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The distribution of metal aqua and chloro complexes is fundamental information for analysis of a chemical
reaction involving these complexes. The present study investigated the speciation and structures of
chromium aqua and chloro complexes using the thermodynamic model fitting analysis of UV-vis/X-ray
absorption spectra. The existence of a negatively charged species was examined by adsorbability of
chromium species on a strong base anion exchanger. In the results, a planar square [Cr''(H,O)41%",

3]2+

a planar square or distorted tetrahedral [Cr''Cl(H,0)s]2*, a trigonal bipyramidal [Cr'"'Clz(H,0).]°, and

a distorted octahedral [Cr''Cly(H,O),I~ were confirmed and the thermodynamic parameters of
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Accepted 7th November 2022 complexation reactions were quantitatively determined. Investigation of the evolution of speciation o
chromium aqua and chloro complexes in a pH 1 solution suggested the existence of [CrM"CL(H,0),ml " (M

DOI: 10.1039/d2ra06279h = 2 or 3) during the hydration process, which diminished in the equilibrium state. The kinetic analysis
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1 Introduction

Metal aqua and chloro complexes play an important role in
hydrometallurgical processes, especially involving the adsorption/
desorption process on/from ion exchangers, organic solvents, or
ionic liquids.*® The distribution of chloride complexes in brines
is also significant information in the geochemistry field, used to
simulate the flow of metal resources in the deep sea.*

A metal aqua and chloro complex exhibits a beautiful
transparent colour depending on the elements and the
concentration of Cl in aqueous solutions. Changes in colour
reflect changes in the coordination number of Cl and/or the
geometric configuration. The chemical properties of various
beautiful colours have attracted many researchers and it is one
of the key factors to consider when investigating metal aqua and
chloro complexes.>® Specifically, absorption of electromagnetic
radiation including light depends on electron orbitals of
chemical species. Therefore, X-ray absorption spectra (XAS) as
well as UV-vis absorption spectroscopy is employed to analyse
chemical properties of species.” Raman spectroscopy besides
electromagnetic radiation is also a useful technique.® Reactivity,
such as hydrolysis, solubility, and so on can be used for
understanding the thermodynamic properties.®
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deserves further investigation to understand the speciation process quantitatively.

The speciation of chromium aqua and chloro complexes in an
equilibrium state has been investigated for over a century.'*>
Table 1 shows a list of investigations. Most of the investigations
were based on the reports by N. Bjerrum'® or M. J. Bjerrum and J.
Bjerrum,*® in which four chromium aqua and chloro complexes
in an octahedral configuration were reported. The latter, M. ]J.
Bjerrum and J. Bjerrum,® also determined the stability constants.

Most literature dealing with chromium aqua and chloro
complexes assumes that there are four octahedral species of
[Cr™(H,0)s]*",  [Cr™CI(H,0)s]**, [Cr™Cl,(H,0),]", and
[cr™Cl5(H,0)5]% 1t is believed that all chromium aqua and
chloro complexes take an octahedral configuration.'*”' An
octahedral configuration has to assume awkward geometric
configurations, such as cis-[Cr"Cl,(H,0),]" and [Cr'Cl;(H,-
0);]°, which were intuitively unacceptable because the symme-
tries of cis-[Cr™Cl,(H,0),]" and [Cr™Cl;(H,0);]° are much lower
than the rest of the chromium aqua and chloro complexes.

The existence of a negatively charged chromium aqua and
chloro complex has not been reported. K. A. Kraus' reported
that the adsorption of chromium species on anion exchangers
was slight and the details were not clear, although adsorbability
is important for hydrometallurgical processes involving purifi-
cation, separation, and recovery. On the other hand, adsorption
behaviour on cation exchangers has been investigated well and
applied to separate chromium isotopes.*** Every study dealing
with chromium aqua and chloro complexes was based mainly
on the distribution reported by M. J. Bjerrum and J. Bjerrum.*®

The authors investigated distributions of ferric,® cobaltous,>
and cupric aqua and chloro complexes® in hydrochloric acid
solutions using the thermodynamic model fitting analysis they
developed themselves. The tendencies of the distributions were

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Thermodynamic properties of chromium aqua and chloro complexes reported in literature!®-

Thermodynamic model

Forma. con. or

Method* Media” Cl coord.” Geom. configur. bond. dis., R/A

N. Bjerrum™® sp HCI (0123) — —

P.]. Elving and B. Zemel! sp =6 M HCl at 6 M (HCIO,)? (0123) Octahedron® —

H. S. Gates and E. L. King'? sp =6 M HCl at 6 M (HCIO,) (012) Octahedron® —

D. E. Bracken and H. W. Baldwin'? iex HCI, HCIO, (1) Octahedron —

L. Mgnsted and O. Mgnsted** sp Syn. dis. cryst! (012) Octahedron® —

M. Magini®® iex, xrd =6 M HCI (0123) Octahedron Ror—om,: 1.961-1.982
Rer_crt 2.297-2.325

T. Tsuru et al.'® sp Syn. dis. cryst/ (0123) Octahedron® —

K. E. Collins et al.’” iex Na,Cr,05 in HClO, (0123) Octahedron —

M. ]. Bjerrum and J. Bjerrum*® sp, iex Acidified LiCl (0123) Octahedron® log 8; = —0.99
log 8, = —3.13
log 6; = —6.32

A. Munoz-Paez et al."® xafs Cr(NO3); in H,O (0) Octahedron Rcr—on,: 2.00

S. Diaz-Moreno et al.*° sp, xafs HCl (0123) Octahedron Rer—om,: 1.98-2.00
Ror_cit 2.26-2.30

A. Gaspar and P. Bugly6*' ce 0.1 M HNO; (012) — —

% Method; sp: UV-vis absorption spectroscopy, iex: ion exchange, xrd: X-ray diffraction pattern, xafs: X-ray absorption fine structure, ce: capillary
electrophoresis. ” Media; ionic strength was maintained using a salt with parenthesis. ° (1y7,...ny) represents a combination of CI~
coordination numbers, see text in Section 3.1.1. ¥ 12 M HCI was used for [CrCl;(H,0),]°. ¢ including cis- and trans-[CrCl,(H,0),]". / Synthesis

and dissolution of an appropriate crystal.

in agreement with reported distributions,'®** but many differ-
ences were found in details. The differences in detail would
affect the efficiency of hydrometallurgical processes and impair
process improvement.

As regard to chromium aqua and chloro complexes, exami-
nation of the thermodynamic parameters in an equilibrium
state is difficult since a long time is required for equilibra-
tion.”®*' In addition, the literature has assumed that all chro-
mium aqua and chloro complexes are in an octahedral
configuration even though not only an octahedral configuration
but also tetrahedral and trigonal bipyramidal configurations of
other metal aqua and chloro complexes have been found.*****
Therefore, the proper geometric configurations of chromium
aqua and chloro complexes should be re-investigated using
a reliable analysis method.

The thermodynamic model fitting analysis using series of
UV-vis absorption spectra and XAS statistically extracts the best
thermodynamic model out of the possible assumed models.
The results are significant in physical and chemical senses and
more reliable than in previous reports.

In the present study, the thermodynamic model fitting
analysis was employed to examine the distribution and struc-
tures of chromium aqua and chloro complexes. Furthermore,
a speciation mechanism of chromium aqua and chloro
complexes in a diluted Cl solution was discussed using the
properties determined in the present study.

2 Experimental procedure and data
processing
2.1 Preparation of UV-vis/X-ray absorption spectra

Sample solutions were prepared by dissolving reagent grade
chemicals, CrCl;-6H,0O and hydrochloric acid solution,

© 2022 The Author(s). Published by the Royal Society of Chemistry

purchased from FUJIFILM Wako Pure Chemical Corporation,
into distilled and deionised water with resistivity greater than
180 kQ m, purified by RFD260NC manufactured by Advantec
Toyo Kaisha, Ltd.

Two series of solutions with different concentrations of Cr
species in an equilibrium state were prepared as listed in
Table 2; one for UV-vis absorption spectra and the other for XAS
measurement. The Cr'™" concentrations were adjusted in order
to acquire spectra suitable for data analysis. The sample solu-
tions had been maintained at 298 K in a thermostated water
bath for 30 days until the UV-vis/X-ray absorption spectra were
measured. The UV-vis absorption spectra were measured again
after being maintained at 298 K for 15 more days, i.e. 45 days in
total, and it was confirmed that the two series of the UV-vis
spectra measured 30 and 45 days after preparation were
equivalent. As a consequence, it was deduced that it took 30
days at least for Cr'™ aqua and chloro complexes to attain an
equilibrium state at 298 K. In addition to chloride aqueous
solutions, a dilute nitric acid solution dissolving 0.1 mol dm > -
Cr'(NO,);.9H,0 was prepared and its UV-vis absorption spec-
trum was measured in order to compare the difference in the
absorption spectra with or without Cl™ ions.

One more series of UV-vis absorption spectra was collected
for qualitative analysis of speciation kinetics. CrCl;-6H,0 was
dissolved in a pH 1 solution at 0.1 mol dm > - Cr™ and the
spectrum measured with certain time intervals. In this
measurement, the temperature was not maintained and ranged
from 10 °C to 25 °C (night and day).

The two series of UV-vis absorption spectra, that is one for
the equilibrium state and the other for the speciation kinetics,
were collected using a V-770 Ultraviolet-visible spectrometer
(JASCO Corporation) operating in the dual beam mode with
a quartz cuvette with a path length of 10 mm. Dark and baseline

II1
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Table 2 Compositions of chromium chloride aqueous solutions for UV-vis and X-ray absorption spectroscopy

UV-vis sample solutions®

Total Cl, M¢; (mol dm™?) Total Cr'™, Mg (mol dm ™)

XAFS sample solutions

Total Cl, M, (mol dm™?) Total Cr'™, Mg (mol dm™?)

0.310 0.100
0.780 0.100
1.74 0.100
2.22 0.100
2.70 0.100
3.18 0.100
3.66 0.100
4.62 0.100
5.10 0.100
6.06 0.100
6.54 0.100
7.02 0.100
7.50 0.100
7.98 0.100
8.46 0.100
8.94 0.100
9.42 0.100
9.90 0.100
10.4 0.100
10.9 0.100

“ The path lengths were at 10 mm. ” 1.0 mm. © 0.5 mm.

corrections were made. UV-vis absorption spectra were collected
at 298 K, and the three measurements were averaged. The
spectra were recorded in the range from 364 nm to 922 nm in
2 nm increments and the abscissa was converted into wave-
number in the range from 10860 cm ' to 27420 cm ' in
60 cm " increments. The absorbance was interpolated using
a cubic spline algorithm.*

The Lambert-Beer law states that there is a linear relation-
ship between the concentration of an absorbing solute, ¢, and
the absorbance of a solution, a, when a light travels a distance of
l. The product of the molar attenuation coefficient, ¢, and the
molarity of Cr'™ species, that is to say the quotient of the
absorbance divided by the path length was employed for prac-
tical analysis, as shown in Fig. 1.

/

a
ee=da = . (1)

At the top of Fig. 1, the appearance of the series of sample
solutions is displayed. Every spectrum has two characteristic
absorption bands, which exhibit a red shift, and the colours of
the solutions gradually change from dark bluish violet to dark
green with the increase in the Cl molarity. However, no iso-
sbestic point was observed. Therefore, the number of chro-
mium aqua and chloro complexes greater than two were
supposed.

Fig. 2 shows X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) spectra of
chromium aqua and chloro complexes in hydrochloric acid
solutions. XAS of the Cr K edge were collected using the trans-
mission mode at BL-9C of Photon Factory with a ring energy of
2.5 GeV in Japan. A sample solution was filled up in a cell made
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Fig. 1 UV-vis absorption spectra of chromium chloro complexes in
hydrochloric acid solutions. The spectrum of the solution dissolving
Cr(NOs3)3-9H,0 is also displayed for comparison.

from rigid vinyl chloride with a 20 mm-diameter window, and
polyimide film was pasted on as the window material. The path
lengths of 0.5 mm or 1 mm were chosen corresponding to
concentrations of salt as noted in Table 2. The incident X-rays
were monochromatised by a silicon double crystal mono-
chromator and the net planes were (111). The I, and I

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The XAS of chromium aqua and chloro complexes in hydrochloric acid solutions; the XANES spectra (a) and the EXAFS spectra (b).

ionisation chambers were filled with 70% He/30% N, and 25%
Ar/75% N,, respectively.

2.2 Thermodynamic model fitting analysis

An issue to be solved is an inverse problem, which draws an
appropriate distribution of chromium aqua and chloro
complexes in hydrochloric acid solutions from the series of UV-
vis/X-ray absorption spectra. An appropriate thermodynamic
model was statistically determined by reproducibility of the UV-
vis absorption spectra.

Eqn (1) can be represented as a matrix form of eqn (2).

N
a,;/ = Z ei_,,»,c,-,A/ =C"xE,

i=0

(2)

where N is the number of significant species, 7 and i are wave-
number and chemical species, and A’, C, and E are matrix forms
of @, ¢, and e, respectively. The superscript of “tr” indicates
transportation.

Firstly, it should be determined how many chromium aqua
and chloro complexes existed in hydrochloric acid solutions.
The first derivative test®**?* was used for evaluation of the
number of significant species. When observing changes of
smoothness in vectors in a unitary matrix decomposed by the
singular value decomposition® of A’, a sudden change indicates
a number of significant species. The first derivative test is the
most useful and reliable index out of various empirical methods
of principal component analysis.

At the beginning of the fitting procedure, a distribution for
a given set of thermodynamic parameters of C.,.. was assessed
using the EQBRM algorithm.** Substituting the assessed Ccajc.
into eqn (2) derived Ec,jc. by matrix division. E.,, would contain
more distortion if the assessed Cg. was further from an
appropriate distribution. A series of UV-vis spectra of A,
re-composed by a matrix product of Ci.. and Ecye and
compared with the original spectra matrix of A’ using R-factor
defined as the following.

R= ZZ (a;_'/' - a,calc. i/')z? (3)
i

30,31

was

© 2022 The Author(s). Published by the Royal Society of Chemistry

’

where a;-j and a,. ; denote the elements in the original A’ and
the assessed A,,,., respectively. The fitting parameters giving
a minimum R-factor were the optimised thermodynamic
parameters.

A thermodynamic model was based on formations of chro-
mium chloro complexes and a dissociation of HCl. Formation
reactions and constants of chromium chloro complexes were

assumed as the following equations.

[Cr** + n[Cl” = [Cr™ L, (4a)
a 3-n
_ [critta,)
B Aepr X d(ay n
(4b)

Y [erten,]’ —in [cten, ]

/Y[Cr]“m[Cr]” X (’Y[Cl]’m[Cl]’)

where @, is a formation constant of [Cr™Cl,]* " and a, v, and m
are the activity, the activity coefficient, and the molality of the
subscripted species, respectively. In addition, the dissociation
reaction of HCl must be taken into account for assessment of
the distribution of chromium chloro complexes.

[HCIlq. = [Hlaq. + [Cllag.. (5a)
Anp+ X dici-
(H],. [Cllag,
Kd.[HCl]gq = aq -
(HCf,
(5b)
Y, Mg, X Yo, MCl,

Y[chgq_ m [HCIY, 7

Activity coefficients of charged aqueous species in hydro-
chloric acid solutions were estimated using the modified
Debye-Hiickel model** extended with the Pitzer model.**

AYZ/(Z\/T

_ - ) —7/2
logyy ¥ = —————=+bynal + by ncd +by,,ncd '~ + 1,
10 1 +Byék\/j s Tsq Y7/2 Y
(6)

where ¥ is the mean stoichiometric activity coefficient. A, and
B, are the Debye-Hiickel solvent parameters. I is the effective
ionic strength and I, is the mole fraction to molality conversion

RSC Adv, 2022, 12, 32722-32736 | 32725
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factor.® z; is the charge of the aqueous species of k. d; is the
distance of closest approach to k species, which mainly depends
on the charge number of species. The values of d; are assumed
to be 4.0 A, 5.0 A, 9.0 A and 11.0 A for mono-, di-, tri-, and
tetravalent species, respectively, referring to the reported values
and the proton was the exception and ¢y was 9.0 A%

Activity coefficients of neutral species were estimated using
the Setchénow model.*®

logio Yimcyy = by,[MCIv]“i +1I,, (7)

The oxidation state of M is +v.

The b terms in eqn (6) and (7) would be optimised to fit the
thermodynamic models to experimentally determined mean
stoichiometric activity coefficients of H summarised by Hamer
and Wu*” and Partanen et al.** Virtually complete dissociation is
assumed when a mean stoichiometric activity coefficient is
considered, therefore Ky e, Was assumed 12, which was large
enough so that the existence of HCI was negligible.

The fitting result is demonstrated in Fig. 3 and the optimised
b terms were as follows.

by,HCl = 0128,
bYSqHCl =1.36 x 10737 (8)
b“/7/21HC| = 2.18 x 1075.

The modified Debye-Hiickel model extended with the Pitzer
model of eqn (6) with the optimised b terms reasonably repre-
sents the measured activity coefficient of H', although the fitted
activity coefficient of H" deviates around the HCI molality of

—_
(=3
o

TTTTT T T T T T T T T T T T T

L

O ¥y by Partanen et al.

=—J0oU
!

O ¥y Hamer and Wu

The modified Debye-Hiickel model
extended with the Pitzer model

"
(=]

F— T
L — Yor

Mean stoichiometric activity coefficient, y/ -

Lol Lol Lol Ll

0.001

0.01 0.1 1 10
HCI molality, myc; / mol-kg™

Fig. 3 Representation of the mean stoichiometric activity coefficients
of H* and Cl™. b terms in egn (8) were fitted to the observed mean
stoichiometric activity coefficient of H* summarised by Hamer and
Wu.¥ The difference in v between H* and Cl~ was caused by the
Debye—Huckel term in egn (8).
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1 mol kg '. The activity coefficient model should be improved
so that the estimated curve approaches the observed activity
coefficient.

2.3 Anion exchange behaviour of chromium species

The adsorbability of chromium chloro complexes on an anion
exchanger was investigated. The adsorbability tells us whether
a negatively charged complex exists or not in solvent. Concen-
trations of chromium and hydrochloric acid were set at 80 mg
dm ™ and 11.6 mol dm >, respectively. DIAION SA10A© made
by Mitsubishi Chemical Corporation is a strong basic anion
exchange resin having quaternary ammonium groups, which
was used as the adsorbent. Moisture adhering to the anion
exchange resin was removed by centrifugation at 3000 rpm. for
10 min as a pre-treatment.’® Fifteen cm® of the sample solution
and 5 ecm® of resin were mixed in a flask and shaken horizontally
at 100 rpm. for 10 min at 25 °C. Chromium concentrations
before and after contact were analysed using a contrAA 600
atomic absorption spectrometer (Analytik Jena).

2.4 Structure analysis

The Lambert-Beer law can be applied to XAS as well as to UV-vis
absorption spectra. The series of XAS of X and those of indi-
vidual species of x were related as follows.

X = C%as X X, (9a)
where Cx,s is the distribution of chromium aqua and chloro
complexes in the sample solutions for XAS measurement. Eqn
(9) can be applied to both XANES and EXAFS spectra. It should
be noted that Cx,s must be expressed in mole fraction because
XANES and EXAFS spectra are extracted from normalised XAS.
XANES and EXAFS spectra of individual species were acquired
using the following matrix division.

X = CXas x X, (9b)

A theoretical model was fitted to the individual EXAFS
spectra in k-space (k=3 A~* to 11 A~*) using the Demeter 0.9.26
package.* The EXAFS spectrum of the assumed structure model
was calculated using the FEFF programme bundled with the
Demeter package. The best possible geometry configurations
for each species were determined by the FEFF fitting results.
Representation of the resultant XANES spectra was attempted
using the FDMNES code’ and the geometry configurations
examined by FEFF fitting analysis.

2.5 Kinetic analysis of the chromium aqua and chloro
complex speciation using model free analysis

A series of UV-vis absorption spectra of the evolution in speci-
ation was decomposed using the multivariate curve resolution-
alternative least square (MCR-ALS) technique developed by J.
Jaumot et al.** The result is less significant in a physical and
chemical sense because the MCR-ALS is a model free analysis.
Molar attenuation coefficients of individual components
decomposed by the MCR-ALS were compared with those in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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equilibrium state investigated using the thermodynamic model
fitting analysis.

Considering the nature of absorbance and concentration,
the following three constraints were applied to decomposition
into molar attenuation coefficients and the distribution during
every MCR-ALS iteration.**

(1) Non-negativity: a molar attenuation coefficient and
a concentration of species must be positive. A negative value is
forced to be zero during iteration.

(2) Unimodality: it is assumed that a concentration profile as
a function of time after dissolution has one maximum, and
monotonically decreases/increases on the left/right sides.

(3) Colosure: the total concentration of chromium species in
the sample solution was fixed at 0.10 mol dm .

Besides MCR-ALS decomposition, a qualitative analysis was
carried out. Principal spectra were intuitively extracted
observing isosbestic points and changes in UV-vis absorption
spectra during hydration. Compositions of possible species
were assessed fitting linear combinations of the extracted
principal spectra.

3 Results and discussion

3.1 Distribution and molar attenuation coefficients of
chromium chloro complexes

The thermodynamic model fitting analysis was applied to UV-
vis absorption spectra in order to obtain distribution and
molar attenuation coefficients of individual chromium chloro
complexes.

3.1.1 Building thermodynamic models. Possible combina-
tions of coordination numbers of CI ligands to Cr™ atoms
depend on the significant number of complexes and minimum/
maximum coordination numbers.

The result of the first derivative test>*® of the series of UV-vis
absorption spectra in the equilibrium state shown in Fig. 1 is
shown in Fig. 4. The changes in the smoothness are sudden
when the number of components is four, and this indicates the
number of significant components, that is to say chromium
chloro complexes.

EN
T

N
T

o
T

Sum of difference quotient, >S5/ -

Number of components, N/ -

Fig. 4 The results of the first derivative test®?® of UV-vis absorption
spectra shown in Fig. 1. The solid green and violet lines show the
change in the slope when the number of components is four.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The minimum coordination number of Cl ligands was
supposed to be zero. The UV-vis absorption spectrum of the
solution dissolving Cr(NO3);-9H,0 at pH 2 was equivalent to
that of the solution dissolving CrCl;-6H,0 at pH 2, although the
possible ligands were different; one was CI™ and the other was
NO; ™. Hence, it was deduced that the generated chromium
complexes in the two solutions were equal and were chromium
aqua complexes without CI™ or NO; ™ ligands.

The maximum CI™ coordination number was estimated to be
six using the ionic radius.*” The ionic radius ratio of rq-/rcy
was 167 pm/75.5 pm = 2.212 when six coordination was
assumed. According to the soft-sphere model, six coordination
was possible because 1.366 < rg-/rgp+ = 2.212 < 2.414. In
contrast to six coordination, eight coordination was not
possible because rcj-/rc+ was outside the range. Thus, the
maximum coordination number of C1~ was supposed to be six.

Thus, the possible combinations of the coordination
numbers of C1”™ ligands were the 20 combinations of four digits.
The combinations had to include zero and the maximum had to
be less than or equal to six. A combination is expressed as
(nynynsny) in this paper, where ny (k = 1, ..., 4) were the coor-
dination numbers of CI~ which could be substituted to n of eqn
(4). In practice, n; was always zero and three formation reac-
tions and constants would be assumed for every thermody-
namic model.

3.1.2 Speciation of chromium aqua and chloro complexes.
Thermodynamic model fitting analysis was conducted for every
possible combination of the Cl™ coordination numbers on the
series of UV-vis absorption spectra. The R-factor as a function of
the combinations of the coordination numbers of C1™ is plotted
in Fig. 5. It was determined that the best possible thermody-
namic model was the (0134) model and the thermodynamic
parameters were optimised as listed in Table 3. The distribution
and the molar attenuation coefficients assessed using the (0134)
model are displayed in Fig. 6. The coordination numbers of H,O
are noted in the chemical formulae, which will be determined
later in Section 3.2.2.

30 T T T T T T T T T T T T T T T T T T

[
IS
T
1

R-factor, R x 1073/ -
—

(0123) |
(0124) |
(0125) |
(0126) |

Combin. of CI” coord. num., (n;nyn;n,) / -

Fig. 5 The results of the thermodynamic model fitting analysis. The
solid green horizontal line indicates the minimum level of R-factor,
which corresponds to that of the (0134) model.
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Table 3 The logarithms of the formation constants for the chromium
aqua and chloro complexes®

The logarithm of the

Formation reaction cumulative formation constant, log;, 6,

[cr™Pr + ¢l = [er™clPt —0.889
[cr™Pr + 3¢l = [cr™cl]” —2.83
[Cr™P* +4cl” = [cr'cl]” —5.87

“ Setchénow coefficient for a neutral species of [Cr'™'Cl;]°, by [crerp =
0.158. H,0 ligand notation is omitted for simplicity and H,O ligand
was not involved in the thermodynamic model fitting analysis.

In Fig. 6(a), [Cr™(H,0),J*", [Cr™CI(H,0);]*, [Cr™Cl5(H,0),]°,
and [Cr™Cl4(H,0),]” emerge and diminish in turn with the
increase in Cl molarity. Two significant differences between the
present study and the previous reports'®>" is the existence of
[Cr™Cl4(H,0),] instead of [Cr™Cl,(H,0),]". The existence of
a negatively charged [Cr™'Cl,(H,0),]” will be discussed in the
next section.

The molar attenuation coefficients of every chromium aqua
and chloro complex are similar in the two absorption bands, the
intervals between the two absorption bands, and the red shifts
with the increase in the coordination number of Cl, while those
of the ferric, cobaltous, and cupric aqua and chloro complexes
are different as regards the characteristics of spectral
features.**>*¢ It is supposed that the absorption mechanism of
the chromium aqua and chloro complexes in the UV-vis range is
different from those of the other metal aqua and chloro
complexes. Another analysis such as ab initio calculation is
necessary in order to clarify the difference in the absorption
mechanism.

The absorption bands are in good agreement with previous
reports by Mensted and Mgnsted™ and Diaz-Moreno et al.,*
although the assignment of chromium aqua and chloro
complexes in the present study conflicts with the previous
reports. In the previous reports, sample solutions were prepared
by dissolving specific crystals having characteristics equivalent

—~
o
~

B, = -0.889 B,=-283

lcn byjciciyp = 0.158
(0, e 4100

B, =-587

=)
S

H0) 0
\(}

Species abundance, f/ mol%

)

1 1 1 L 1 L 1 L 1 1 L 1 1 1 L I 1 L 1 L 1 L I
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Total CI molarity, M¢, / mol-dm™

Concentration of species, ¢icc;»~/ mmol-dm™
.
2
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to assigned species and ageing for a certain time. The signifi-
cant differences are the assignments of [Cr'™'Cl;(H,0),]° and
[cr'™Cl,(H,0),] in the present study to [Cr'™'Cl,(H,0)4]" and
[Cr™Cl3(H,0)5]°, respectively. Spectrum analysis using ab initio
calculation is necessary for reliable assignment of a spectrum to
a species and it deserves further investigation in the future.

3.1.3 Anion exchange behaviour of chromium species. The
anion exchange behaviour of chromium species in an 11.6 mol
dm ™ - HCl solution was investigated using the batch method.*®
Sample solutions taken in one hour and one, two, and four
weeks after preparation were used as the initial solutions. The
chromium concentrations before and after the adsorption tests
are plotted at the top of Fig. 7. In addition, distribution coeffi-
cients, Kp, are displayed at the bottom. K, was examined using
the following equation.

Cicnit. _ cgnal

_ r r

Kp = cfinal ’ (10)
Cr

where ¢ and ¢fi"@ are the chromium concentrations before

and after the adsorption test. The distribution coefficient of
chromium species from a concentrated 10.9 mol dm > - Cl
aqueous solution was assessed for comparison. In 10.9 mol
dm ™ - Cl aqueous solution, a negatively charged [Cr'"Cl,(H,-
0),]” exists at 55 mol% as shown in Fig. 6(a). It was assumed
that all [Cr™Cl,(H,0),]” was adsorbed on the resin for
assessment.

As shown in Fig. 7, no adsorption was observed in the
solution just after preparation, and then the amount of
adsorption slightly increased. However, the chromium
concentrations in the final solutions two and four weeks after
preparation were at the equivalent level. This means that an
equilibrium state in a concentrated HCI solution was attained
in two weeks. This implies that a chromium aqua and chloro
complex in a concentrated HCI solution attains equilibrium
faster than that in a diluted HCI solution.

The distribution coefficient determined by the batch exper-
iment was less than that assessed from the distribution of

Wavelength, A/ nm
900 800 700 600 500 400
AR Emmm ——— — - T
" 5 Monsted and Mensted Diaz-Moreno et al.
— [Cr"(H,0).] A [Cr(H,0)]*" [Cr(H,0)J*
— [CrCI(H,0),]* B [CrCI(H,0)) [CrCI(H,0)*
R C  trans-, cis-[CrCL(H,0).]" [CrCL(H,0).]"
| — [crcl(H,0)° D [CrCl(H,0)J"
— [Cr"CI,(H,0),] DL

IS

Ecmciye</ km*mol™
-

Molar attenuation coefficient,

16000 20000

Wavenumber, v/ cm™

Fig. 6 The results of the thermodynamic model fitting analysis. The best possible model was the (0134) model. The distribution of chromium
aqua and chloro complexes in hydrochloric acid solutions and the thermodynamic parameters of the formation constants and Setchénow
coefficient are demonstrated in (a). The molar attenuation coefficients of the individual species are displayed in (b). The arrows indicated by the
capital letters indicate absorption bands reported by Mensted and Mgnsted** and Diaz-Moreno et al.?°
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Fig. 7 The chromium concentrations before and after the adsorption
batch tests at the top, and the examined distribution coefficients at the
bottom. The solid orange line indicates the distribution coefficient
calculated using the distribution of chromium chloro complexes in the
10.9 mol dm~3 — Cl solution demonstrated in Fig. 6(a).

chromium aqua and chloro complexes shown in Fig. 6(b). It is
supposed that the difference was caused by competition
between the negatively charged chromium chloro complex of
[cr™Cl,(H,0),]” and Cl™ ion for adsorption on a functional
group, especially in a concentrated chloride aqueous media.
Furthermore, it is possible that 10 min was too short a time to
attain a steady state.

Thus, it was confirmed that the chromium species adsorbs
on a strong basic anion exchange resin in an 11.6 mol dm > -
HCI solution. It is deduced that a negatively charged chromium
aqua and chloro complex is formed, although most literature
has reported that the maximum coordination number of Cl™
ligands to Cr™ atom was three.'*** [Cr"'Cl;(H,0),]° is a neutral
species not adsorbed on anion exchanger. Adsorption of chro-
mium species from a concentrated HCI solution ensures the
(0134) model is a realistic model.

(a) (b)
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3.2 Analysis of X-ray absorption spectra

The EXAFS spectra of the individual species were acquired for
the structure analysis. Dividing the series of the XANES and
EXAFS spectra by the distribution of chromium chloro
complexes in the sample solutions for XAFS measurement
yielded the XANES and EXAFS spectra of the individual species.
The distribution, the XANES, and the EXAFS spectra are shown
in Fig. 8.

3.2.1 XANES spectra of individual chromium aqua and
chloro complexes. The XANES spectra decomposed using eqn
(9b) with that of a Cr,O; crystal are shown in Fig. §(b). The
XANES spectra of the individual species except [Cr™'Cl,(H,0),]~
were less distinguishable from each other and the intensities of
the pre-edge peaks were comparable, too. This means that their
orbital configurations were similar to each other.

The XANES spectrum of [Cr'™Cl,(H,0),]” was hardly accept-
able because it had a negative intensity around the pre-edge peak
(at 5990 eV) and it was noisier than the others. In addition, the
slope of [Cr™"Cl,(H,0),]” around the absorption edge was steeper
than the others including Cr,O;, which was fully oxidised to
three. The steeper slope implies that [Cr""Cl,(H,0),]” was more
oxidised than Cr,0s; however that is impossible. This was for the
same reason that the EXAFS spectrum of [Cr""Cl,(H,0),]” was
not qualified enough. The stronger activity of CI- would be
necessary to acquire a better spectrum, but it was impossible
under the conditions of the present study.

3.2.2 Structure analysis using EXAFS spectra. The structure
analysis was conducted using the EXAFS spectra of the indi-
vidual chromium aqua and chloro complexes shown in Fig. 8(c).
The R-factor between the observed spectrum and the fitted
structure model, the difference of the absorption edge to the
fitted model of AE, and the Debye-Waller factor of o> were used
as indices to evaluate the fitting result. The three indices have
their own recommended ranges.*

R=0.05,
|AE|= 10,
0.002 <62 <0.03.

(11)

It was judged that the model was inappropriate if any of the
indices was outside the ranges. The thermodynamic model

T T T T T T T

symbol species: total mole fraction in sample solutions — [Cr(H,0),]*"

B [Cr(H,0),]*:33mol%  —@— [CrCI(H,0),]*: 27 mol%

n
T
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2
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Fig.8 The distribution of chromium aqua and chloro complexes in the sample solutions for XAS measurement (a). The total mole fractions of the
species in all sample solutions for XAS measurement are exhibited next to each species. The XANES (b) and EXAFS (c) spectra of the individual
species obtained by matrix division of egn (9b). The XANES spectrum of a Cr,O5 crystal is displayed in (b) for comparison. The rising slope of the
Cr,Os crystal at the absorption edge is almost hidden by that of [Cr"'Clz(H,0),]°.
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fitting analysis in the present study could not deal with the H,O
coordination; therefore determination of the coordination
number of the H,O ligands was involved in the structure anal-
ysis. Various possible coordination geometries were assumed
and fitted to the obtained individual EXAFS spectra.

Table 4 shows the results of the FEFF fitting analysis when
the (0134) model was assumed. Fig. 9 shows a visual represen-
tation of FEFF fitting analysis of the best possible structures,
that is to say a planar square of [Cr'™(H,0),]*", a distorted
tetrahedron of [Cr™Cl(H,0);]*", a trigonal bipyramid of
[Ccr™Cl3(H,0),]°, and a distorted octahedron of [Cr'™Cl,(H,-
0),]". In addition, magnitudes of Fourier transforms of the
EXAFS oscillations are displayed in Fig. 10.

Geometry configurations of [Cr'™(H,0),]*" and [Cr'CI(H,-
0);]*" had four-fold coordination, although previous literature
reported all chromium aqua and chloro complexes had six-fold
coordination and an octahedral geometry configuration.***

As for the chromium aqua complex without Cl ligands, the R-
factor of the planar square of [Cr'™(H,0),]>" was the smallest
and it was deduced that it was the best possible structure.
Previous literature reported that the chromium aqua complex
was in octahedral geometry having six H,O ligands."**>*2°
Fitting an octahedral [Cr™(H,0)s]** model to the EXAFS spec-
trum yielded an R-factor of 0.0922, which indicates the assumed
theoretical model was inappropriate. The extracted signal of the
chromium aqua complex was qualified enough to be analysed
because the total fraction of [Cr"™(H,0),]** was 33 mol% in the
sample solutions.

It is generally considered that the coordination number of
H,O0 ligands decreases with the increase in Cl molarity. Hence,
it was deduced that the coordination number of H,O to
[Cr™CI(H,0),]*" was less than or equal to that to [Cr™(H,0),]*",
and then x should be less than or equal to four. The R-factors of
the planar kite and the distorted tetrahedron of [Cr'"CI(H,0);]**
were acceptable. It could not be determined which geometry
configuration was suitable because the fitting results were
equivalent to each other. It should be noted that the Debye-
Waller factors of the Cr-O paths in both [Cr""CI(H,0);]*" were
less than the typical value defined by eqn (11). A Debye-Waller

(a) (b)
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Fig. 10 The representation of the magnitudes of the Fourier trans-
forms of the observed EXAFS oscillations using the best possible
geometry configurations.

factor represents a displacement of a scatter atom from an
average position. An energy surface yielded by ab initio calcu-
lation can show the rigidity or flexibility in the position of
a ligand. Therefore, an ab initio calculation is necessary for
further evaluation. Moreover, a comparison in single point
energies calculated by an ab initio technique specifies which
geometry configuration is suitable to [Cr"'CI(H,0);]*".

An acceptable model having three Cl ligands was only
a trigonal bipyramid of [Cr""Cl;(H,0),]°. The number of H,O
ligands was two, which is certainly less than [Cr™'CI(H,0);]*".

The model of a distorted octahedron of [Cr™Cl,(H,0),]” was
the best possible species among chromium tetrachloro

(c) (d)
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Fig. 9 Examples of FEFF fitting analyses of chromium aqua and chloro complexes.
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complexes. The maximum peak of the magnitude of the Fourier
transforms of the EXAFS oscillations of [Cr™'Cl,(H,0),]~ shown
at the bottom of Fig. 10 is apparently considered to consist of
two peaks. In other words, the two paths of Cr-O and Cr-Cl
must be assumed to represent the maximum peak. Therefore,
models of a planar square or tetrahedral [Cr"'Cl,]” were not
appropriate.

However, the difference in absorption edge between the
assumed model of the octahedral [Cr™Cl,(H,0),]” and the
examined spectrum was greater than the recommended range
defined by eqn (11). As shown in Fig. 8(b) and (c), the XANES
and EXAFS spectra of [Cr™'Cl,(H,0),]” were noisier than those
of the other species. This is because the fraction of [Cr'™Cl,(-
H,0),] in all examined solutions was 9 mol%, much smaller
than the others from 27 mol% to 33 mol%. Therefore, the
extracted EXAFS spectrum of [Cr™Cl,(H,0),]” was not fully
qualified for structure analysis and the indices defined by eqn
(11) should not be fully employed for evaluation.

3.3 Speciation of chromium aqua and chloro complexes in
PH 1 solution

Fig. 11 shows the evolution of UV-vis absorption spectra of a pH
1 solution dissolving CrCl;-6H,0, which was collected in order
to qualitatively analyse the development in speciation of chro-
mium aqua and chloro complexes. The UV-vis absorption
spectrum in an equilibrium state was deemed to be approxi-
mately equivalent to that of the 0.3 mol dm ' - CI sample
solution out of the sample solutions for UV-vis measurement
listed in Table 2, because the Cl molarity was 0.4 mol dm™"
originating from CrCl;-6H,0 crystal and added HCL.

A number of significant components in speciation were
evaluated using the first derivative test.**® The result of the first
derivative test is shown in Fig. 12 and it suggested four signif-
icant components.

The series of the UV-vis absorption spectra in the evolution
was decomposed in two ways. One way was extraction of the
principal spectra based on the isosbestic points. The evolution
of the speciation was divided into three regions and isosbestic
points were observed in each region, as shown in Fig. 11. Each
region consisted of two components. The final component in
one region and the initial component in the subsequent region
were considered equivalent. Every spectrum could be recon-
structed by fitting a linear combination of the two principal
spectra. The other way was mathematical decomposition using
the MCR-ALS technique.*

The molar attenuation coefficients of the principal spectra
decomposed by the MCR-ALS technique are shown in Fig. 13.
The principal spectra extracted based on the isosbestic points
were the spectra observed just after preparation, at 15.9 ks, at
20.4 ks, and in an equilibrium state. These were equivalent to
those of the initial, the second, the third, and the final
components acquired through the MCR-ALS analysis and are
not displayed in Fig. 13.

The species development during the evolution to the equi-
librium state is shown in Fig. 14. The developments were ob-
tained by the MCR-ALS technique and linear combination
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and 3 in turn. The three bottom plots show details of the spectra in
each region. Isosbestic points indicated by circles were observed in
each plot.
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Fig. 12 The result of the first derivative test®?® of UV-vis absorption
spectra shown in Fig. 11. The red and orange solid lines show the
change in the slope when the number of components is four.

fitting of the principal spectra in each region. The R-factor,
which is a misfit between the observed and the fitted UV-vis
absorption spectra, is larger around the boundary between
regions 1 and 2. This implies that the representation of the
principal spectra and the species development would contain
more distortion compared to region 3.

The kinetic model fitting analysis deserves further investi-
gation to understand the speciation mechanism in detail. An

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and the linear combination fitting of the principal components in each
region (thin and open symbols). Equilibrium was attained over 30 days,
because the solution had not been maintained at a constant
temperature and the room temperature had ranged from 10 °C to 25 °
C (night and day). The R-factor indicates a misfit between the observed
and the fitted absorption spectra.

appropriate model would represent the evolution of the
speciation as the thermodynamic model fitting analysis
represents the series of the UV-vis absorption spectra in
equilibrium state.

© 2022 The Author(s). Published by the Royal Society of Chemistry

3.3.1 Estimation of possible species. As shown in Fig. 14,
four significant species emerged and diminished in the order of
the initial, the second, the third, and the final components. The
molar attenuation coefficients corresponding to the significant
species in the evolution of the speciation shown at the top of
Fig. 13(a) were compared with the results of the thermodynamic
model fitting analysis shown at the bottom in order to assign
the species. The plots on the left are arranged by experiment (a),
and those at the right are arranged by species (b).

The absorption spectra of [Cr'™(H,0),]>" and the final
component in the speciation in the pH 1 solution were equiv-
alent. Furthermore, those of [Cr''CI(H,0);]*" and the third
component were also in good agreement. Therefore, the species
of the aqua complex and the monochloro complex determined
through the thermodynamic model fitting analysis and the
third and the final components acquired through the qualita-
tive analysis of the evolution of the speciation in pH 1 solution
were identical.

It is interesting that the absorption bands of [Cr™'Cl;(H,0),]°
determined through the thermodynamic model fitting analysis
were equal to those of the initial component in the speciation in
the pH 1 solution. On the other hand, their intensities were not
equal. There is a possibility that the coordination number of Cl
was three and that the geometry configuration including the
coordination number of H,O ligands might be different. It is
necessary to compare the structures between [Cr''Cl;(H,0),]°
and the initial component in the evolution of the speciation in
order to reveal any agreement or difference in structure between
them.

RSC Adv, 2022, 12, 32722-32736 | 32733
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The absorption bands of the second component in the
evolution of the speciation were different from those of the four
examined chromium aqua and chloro complexes. The species
might be assigned as [Cr'™'Cl,(H,0),,]" (m = 2 or 3), because the
molar attenuation coefficient spectrum and the emerging and
diminishing order are positioned between [Cr™CI(H,0);]*" and
[Cr™Cl;3(H,0),]°. The kinetics in speciation must be investi-
gated to determine the unknown complex. The possible species
of [Cr™Cl,(H,0),,]" (m = 2 or 3) must diminish when the system
attains equilibrium because the species could not be confirmed
in the equilibrium state examined in the present study.
However, [Cr™'Cl,(H,0),,]” (m = 2 or 3) may exist on the way to
the equilibrium state; therefore it must be taken into account
when considering chemical reactions.

3.3.2 Evolution of speciation. The discussion about the
possible species in the speciation in the pH 1 solution and the
species development shown in Fig. 14 suggest the following
hydration reactions occurred in order.

Re. 1:

0 H, +
{CrIIICIS(HZO)M} }LHL()) [Crlllclz(Hzo)xJ + CI™ [123)
Re. 2:
+ 3
[Crluclz(HzO)xl} 72H20 [Crlllcl(H20)3] 24 + ClI” (12b)
Re. 3:
[ereiH,0),)" 22 [eraiH0),) "+ (120)

As seen from Fig. 14, reaction (12b) proceeds after reaction
(12a) has finished, and so on. Fig. 6(a) and 8(a) show that more
than two species exist simultaneously in an equilibrium state
except in the diluted HCI solution, although only two species
exist in the evolution of the speciation in the pH 1 solution. The
speciation mechanism should be clear to estimate fractions of
species accurately to build highly efficient processes.

Based on the previous reports, the dissolution and specia-
tion process of chromium aqua and chloro complexes is
depicted at the top of Fig. 15.'*** The crystal structure of trans-
[cr™Cl,-4H,0]-Cl-2H,0 was determined by I. G. Dance* and
the geometry configuration would be maintained for a while
just after dissolution. Therefore, the existence of the octahedral
[Cr™Cl,(H,0),]" was assumed. After dissolution, [Cr™'Cl,(H,-
0),]" would be transformed by Cl™-H,O ligand exchange
depending on the activities of CI™ and H,O.

On the other hand, another dissolution and speciation
process based on the results examined in the present study is
proposed at the bottom of Fig. 15.

(1) The geometry configuration of the chromium aqua
complex and the chromium monochloro complex is a four-fold
configuration, not a six-fold configuration as reported.

(2) There is a possibility that speciation between
[Cr™CI(H,0);]*" and [Cr™Cl;(H,0),]° transforms via [Cr™Cl,(-
H,0),,.]" (m = 2 or 3).
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Fig. 15 The dissolution and speciation process of CrClz-6H,0 crystal
in hydrochloric acid solutions: the conventional mechanism at the
top*®?* and the mechanism proposed in the present study at the
bottom.

(3) CrCl;-6H,0 is dissolved as [Cr™Cl;(H,0),]° not a dichloro
complex.

The speciation process was qualitatively analysed, hence, it
deserves quantitative analysis in more detail using appropriate
conditions.

It is acceptable that a crystal structure is maintained for
awhile after dissolution. In that case, three Cl ligands should be
coordinated to Cr in CrCl;-6H,O crystal as well as in a trigonal
bipyramidal [Cr™Cl;(H,0),]° complex. The structure investi-
gated by I. G. Dance* was, however, trans-[Cr''Cl,-4H,0]-
Cl-2H,0 where only two Cl ligands were coordinated to Cr. I. G.
Dance recrystallised chromium trichloride hexahydrate from
water. The structure of CrCl;-6H,O crystal recrystallised from
concentrated hydrochloric acid should be re-
investigated, because solvent may affect the structure of
precipitate.

solution

4 Conclusions

The results examined in the present study, which were based on
the experimental evidence and the statistical analysis, are
different from previous reports.'®>* The authors consider the
present investigation to be more reliable than previous ones.
The distribution of chromium aqua and chloro complexes was
quantitatively determined. On the other hand, the suggested
speciation process is also convincing but still qualitative. The
kinetic analysis deserves further investigation to understand
the speciation mechanism in detail.

The present study has revealed that the four chromium aqua
and chloro complexes were formed, namely as a planar square
of [Cr'™(H,0),]*", a planar kite or distorted tetrahedron of
[cr™CI(H,0);]**, a trigonal bipyramid of [Cr'"'Cl;(H,0),]%, and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a distorted octahedron of [Cr™Cl,(H,0),]”. In addition, the
thermodynamic parameters of the formation constants and the
Setchénow coefficient of the neutral [Cr™'Cl;(H,0),]° complex
were successfully determined.

The distribution of chromium aqua and chloro complexes
examined using the thermodynamic model fitting analysis in
Section 3.1.2 was validated by the success of the structure
analysis, although the structure of [Cr™'Cl4(H,0),]” was not
firmly determined.

During the speciation development in pH 1 solution, the
chromium aqua and chloro complex transformed in the
following order.

[Cr'"'C13(H,0),]° — [Cr'"'Cly(H,0),]" —

[Cr™CIH,0), 7 — [Cr'™(H,0),)*", (13)
where m is equal to 2 or 3. [Cr'™Cl,(H,0),,]" diminished in the
equilibrium state.

The chemical properties obtained in the present study are
important information for hydrometallurgical processes,
investigation, and so on, involving the chromium aqua and
chloro complexes.
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