer—Lambert law over a wide range of concentrations. At pH
below the pK, of 6.4 (HCrOz/CrOz?), the absorption maximum lies at 350 nm wavelength
and the linear range spans from 0.5 to 100 mg Cr(VI)/L; above the pK; (pH 6.4), the ab-
sorption maximum is 373 nm and linearity occurs in the range of 0.5—25 mg/L. The wide
range of validity of the Beer—Lambert law is advantageous for the measurement of
concentrated samples. The standard method of analysis of aqueous Cr(VI) is by colorimetry
with the 1,5-diphenylcarbazide (DPC)—Cr(VI) complex. This method, although very sen-
sitive, bears a narrow range of linearity from 0 to 0.8 mg Cr(VI)/L. It is shown that when
analyzing Cr(VI) solutions with concentrations in the range of 30—500 mg/L, the DPC
method gives inaccurate results and relative standard deviations of 20—50%. This is due to
high dilution factors. On the contrary, the direct method performs with high accuracy.
Relative standard deviation is only 0.5% at 500 mg Cr(VI)/L. The direct method is fast,
reliable, and nondestructive for the sample. The direct method is recommended for the
quantification of Cr(VI) at concentrations greater than 1 mg/L.
© 2018 Académie des sciences. Published by Elsevier Masson SAS. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Le dosage du Cr(VI) en solution aqueuse est effectué par spectrométrie UV—visible
directe, grace a la couleur jaune de l'ion chromate. Les mesures montrent que la loi de
Beer—Lambert est respectée sur un large intervalle de concentrations. A pH inférieur a
6,4 (pK, HCrOz/Cr0z2), I'absorption maximale se situe a la longueur d'onde 350 nm et la
game linéaire d’étalonnage s’étend de 0,5 a 100 mg Cr(VI)/L; au dessus du pKj, I'ab-
sorption maximale se situe a 373 nm, la game de linéarité couvre l'intervalle 0,5—25 mg/
L. Au contraire, la méthode standard d'analyse du Cr(VI) en solution, méthode color-
imétrique au 1,5 diphénylcarbazide (DPC), présente une fenétre de mesure tres étroite,
de 0 a 0,8 mg Cr(VI)/L. On montre que la méthode DPC appliquée a des échantillons de
concentrations 30—500 mg/L, donne des résultats avec une incertitude importante et des
écarts types de 20—50% autour de la moyenne. Les fortes déviations sont attribuées aux
forts facteurs de dilution nécessaires. Pour la méme game de concentrations, la méthode
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directe donne des résultats avec une tres faible incertitude. Pour un échantillon de

500 mg Cr(VI)/L, I'écart type est de seulement 0,5%. La méthode directe est rapide, fiable,

et elle permet de préserver I'échantillon. La méthode directe est conseillée pour le

dosage du Cr(VI) a concentrations supérieures a 1 mg/L.

© 2018 Académie des sciences. Published by Elsevier Masson SAS. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Hexavalent chromium (Cr(VI)) is a widely occurring
pollutant in soils, groundwaters, and waste materials,
especially in chromite ore processing residue (COPR) and
foundry slags. Chromium in the hexavalent oxidation state
is toxic and carcinogenic. As sodium dichromate, Cr(VI) is a
base compound used in the chemical industry for the
production of pigments, wood treatment, and tannery
products, as well as corrosion inhibitors. For the produc-
tion of sodium dichromate from chromite ore (main min-
eral phase, FeCry04), a relatively inefficient metallurgical
technique is still widely used, which has given rise to a
legacy of COPR material worldwide. This is a major
contributor of Cr(VI) to the environment [5,6,13]. To
quantify Cr(VI) in solution, most practitioners use the
colorimetric method with the 1,5-diphenylcarbazide (DPC)
complex, the standard method of Cr(VI) determination
[1,9,14]. The color complex is very strong, leading to a high
sensitivity of the method. This explains why the DPC
method applies only to a fairly small concentration range,
roughly from 0 to 0.8 mg/L Cr(VI). For concentrations
greater than 0.8 mg/L, the samples need to be diluted. The
DPC method is commonly used with sample dilution being
a general practice. In our studies on COPR remediation
[11,17], we are confronted with concentrations exceeding
thousand times (>800 mg/L) the concentration limit for
the DPC method, leading to very high dilution factors of
the samples (up to 2500x). We question to what extend
these very high dilutions may decrease the accuracy of the
quantification data. Another practical way to measure
Cr(VI) in solution is the method of “direct UV—vis spec-
trometry”, based on the natural color of the chromate ion
in solution. Absorbing linearly over a wide range, this
method may avoid excessive dilution of the samples. In
addition, this direct method is fast and reliable in contrast
to the DPC method that needs lengthy preparation of re-
agents and produces a color complex of limited stability.
Few articles are available on measurement of Cr(VI) by
direct UV—vis spectrometry. Hug and colleagues [3,4,8]
used direct UV—vis spectrometry in kinetic studies where
fast redox reactions between Fe(Il) and Cr(VI) were
investigated. Chromium VI shows charge transfer absorp-
tion bands, which differ in acid and alkaline conditions,
thus allowing in situ studies of Cr(VI) acid—base speciation.
According to their work, protonated Cr(VI) (HCrOz) has a
maximum absorption at 349 nm, whereas chromate
(CrO3~) peaks at 373 nm. Hug and colleagues showed that
HCrOgz, CrO3~, and Fe(lll)—oxalate complexes have char-
acteristic but overlapping spectra. They used a spectral

fitting technique to quantitatively evaluate the different
species in their system. In studies by Kim and Om [10] and
Levitskaia et al. [12], standard solutions were scanned in
the range of 300—700 nm. Levitskaia et al. retained the
length of 372 nm as the length of maximum absorption,
whereas Kim and Om defined the maximum absorption at
363 nm. Precise observation of the absorption curve in
Fig. 1 of Kim and Om's work, however, shows that peak
absorbance is actually much closer to 350 nm. Kim and Om
studied the interference of various ions on Cr(VI) absorp-
tion. Common ions such as Na™, K*, NO3, and CI~ did not
affect results up to 1 g/L, SO~ and CO3~ did not interfere
up to 200 mg/L, whereas AI>* and Mg?* had an influence
at concentrations greater than 100 and 15 mg/L, respec-
tively. Fournier-Salaiin and Salaiin [7] used direct UV—vis
spectrometry at 371 nm in a method of continuous chro-
mium VI quantification of samples with varying pH values.
The method uses molar absorption coefficients of acid and
alkaline chromium species and applies a mass balance
equation to link total absorption values to species-specific,
pH-dependent concentrations. The authors reached good
correspondence between initially added and modeled total
Cr(VI) concentrations with deviations less than 6.5%. This
study was limited to synthetic samples.

Levitskaia et al. used a liquid waveguide capillary cell to
quantify very low Cr(VI) concentrations from 7.3 x 10> to
0.1 mg/L by using direct spectrophotometry at 372 nm.
They conducted measurements on polluted groundwater
samples and confirmed that solution ions including com-
plexing cations did not impair the Cr(VI) analysis. The in-
fluence of pH on absorption intensities was treated as in
Fournier-Salaiin and Salaiin for pH values close to the pK,
(HCrOz/Cr0O3™).

Although previous studies showed that the charge
transfer absorption bands of Cr(VI) can be used to define
linear calibrations and allow direct quantification of Cr(VI)
in solutions, we will focus in this work on the comparison
between direct and DPC methods. Emphasis will be on the
quantification of high chromium concentrations as
encountered in effluents or leachates of chromium pro-
cessing industries and production residues. The two
analytical methods having different calibration ranges, the
effect of sample dilution on measurement accuracy will be
investigated. Also, to deal with the pH dependency of the
charge transfer absorption bands, a simple method is pro-
posed that distinguishes two broad pH domains with spe-
cific absorption bands. The overall goal of the study is
to propose an accurate, easy to use, direct Cr(VI) quantifi-
cation method and to define the concentration ranges most
adequate for best use of either this or the DPC method.
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Fig. 1. Spectral responses of a 10 mg/L standard solution (continuous line) and a 12 mg/L experimental solution (dotted line). The difference in intensities of the

two spectra is due to different concentrations.

2. Materials and methods

Light absorbance measurements were conducted using
an all-purpose UV—vis spectrophotometer (9400 UviLine
Secomam), equipped with a xenon lamp (190—1100 nm).
Polymethyl methacrylate (PMMA) cuvettes with a light path
of 1 cm were used throughout. All chemicals used were of
analytical grade. Potassium dichromate (K>Cr,07 analytical
grade, Sigma Aldrich) was used to prepare a Cr(VI) stock
solution of 1 g/L. Standard solutions were made by diluting
aliquots of this stock solution with deionized water. Experi-
mental solutions with Cr(VI) were obtained from chromium-
enriched waste materials (COPR) by using an electrokinetic
leaching technique [11]. The pH was measured using a 781
Methrom pH meter. The DPC method for Cr(VI) determina-
tion [16] was conducted following the guide lines of the NF
T90-043 standard (France). DPC solution was prepared by
mixing 0.02 g of 1,5-diphenylcarbazide with 10 mL ethanol
and 40 mL of 1.8 M sulfuric acid. Complete dissolution of the
reagent was reached after 1 day by heating at 60 °C or after 2
days without heating. For measurement, 1.2 mL of DPC so-
lution and 0.1 mL of concentrated nitric acid were added to
20 mL of the sample. An intensely colored purple complex
appears, originating from the redox reaction between DPC
and Cr(VI). Hexavalent chromium is reduced to trivalent
chromium thereby forming a Cr(Ill)—diphenylcarbazone
complex, which is color giving [15,16]. However, this com-
plex has a limited stability of about 15 min. Absorption is
measured at 560 nm wavelength. Linearity between absor-
bance and concentration is verified in the concentration
range of 0—0.8 mg/L Cr(VI).

The intrinsic color of an aqueous Cr(VI) solution is yel-
low. To identify the most sensitive Cr(VI) absorption
wavelength for direct UV—vis, a 10 mg/L Cr(VI) standard
solution of pH 5 was scanned between 190 and 1100 nm
wavelengths. A natural Cr(VI) solution obtained by

electrokinetic leaching of a COPR sample was also analyzed
to check the influence of solution background in the spe-
cific system we were investigating.

Another series of scans was performed for standard
samples of varying pHs to identify the effect of pH on the
wavelength of maximum Cr(VI) absorption. These samples
were prepared with a concentration of 10 mg/L of Cr(VI),
and acidified (HCl) or basified (KOH) to reach the desired
pH. Taking into account the results obtained from the study
of pH dependence of absorption maximum, two calibration
curves were realized, one at pH 5 and 350 nm wavelength,
representative of the acidic environment, and another at
pH 10 and 373 nm wavelength for the alkaline environ-
ment. We measured 28 samples with concentrations
ranging from 0.1 to 120 mg Cr(VI)/L. For the acidic condi-
tion, selected standards covering the whole calibration
range (5, 10, 50 and 100 mg/L) were measured in 10 rep-
licates and standard deviations were calculated.

Linearity of measurements including dilutions was
evaluated for three concentration ranges, 0—0.8, 1-100,
and 100—500 mg Cr(VI)/L, and for both analytical tech-
niques. In the range of 0—0.8 mg/L, samples were measured
in triplicate, no dilution was applied. The last two ranges
implied dilution of samples. For each standard concentra-
tion, three aliquots were taken and diluted to different
levels, to meet concentrations of 0.1, 0.25, and 0.5 mg
Cr(VI)/L for DPC measurements, and 10, 25, and 50 mg/L for
direct measurements. Dilution factors varied from 2 to
5000 for the DPC method, and from 1 to 50 for the direct
method. Each aliquot was measured in triplicate. A mean
concentration was calculated by considering the results
from the three dilutions and taking into account the cor-
responding dilution factors. A standard deviation was ob-
tained by a similar approach. These data were compared
with the theoretical standard concentration and the accu-
racy and precision of the measurement was determined.
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This study was conducted for acidic conditions to be
consistent with the DPC method, which imposes acidic
conditions for color formation.

3. Results and discussions
3.1. Absorption maxima

The wavelength of maximal Cr(VI) absorption was
recorded by scanning between 190 and 1100 nm (Fig. 1).
First, a standard solution of 10 mg Cr(VI)/L with a pH of 5.6
was studied. The second curve in Fig. 1 shows the absor-
bance of an experimental sample, a leachate from a COPR
waste material obtained by electrokinetic extraction.
Chromium VI concentrations were 12 mg Cr(VI)/L and pH
was 2.5. lonic strength of this sample was 0.004 mol/L with
only inorganic ions present. The absorption curve is similar
to that of the standard solution with absorption maxima
lying exactly at the same wavelengths despite the much
lower pH. The salt content in our environmental samples
was very low and no influence on Cr(VI) absorption in-
tensities was noticed, thereby confirming previous works
[10,12]. Thus the use of pure standard solutions was
adequate for quantification studies of this type of envi-
ronmental samples. The following discussion will focus on
pure standard solutions.

The maximum absorbance wavelength of Cr(VI) ab-
sorption lays at 350 nm under the acidic conditions
considered in Fig. 1. At 290 nm another peak of charge
transfer transition between O and Cr(VI) is observed [2].
According to Subramaniam and Selvi [ 18], the 210 nm peak
is also due to the Cr(VI) compound. However these two
absorption bands are narrow and generally not used for
Cr(VI) quantification. The observed maximal absorption
wavelength of 350 nm is comparable to data by Hug and
colleagues [3,4,8] and coincides with Kim and Om's data,
reinterpreted [10].

-
..
cen,
o
esesse®

Absorbance

The pK; values for the chromate acid—base couples are,
respectively,

HzCTO4/HCTOZ Zme =0.75
HCro, /CrO? - pKg, = 6.4

At the pH values investigated (pH 2 and 5.6), Cr(VI) was
in the hydrogenated form (HCrOgz ), whereas above the pK;»
(pH 6.4), the predominant species is chromate (Cr0% ). This
change in Cr(VI) speciation with pH is visible by eye by a
change in color of the solution from light yellow to more
amber yellow and corresponds to a shift in the charge
transfer absorption band [8]. Levitskaia et al. [12] and
Fournier-Salaiin and Salaiin [7] also highlighted this effect.
The shift is clearly observed in Fig. 2.

At pH 10, the absorption spectrum reveals two absorp-
tion maxima. The peak at 290 nm, related to absorption of
Cr(VI) compound due to charge transfer between O and
Cr(VI) [2], is unchanged. Maximal absorption of chromate is
positioned at 373 nm. Fig. 2 also recalls the absorption
spectrum at pH 5, already shown, with maximal absorption
of chromium as hydrogenated chromate at 350 nm. The
shift in the absorption band from 373 to 350 nm is due to
the hydrogen bond responsible for breakage of a double
covalent bond between oxygen and the chromium ion. We
infer that the photon energy transfer is higher when
chromium VI species have two double bonds. Indeed Cr(VI)
in the form of CrO3~ has higher absorbance and absorbs
light with lower energy than HCrOz or H,CrO4 species. As a
consequence, light absorption is stronger under basic
conditions than under acidic conditions (Fig. 2), and the
linear calibration range may be smaller.

We have studied several solutions covering the full pH
range between 2 and 12, verifying that no shifts in ab-
sorption bands occur other than the one due to O—H

o (@)
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Fig. 2. Spectral responses of 10 mg Cr(VI)/L standard solutions at pH 5 and 10, bonding structures of HCrOz and CrOz? ions.
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bonding. Our data fully agree with the theory thoroughly
recalled by Hug colleagues [3,4,3].

3.2. Calibration curves

The pH effect on Cr(VI) light absorption leads us to
determine two calibration curves, one for acidic conditions
(350 nm) at pH less than 6.4 and another for basic condi-
tions (373 nm) at pH greater than 6.4.

Fig. 3 shows the relation between absorbance and con-
centration for acidic conditions. Linearity is observed be-
tween 0.5 and 100 mg/L, defining the validity interval of the
Beer—Lambert law. The linear equation is y = 33.594x with a
correlation factor R? of 0.9993. For concentrations less than
0.5 mg/L (results not shown), absorbance does not respect
proportionality. At concentrations greater than 100 mg/L, a
shift in slope is observed, which limits the upper end of the
valid calibration range. Indeed, at a concentration of 120 mg/
L, the difference between standard concentration and
measured concentration is about 10%. The precision of the
absorption data was evaluated based on selected standards
(5,10, 50, and 100 mg/L) measured in 10 replicates and used
to calculate standard deviations. The values obtained were
very small, well within the precision range of the spectro-
photometer (+0.001 absorbance, equivalent to +0.034 mg
Cr(VI)/L), thus showing very good repeatability of mea-
surements. For the acidic condition, two calibration curves
were performed at 2 years interval based on freshly pre-
pared standards. Despite this long time interval, both curves
had almost the same slope thus pointing to a very stable
concentration—absorption relationship. Indeed, the initial
curve had a linear equation of y = 33.275 and an R? of
0.9998, whereas the second, presented in Fig. 3 and dis-
cussed above, had an equation of y = 33.594x and an R? of
0.9993. We think that the variation of slope of the calibration
lines depends primarily on the spectrophotometer charac-
teristics and on the condition of the lamp.

140

120 .

100 /
80 -
o~
60 W
40 /

20 /./

Chromium VI standard concentration (mg/L)

0 0,5 1 1,5 2 25 3 35
Absorbance
Fig. 3. Absorbance at 350 nm wavelength of standard solutions of 0—120 mg

Cr(VI)/L in acidic condition at pH 4—5. The straight line corresponds to the
calibration line.

120

100

L —

Chromium VI standard concentration
(mg/L)
(]
o
=

0 0,5 1 1,5 2 25 3 35
Absorbance

Fig. 4. Absorbance at 373 nm wavelength of Cr(VI) standard solutions of 0
—100 mg/L at pH 10. The straight line corresponds to the calibration curve.

Fig. 4 shows the relation between absorbance and
concentration for basic conditions (pH 10). Linearity is
observed between 0.5 and 25 mg/L, defining the validity
range of the Beer—Lambert law. The linear equation is
y = 11.019x with a correlation factor R? of 0.9992. At greater
than 25 mg Cr(VI)/L, concentration and absorbance follow
an exponential relation. At 30 mg/L, the error between
standard concentration and measured concentration is 10%,
increasing further with higher concentrations. As for acidic
conditions, the lower limit of validity of the Beer—Lambert
law lies around 0.5 mg/L.

3.3. Comparison between chromium VI DPC and chromium VI
direct quantification

First, a comparison is made between Cr(VI)ppc and
Cr(VD)pirect quantification for low concentrations (0
—0.8 mg/L). Then, medium and high concentrations (1—100
and 100—500 mg/L) are considered where each sample is
diluted at three different levels and a mean concentration
value is calculated to check the accuracy of the measure-
ment. The effect of dilution is investigated in both quanti-
fication methods.

Data in Fig. 5 for the low concentration interval show
very good quantification results for the DPC method. The
maximum standard deviation for three replicates is very
low (<0.004 mg/L) and the mean values of each sample are
very close to the standard. Conversely, the direct method
gives erroneous results at a concentration less than 0.5 mg/
L. At a concentration greater than 0.5 mg/L, data are more
consistent but the standard deviation of the mean is high.
In this concentration range, absorbances are very low in the
untreated solutions, closely approaching the quantification
limit of the instrument. This explains why the direct
method does not give reliable results at the low concen-
trations considered and the DPC method must be preferred.
Note that the lower limit of validity of the direct method
may be pushed to lower values using a more sensitive
spectrometer and using cuvettes with a longer light path
(2.5—10 cm instead of 1 cm in this study).
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bars represent standard deviations of three replicates. Numbers below each
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Data in Fig. 6 show the results for medium concentra-
tions of Cr(VI) in the range of 1—100 mg/L. Quantification by
Cr(VI) DPCis satisfactory up to a concentration of 30 mg/L. At
this concentration, dilution factors of 60, 120, and 300 were
applied to give analytical concentrations between 0.5 and
0.1 mg/L. At concentrations greater than 30 mg/L, inaccurate
mean values are observed with up to 20 mg/L divergence
from the true value. Also, standard deviations are important,
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Fig. 6. Comparison between Cr(VI)ppc and Cr(Vl)pirect quantifications for
standard solutions of 1-100 mg/L. Horizontal and vertical error bars
represent standard deviations of the mean of three replicates with different
dilution factors. Values beside data points correspond to standard
concentrations.
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Fig. 7. Comparison between Cr(VI)ppc and Cr(VI)pjrecr quantifications for
standard solutions of 100—500 mg/L. Horizontal and vertical error bars
represent standard deviations of the mean of three measures with different
dilutions. Values beside data points are standard concentrations.

reaching up to 20% of the average values. The weak perfor-
mances are attributed to random errors introduced by
dilution. On the contrary, the Cr(VI) direct method shows
accurate results. The maximal divergence between
measured and standard value is observed for the 100 mg/L
sample; it is, however, as low as 1.8% of the true value.

For quantitative analysis of concentrations greater than
30 mg/L, the Cr(VI) DPC method has low accuracy, due to
dilution factors greater than 300. It appears preferable to
use the direct quantification method.

Data in Fig. 7 show the results for high concentrations of
Cr(VI) in the range 100—500 mg/L. As concentrations in-
crease, the standard deviation of the Cr(VI) DPC value be-
comes very large. At 500 mg/L standard concentration, the
standard deviation is around 50% of the mean. Also, the
mean value is incorrect by as much as 20%. However, no
systematic trend is observed for the deviation of the mean
from the true value, leading us again to attribute the lack of
accuracy to random errors originating from the very high
dilution factors needed for the DPC quantification. For the
500 mg/L sample, dilutions of 1000x, 2000x, and 5000 x
were applied. For Cr(VI) direct quantification, with a cali-
bration range from 0.5 to 100 mg/L, significantly lower
dilution factors can be applied, for the 500 mg/L sample
they were of 10x, 20x, and 50x. This then explains a
significantly better accuracy of results. At 500 mg/L stan-
dard concentration, the experimental value was
505.9 + 2.4 mg/L, thus closely approaching the true value.
The direct quantification method is clearly to be preferred
over the DPC method for this concentration range.

4. Conclusions
In this study, we used the natural yellow color of aqueous

Cr(VI) compounds for UV—vis absorption spectrophotom-
etry. Our results show that color intensity follows the Beer
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—Lambert law over a very wide concentration range. Acid
—base speciation of Cr(VI) has an influence on the wave-
length of maximum absorption. The pK,, of 6.4 marks the
limit between the acid domain, where maximal absorption
wavelength is 350 nm, and the alkaline domain, where
373 nm is the corresponding maximum wavelength. In both
domains, color intensity is linear over a wide range from 0.5
to 100 mg/L under acidic conditions and from 0.5 to 25 mg/L
under basic conditions, making the method very attractive
for application fields such as environmental chemistry of
pollution, where the above-mentioned concentration ranges
are more realistic than the narrow field of 0—0.8 mg/L valid
for the DPC colorimetric method. The wide measuring range
avoids extensive dilution of high concentration samples,
thereby minimizing random errors and leading to good ac-
curacies of measurements. The method is robust, in that
inorganic background ions have no influence on absorption
intensity at low and medium ionic strengths. However, in the
presence of organometallic complexes in solution, the exis-
tence of interferences should be checked. A significant
advantage of the Cr(VI) direct method is the use of the
intrinsic color of the chromate ion, which guaranties stability
in time. The Cr(VI) DPC method, on the other hand, uses the
Cr(VI)-DPC complex with limited stability, thus strongly
conditioning the timing of measurements and being an easy
source of incorrect data.

We strongly recommend to use direct UV—vis spectro-
photometry rather than DPC colorimetry for aqueous
samples of Cr(VI) concentrations greater than 1 mg/L. In
addition to a gain in data accuracy, a gain in data acquisi-
tion time and handling facility can be expected as the
method does not require any reagent preparation.
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