Speciation in the Fe(lll)-CI(1)-H,O System at 298.15
K, 313.15 K, and 333.15 K (25 °C, 40 °C, and 60 °C)
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This article presents the results on speciation of ferric iron generated by the dissolution of
chemical reagent hydromolysite (ferric chloride hexahydrate, FeCl3:6H,0) in water at 298.15 K,
313.15 K, and 333.15 K (25 °C, 40 °C, and 60 °C). Experiments were performed with a ther-
moregulated system up to the equilibrium point, as manifested by solution pH. Solution samples
were analyzed in terms of concentration, pH, and electrical conductivity. Measurements of
density and refractive index were obtained at different temperatures and iron concentrations. A
decrease of pH was observed with the increase in the amount of dissolved iron, indicating that
ferric chloride is a strong electrolyte that reacts readily with water. Experimental results were
modeled using the hydrogeochemical code PHREEQC in order to obtain solution speciation.
Cations and neutral and anion complexes were simultancously present in the system at the
studied condltlons accordmg to model simulations, where dominant species mcluded Cl,
FeCI>*, FeCl, ", FeOHCI), and H™" . A decrease in the concentration of Cl_ and Fe* " ions took
place w1th increasing temperature due to the association of Fe-Cl species. Standard equilibrium
constants for the formation of FeOHCI3 obtained in this study were log K? = —0.8 £ 0.01 at
298.15 K (25 °C), —0.94 £ 0.02 at 313.15 K (40 °C), and —1.03 £ 0.01 at 333.15 K (60 °C).
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I. INTRODUCTION

In previous research,!'? leaching of copper ores was
investigated using chloride medium. In this context, the
knowledge of chloro-complex ions of copper or iron™ ) is
important for the interpretation of results on the extraction
of copper in the leaching process. Moreover, solutions with
iron in the presence of a chlorinated medium show a low
pH. This observation may be beneficial to lower consump-
tion of acid during the leaching operation. In order to
explain this phenomenon (lower pH in a medium of Fe-Cl),
laboratory tests were designed using hydromolysite
(FeCl3:6H,0). The aim is to verify the presence of a new
chloro complex FeOHC12 that may be formed by the
hydrolysis of iron in a chloride medium. In hydrometal-
lurgy, ferric ions in chloride medium are used as oxidants
during the on-leaching process for copper sulfides and
concentrate, especially of chalcopyrite, CuFeS,.l* %
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Previous experimental studies indicated the formation
of different iron complexes when ferric chloride is
dissolved in water!" or aqueous solutions of sodium
chloride or hydrochlorlc acid (such as Fe(OH)"*, Fe(Cl)"=,
Fe(OH)3, and FeCl3), considering that ferric chloride is
highly soluble in water, 74.39 g FeCl;/100 g water at 273.15
K (0°C), and 150 g FeCl5/100 g water at 310.15 K (37 °C).l'¥
Also, ferric hydroxyl-chlorides can be formed, such as
FeOHCl+ and Fe(OH),CI°. The concentration of these
species is strongly dependent on solution composition and
temperature. Corresponding aqueous equilibrium reactions
with chloride ions are summarized as follows (Egs. [1]
through [6]):[">1®]

Fe*t + CI™ « FeCI*" 1]
Fe*t +2CI™ « FeCly 2]
Fe** 4+ 3CI™ « FeClJ 3]
Fe'™ 4+ 4Cl™ « FeCl; [4]
Fe’" + ClI” + H,O «— FeOHCI" + H" 5]

Fe*t + CI™ + 2H,0 « Fe(OH),CI’ + 2H"  [¢]
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Table 1. Equilibrium Constants for the Formation of Main
Fe-Cl Aqueous Complexes at 298.15 K (25 °C)

Complex Log K0

FeCI?* 1.520191: 1 421411, 1 4g127)

FeCl,* 1.87119% 1.981411; 2 131271, 2 9ol18]

FeCl3 0.7709%. 0.72141%. 1.131271; 1 0281

FeCl,~ -1 26“9] -0. 79[27] —0.82181

FeOHCI™" -3.74 (at 0.68 m NaCl) (161, —1 441191

Others reactions that can be considered are as follows:

Fe’* + H,0 — FeOH*" + H* [7]
Fe** + 2H,0 « Fe(OH); +2H" (8]

Fe’ 4 3H,0 < Fe(OH)y ) + 3H™. 9]

aq)

Liu et al™ studied speciation of ferric chloride

complexes in hypersaline solutions with the Pitzer’s
model and presented the thermodynamic properties for
Fe(III) chloride complexes. Lee e al.*” studied equilib-
rium concentrations of the system FeCl;-HCI-H,O at
298.15 K (25 °C) and developed a chemical model.
These authors estimated the distribution of iron species
for FeCl; and HCI concentratlons in the range 0.1 to 2.7
mol/kg H,O. Later, Lee!?! studied the ferrous-ferric-
chloride system using Bromley’s equation and estimated
the act1v1ty coefficients of the complex species. André
et al.*? determined new parameters of Pitzer’s model for
the systems FeCl3;-H,O and HCI-FeCls-H,O at 298.15 K
(25 °C) at low and high ionic strengths. Majima and
Awakural®2* determined water activities and mean
activity coefficients of solutes, such as HCI and FeCl; in
the HCI-FeCls- HZO system at 298.15 K (25 °C).
Rumyantsev er al*> determined and calculated the
osmotic coefficients of FeCl5-H,O and FeCl;-MCl,,-H,O
systems (with M = Na, K, Mg, or Ca).

Limited thermodynamic information regarding ferric
chloride complexes in concentrated aqueous solutions
can be obtained from different geochemical databases
and experimental results.'®?%2"7 Most of the biblio-
graphic information shows results in diluted systems at
298.15 K (25 °C),”"! while complete thermochemical
data derived from ferric chloride dissolution in water
systems as a function of temperature are unavailable.
Table 1 presents equilibrium constants for the main
ferric chloride aqueous complexes compiled at 298.15 K
(25 °C).

The aim of this work is to study, from both
experimental and theoretical points of view, the chem-
ical equilibrium and speciation of ferric chloride in
water at 298.15 K, 313.15 K, and 333.15 K (25 °C, 40 °
C, and 60 °C). These temperatures were chosen consid-
ering that the industrial process could easily reach this
range, for example, using solar energy.

A hydrogeochemical code PHREEQC!”% was used to
quantify the speciation in aqueous iron-chloride species
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at various concentrations and temperatures. The results
of model calculations are compared with the experi-
mentally measured values of pH and electrical conduc-
tivity (k). Further, the values of density (p) and
refractive index (np) were obtained under concentration
and temperature employed in the study.

II. MATERIALS AND METHODS

Experiments using aqueous ferric chloride solutions
were carried out at different concentrations and tem-
peratures, in order to obtain the iron(III) speciation in
the Fe(III)-CIl(I)-H,O system.

A. Materials

Ferric chloride (FeCl5:6H,0) of analytical grade was
used (Merck, 99 pct) without any additional purifica-
tion. Distilled water was passed through a Millipore Co.
“Ultrapure Cartridge Kit” to obtain ultrapure water
(conductivity 0.05 u4S/cm).

B. Methods

In the model, molality was used as a unit of
concentration (i.e., mol/kg H,O) in order to avoid
comparisons with solution density effects. Solutions of
different iron concentrations, ranging from 0.01 to 1.12
mol/kg H,O, were prepared and used in this study.
Solutions reached the equilibrium before 14 hours; this
was confirmed based on the time required to reach
steady values of refractive index and pH.

A known mass of ferric chloride was weighed using a
Mettler Toledo Co. Model AX-204 analytical balance
with a precision of +0.07 mg and dissolved in ultrapure
water to obtain a solution of required concentration.
The solution was continuously stirred for 14 hours.
Each solution was maintained inside a double-jacketed
glass reactor (100 mL). The temperature of the solution
was obtained by control of thermostatic bath. This
method was used for measurement of properties at
different temperatures of 298.15 K, 313.15 K, and
333.15 K (25 °C, 40 °C, and 60 °C).

When the solutions reached equilibrium, samples were
taken for chemical analyses of total iron, ferrous, and
chloride to confirm the initial concentration of FeCls
added to water. Ferrous concentrations were determined
to ensure that ferrous species were not present in the
solution. Total iron concentration was determined using
atomic absorption spectrometry, ferrous concentration
by redox titration, and chloride concentrdtlon by
titration using the Volhard’s method.?

C. Measurements of Properties

Values of pH, electrical conductivities, densities, and
refractive indices were measured at different ferric
concentrations and temperatures. A portable pH meter
Hanna model HI 991003 with a reference electrode of
titanium model HI1297D was used for measuring the
pH of solutions. The equipment has a precision of £0.02
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pH units. Before each measurement, the equipment is
calibrated using buffer solutions of pH 4.01 and 7.01
and checked with a buffer solution of pH 1.68. The
electrical conductivities were measured using an Orion
model 170 conductivity meter (0.5 pct precision). Before
each set of measurements, the instrument was calibrated
with standard KCIl solutions of 12.88, 111.8, and 199
mS/cm depending on the conductivity range. Electrical
conductivities and pH values were measured in dupli-
cate. Solution densities were measured using a Mettler
Toledo DES0 vibrating tube densimeter (measurement
uncertainty: +5 x 10> g/mL). The densimeter was
calibrated using air and deionized water before each set
of measurements at a given temperature and atmo-
spheric pressure. The refractive indices were measured
using a Mettler Toledo RES0 refractometer (measure-
ment uncertainty £1 x 107%). Both instruments had a
self-contained Peltier system for temperature control
(measurement uncertainty +0.01 K). Density and
refractive index measurements were done in triplicate
and average values are reported (Table II). Standard
deviation values were less than 0.05, 0.02, 0.00006, and
0.0002 for pH, electrical conductivity, density, and
refractive index, respectively.

III. MODELING

The methodology to study speciation in aqueous
multicomponent ionic systems involves identification of
dissolved species, definition of equilibrium reactions and
main components, and mass balances for each compo-
nent as a follow-up step. The specific details of the
methodology were reported previously.?”-> 33

Ton act1v1t2y models, such as Bromley,”'*! specific
interaction,?*¥**¥ and extended Debye-Hiickel,!*’-**-"
among others, were used for aqueous electrolyte solu-
tions. In this work, the extended Debye—Hiickel model
was used to estimate the activity coefficients (y;) of
dissolved species.

The main model relationships are as follows:

Ny
Mass balance : TOT X; = Z vi; [10]
i=1

Nep i
Equilibrium: K;; = ajiv’ [11]

=1

—Azzﬁ .

log(y;) = +B-1 12
Bn) = o 12

where TOT X; is the total concentration of a component
jth (mol/kg), v; is the stoichiometric coefficient of
component ith, m; is the molal concentration of com-
ponent ith, K,; is the equilibrium constant of the reaction
for the formation of ith spe01es a; is the activity of a
component jth (mol/kg) yi is the act1v1ty coefficient of
component ith, z; is the charge number of ionic species
ith, I is the ionic strength (mol/kg), 4 and B are Debye—
Hiickel parameters, d is the ionic hard-core diameter
(m), and B is the B-dot parameter of the extended
Debye—Hiickel model (in kg/mol).

The activity coefficient model (Eq. [12]) has four
parameters (4, B, d, and B), including binary electro-
static and short-range ion interactions. This model can
be used for electrolyte solution with ionic strengths up
to ] = 1 m.[27:29:30]

The extended Debye—Hiickel model was used by
Helgeson and co-workers®*” and introduced in several
speciation codes and geochemical software, such as
PHREEQCP® or EQ3/6.*” The parameter values were
obtained from the database thermos.com.V8.R6.230.4

The speciation model in this work was validated by
measurements of ionic conductivity and pH of tested
solutions, the use of the medium range ion activity
model, and the selection of the main species reported in
thermochemical databases.['>?**"! Then, the model was
calibrated with revised values of equilibrium constants
for dissolved iron species. Solubility data for the

Table II. Experimental Measurements for the Fe(I11)-Cl(I)-H,O System at 298.15 K, 313.15 K, and 333.15 K (25 °C, 40 °C, and
60 °C)
pH x (mS/cm) p (g/mL) np
(K)

[Fe(IID)]

(mol/kg H,O) 298.15 313.15 333.15 298.15 313.15 333.15 298.15 313.15 333.15 298.15 313.15 333.15
0.000 7.00 6.30 6.50 0.0 0.0 0.0 09971 0.9922 09823 1.3325 1.3307 1.3274
0.011 2.32 2.24 1.90 49 7.1 12.3 0.9985 0.9934 09845 1.3330 1.3312 1.3279
0.053 1.90 1.82 1.71 15.5 20.9 30.5 1.0039  0.9928 0.9899  1.3348 1.3331 1.3298
0.107 1.70 1.63 1.53 26.5 34.9 48.4 1.0106  1.0057 0.9967 1.3371 1.3352  1.3321
0.212 1.51 1.44 1.36 43.6 56.3 73.95 1.0235 1.0189 1.0105 1.3414 13395 1.3365
0.320 1.38 1.33 1.26 56.9 71.9 94.6 1.0363 1.0316 1.0222 1.3456 1.3437 1.3407
0.427 1.25 1.23 1.17 67.1 85.7 110.6 1.0493  1.0439 1.0354 1.3497 13479 1.3452
0.525 1.17 1.14 1.07 75.4 95.9 124.1 1.0618 1.0570 1.0475 1.3539 1.3521 1.3496
0.640 1.10 1.08 1.01 82.1 104.7 1342 1.0751 1.0696 1.0601 1.3575 13561 1.3531
0.754 1.05 1.02 0.96 86.2 110.1 143.6 1.0875 1.0820 1.0722 1.3619 1.3604 1.3570
0914 0.95 0.92 0.90 90.8 112.8  146.5 1.0990 1.0937 1.0838 — — —
1.123 0.82 0.81 0.81 94.0 117.1 148.7 1.1225 1.1169 1.1072 — — —
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hydromolysite (FeCl;:6H,0) as a function of pH and
temperature were used to obtain the equilibrium con-
stants for FeOHCIJ by mathematical regressions. Last,
the model was validated based on solution electrical
conductivity calculations and measurements using inde-
pendent sets of experimental data, which correspond to
a global property of the solution used as indirect
determination of iron speciation in the studied solutions.

IV. RESULTS AND DISCUSSION

A. Experimental Results

For different Fe(III) concentrations, Table II presents
pH, electrical conductivity, density, and refractive index
values at 298.15 K, 313.15 K, and 333.15 K (25 °C, 40 °
C, and 60 °C). Ferrous concentrations were 0.001 mol/
kg H->O. Since iron is predominantly present in the ferric
state, species containing iron in ferrous were not
considered in the speciation.

A significant increase in conductivity is observed with
temperature and ferric chloride concentrations. The
conductivity of these solutions is mainly determined by
the concentrations of free chloride and hydrogen ions
(CI” and H™), because these ions exhibit the highest
mobilities in the study conditions.

Figure 1 shows experimental results for pH at 298.15
K, 313.15 K, and 333.15 K (25 °C, 40 °C, and 60 °C) in
solutions formed by the dissolution of the hydromolysite
(FeCl5:6H,0) in deionized water.

These measurements show that solution pH decreases
from about 2.2 to 0.81 as Fe(IlI) concentration increases
from 0.01 to 1.12 mol/kg H->O. The increasing acidity
can be explained by Eq. [13]:

Fe*' + H,0 4 2CI™ « FeOHCI) + HT  [13]

A sample of solutions was analyzed using a UV-vis
spectrophotometer (Pharo 300, Merck). The electronic
spectra of the studied compounds are characteristic of
the aqueous-chlorine complex of iron.*> ! and show d—
d transitions of low energy (410 nm); the UV zone shows
characteristic bands associated with metal-ligand tran-
sitions (210 and 294 nm). This could be explained in
terms of the presence of FeOHCIS complex.!'”37)

The results presented in Table II show that iron
hydrolysis is favored by increasing temperature, mani-
festing as a decrease in the pH value of the solution in
the studied conditions. In addition, solution conductiv-
ity increased markedly with temperature. These results
were used to calibrate and validate the speciation model.

From Table I, it can be observed that the values on
the density and refractive index present a linear rela-
tionship with respect to the ferric concentrations (with
average correlation coefficients of 0.9955 and 0.9990,
respectively) for the three temperatures tested. More-
over, for a fixed ferric concentration, density and
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refractive index values decrease when the increase in
temperature.

B. Modeling Results

Speciation modeling was carried out using the
extended Debye—Hiickel thermodynamic equation de-
scribed in a previous article.””! Table IIT summarizes the
species considered and their equilibrium constant values
at 298.15 K, 313.15 K, and 333.15 K (25 °C, 40 °C, and
60 °C). Calculation results are presented in Figures 1, 2,
and 3 for pH, aqueous species distribution, and solution
conductivity, respectively. Table III presents model
species and equilibrium constants at the studied tem-
peratures. Species were selected from literature!!®2%2"]
considering consistent values of their K values as a
function of temperature. The complex FeEOHCI" was
not considered in the model, because this species
exhibits low stability at the studied conditions and
consistent thermochemical IproFerties are not available
in the published literature.">'®) The complex FeOHCIS
was included in the model to represent the solution
hydrolysis and pH decrease when FeCl5:6H,O was
dissolved (Table II).

1. Model calibration

This work considered the equilibrium constant
approach to model the speciation, where equilibrium
constants represent the key parameters. Table III cor-
responds to “speciation tableau” and represents the
aqueous speciation model for the Fe(IIl)-CI(I)-H,O
system, where reactions are represented as stoichiomet-
ric combinations of components.

The neutral FeOHCIS species must be incorporated in
the model to fit the solution pHs obtained along ferric
chloride concentrations. Figure 1 presents these results,
and shows that, if the FeOHCIS is not included, the
model cannot predict the pH. If the presence of this
complex is considered, then the pH calculations are in
agreement with the measurement data for the Fe(III)-Cl
(I)-H;O system in the concentration and temperature
ranges studied.

Using the following set of mass balance equations, the
system can be evaluated for each component:

[H], = [H"] + [HCI°] — [FeOH*'] — [FeOHCI)] »
— 2[Fe(OH); | — 3[Fe(OH),] [14]
[CI], = [CI"] + [HCI’] 4 [FeCI**] + 2[FeCl; | 15

+ 3[FeCly] + 4[FeCl, | + 2[FeOHCII]
[Fe(IIT)], = [Fe**] + [FeOH*"] + [FeCI*"]

+ [FeCl3| + [FeCly] + [FeCl;]  [16]
+ [FeOHCI3] + [Fe(OH)j |
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To solve the mass balance equations, three concen-
trations of the selected components must be measured or
fixed in advance: these are [H],, [Cl],, and [Fe(III)],.

Equations [10] through [12] summarize the equilib-
rium speciation model used in this work, which corre-
sponds to a nonlinear set of algebraic equations derived
from the ionic activities of dissolved species, equilibrium
constants, and the mass balance equations of each
solution component. The hydrogeochemical code
PHREEQC was used to solve the model equations.
This program implements a multidimensional Newton—
Raphson numerical algorithm and allows the calcula-
tion of speciation for the aqueous multicomponent
system formed by minerals, dissolved metals, and
aqueous complexes. The key values for the aqueous
neutral species FeOHCI) were obtained by fitting the
model to experimental measuments of pH at different Fe
(IIT) concentrations. The mathematical regression was
defined by minimizing the sum of squares of the
differences between the experimental and calculated
data presented in Figure 1. The K values obtained for
FeOHCI were log KJ% = —0.8 £ 0.01 at 298.15 K (25 °

pH at Temperature
Y

0.0 0.2 0.4 0.6 0.8 1.0 1.2
[Fe(lil)], (mol /kg H,0)

O 25°C ® 40°C
O 60°C Calulated with the FeOHCI2 complex
— — —Calculated witout the FeOHCI2 complex

Fig. 1—Equilibrium pH of solutions formed by dissolution of hydro-
molysite (FeCl3:6H,0) in water as a function of Fe(III) concentra-
tion and temperature. Experimental data: 298.15 K, 313.15 K, and
333.15 K (25 °C, 40 °C, and 60 °C). Model predictions at 313.15 K
(40 °C): — including Fe(OH)Cly,q) species and — without Fe(OH)
Clyaq) SpECies.

C), -0.94 + 0.02 at 313.15 K (40 °C), and ~1.03 £ 0.01 at
333.15 K (60 °C).

2. Model calculations

Figure 2 shows the equilibrium calculation results at
three different ferric concentrations and temperatures. A
decrease in the concentration of free ions except for H™
was observed as temperature increased due to the
increased stability of FeCl, " and FeOHCI) species with
temperature. For example, at 313.15 K (40 °C) and
[Fe], = 0.75 mol/kg H,O, ferric species distribute as
0.01 pct < Fe(OH), , 0.3 pct FeOH>", 0.5 pct FeCl,,
1.9 pct FeCl3, 3.8 pct Fe**, 16.1 pct FeOHCIY, 37.1 pet
FeCI’", and 40.3 pct FeCl,". Chloride species
distribute as 0.6 pct HCI®, 0.7 pct FeCly, 1.9 pet FeClS,
10.7 pct FeOHCIS, 12.3 pet FeCI>", 26.8 pct FeCl, ",
and 47 pct CI'. Hydrogen species distribute as 10.6 pct
HCI and 89.4 pct H". Relative distributions of Fe-Cl
complexes show similar results as presented by Lee
et al®” and Liu er al!" Clearly, when the Fe(III)
concentration increases, there is an increase in the
quantities of different ferric species (Figure 2).

Model simulations indicate that cations, anions, and
neutral complexes were present in the concentrated Fe
(IIT)-CI(I)-H,0 system. Dominant species in the studied
conditions were Cl, FeCI>", FeCl,*, and H", which
indicate that this solution presents a low buffer capacity
due to the existence of iron chloride complexes and the
relatively low concentration of FeOHCIJ and HCI’
species.

3. Model validation

The inclusion of the complex FeOHCIS into the
speciation model permitted its validation, according to
the measurements and model calculations of pH and
solution conductivity presented by Figures 1 and 3,
respectively.

The formation of this species generates hydrolysis due
to the water and ion associations, generating the
increase in H™ concentration (Eq. [13]). A comparison
between conductivity measurements and model calcula-
tions was also used to validate the thermodynamic
speciation model.?** The conductivity of the solution
was calculated as

Table III. Stoichiometry of the Main Species as a Function of Components in the Fe(II1I)-CI(I)-H,O System

Components Log Kfo

Species H,0 H" cr Fe** 298.15 K 313.15 K 333.15 K References
HCI® 0 1 0 —-0.65 —-0.65 —-0.66 26
FeOH?" 1 - 0 1 -2.21 -1.85 —-1.43 27
Fe(OH); 2 -2 0 1 -5.67 -5.08 -4.39 27
FeCI*" 0 0 1 1 1.49 1.53 1.61 27
FeCl, ™ 0 0 2 1 2.13 2.43 2.84 27
FeCl3 0 0 3 1 1.11 1.49 1.99 27
FeCl,~ 0 0 4 1 -1.26 -0.94 -0.33 19
FeOHCI3 1 -1 2 1 —-0.80 -0.94 -1.03 *

*Calculated in this work from the dissolution data of hydromolysite (FeCl;:6H,O) in water

METALLURGICAL AND MATERIALS TRANSACTIONS B

VOLUME 49B, FEBRUARY 2018—455



1.6
1.4
1.2
1.0
0.8
0.6
0.4

0.2 .
S D o x\ NP A TR W]
© O QT S
O <<Q, QQ’ <<Q’ <« QQJ

(a)

125 °C m40°C 260 °C

Concentration (mol/kg H,0)

1.6
1.4
1.2
1.0
0.8
0.6
0.4

Concentration (mol/kg H,0)

>\
0(\\0 o OQ'X
N

Concentration (mol/kg H,0)

@@ (@

1.6
1.4
1.2
1.0
0.8
0.6
0.4

0.2

AN RGP ©
O IROER %Q@C)\b\ Qé’

1125°C m40°C ©60°C

R 0
\0\ QQ}O QQ) <<Q,

(b)

m40°C 260 °C

oz bl wew e _

x\o{b x\ X\b‘\\O{b

\?‘\ n_,{( QQ

Fig. 2—Calculated speciation at 298.15 K, 313.15 K, and 333.15 K (25 °C, 40 °C, and 60 °C) for aqueous solutions of ferric chloride at (a)
0.052 mol Fe(Ill)/kg H,O, (b) 0.32 mol Fe(Ill)/kg H,0, and (¢) 0.75 mol Fe(Ill)/kg H,O.

-
;E 160 —
25 140 o.--8--"0
S = _g-
5@ 12 g e
o £ _ e_-2--"°
3 = 100 Pl -
- O =-==0
€ 2 g s _-® G =-P--
o 5 L0 -e oo
O% 60 e "
c = @’ Cd
© 2 40{ 7140
£ ke
2E 2
aF o
0.0 0.2 04 0.6 0.8 10 1.2
[Fe(lll)], (mol/kg H,0)
O 25°C @ 40°C O 60°C — — Calculated

Fig. 3—Solution conductivity at 298.15 K, 313.15 K, and 333.15 K
(25 °C, 40 °C, and 60 °C) as a function of Fe(III) concentration in
aqueous solution. Experimental data: 298.15 K, 313.15 K, and
333.15 K (25 °C, 40 °C, and 60 °C). Model predictions: —.

F2 NI
2
K=—=Y Z7CiDes; (17]
RTI. !

where « is the solution conductivity (mS/cm), F is the
Faraday’s constant (96,487 coulomb/mol), R is the ideal
gas constant (8.3173 J/mol/K), T is absolute temperature
(K), C is the molar concentration (kmol/m?), and Dy is
the effective diffusivity of the ionic species (m~/s).
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The use of Eq. [17] requires knowledge of ion
diffusivities and their respective concentrations in the
aqueous solution. Tonic concentrations were calculated
with the speciation model (Egs. [10] through [12]), and
the effective diffusivity (Der,;) was determined by math-
ematical regression from multicomponent solution mea-
surements in this work.

The ionic conductivity of solution was related to the
effective diffusivity of chloride ion (most mobile species)
according to

F2 NI-1 Do
Kk=——Decr |Car + Y (z?c,- efd ) [18]
i

RT Det -

Then, the effective diffusivity ratios were approxi-
mated by a standard diffusivity ratio at 298.15 K (25 °
C), which is known for diluted solutions, as follows:

Dy DY
Cf,l ~ 01 [19]
Def,Cr Dc]*

For the case of the complex ions, the standard
diffusivity (D°) was calculated according to the method-
ology proposed by Anderko and Lenka®® for multi-
electrolyte solutions as follows:
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Table IV. Standard Diffusivities of Ionic Species at 298.15 K
(25 °C)

Species Tonic Diffusivity, D° ™%/s (x107%)
H' 9.31281
Fe’* 0.6048]
OH" 5.27381
cl 2.0328
FeOH>" 0.4027 (estimated Eq. [10])
FeCI** 0.4025 (estimated Eq. [10])
FeCl,* 0.2012 (estimated Eq. [10])
FeCly 0.2011 (estimated Eq. [10])

0 o |Zcomplex | [20]

complex NC 371 /3
=N

Table IV shows the standard diffusivities of ionic
species at 298.15 K (25 °C), calculated for iron com-
plexes using Eq. [20], and the electrical conductivities of
the free ions reported by Haynes.!*”

Finally, the effective diffusivity of chloride ions was
corrected for studied solutions (due to iron concentra-
tion and changes in density and viscosity) using an
empirical relationship developed by the authors, which
was then fitted to experimental data for the studied
systems. The proposed relationship is

_MFe
Deicr- = Dcre( ‘) [21]

where D¢y is the chloride ion diffusivity in the support-
ing electrolyte, mg, is the total dissolved iron concen-
tration, and m"™" corresponds to an empirical parameter
for chloride ion diffusivity.

Measurements and calculations of the electrical con-
ductivity for various solution compositions are shown in
Table II and Figure 3. Electrical conductivity increases
with dissolved iron chloride concentration in solution
and temperature. The speciation model simulations
explain this phenomenon, which indicates that the
concentration of hydrogen ions (H') increases with
temperature together with the mobilities of ionic species.
The ionic association degree increases with temperature;
i.e., the relative amounts of Fe-Cl complexes increase.
This is also evident by the decrease in the ionic strength
of solution from 1.61 mol/kg H,O at 298.15 K (25 °C) to
1.2 mol/kg H,O at 333.15 K (60 °C).

Figure 3 shows that there is good agreement between
experimental values and the values predicted by the
speciation model developed by the authors. The stan-
dard deviations between experimental and calculated
values were about 0.1 to 5 pct, depending on solution
concentration. Greater differences were observed in
more concentrated solutions (for pH < 0.7), due to
the increase in the ionic strength (/ > 1.5 mol/kg H,O)
and the deviations predicted by the extended Debye—
Hiickel model used.
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Fig. 4—Effective diffusivity of CI” in aqueous solution at 298.15 K,
313.15 K, and 333.15 K (25 °C, 40 °C, and 60 °C), as a function of
ferric concentration.

The model was validated comparing the calculated
and experimental results; i.e., the species distribution
and its concentrations are in agreement with the Fe(III)
in aqueous solutions in the 298.15 K to 333.15 K (25 °C
to 60 °C) temperature range. The average parameters of
Eq. [21] in the aqueous solution are D¢y = 2.03:107°
(m?/s) and m™" 0.5 + 0.05 (mol/kg) at 298.15 K (25 °C),
D¢ = 2.91-107° (m?/s) and m"™" 0.45 & 0.05 (mol/kg) at
313.15 K (40 °C), and Doy = 4.34-10°° (m?/s) and
m™ = 0.38 + 0.05 (mol/kg) at 333.15 K (60 °C).

Figure 4 shows the effective diffusivity of Cl™ in Fe
(III)-CI(I)-H,O solutions at 298.15 K, 313.15 K, and
333.15 K (25 °C, 40 °C, and 60 °C), as a function of total
dissolved iron concentration. An increase in CI~ diffu-
sivity was observed with an increase in solution temper-
ature, and a reverse trend was observed with the
dissolved iron concentration. In the range of 0 to 1.12
mol/kg H>O Fe(Ill), the diffusivities diminished by 88,
91, and 94 pct at 298.15 K, 313.15 K, and 333.15 K (25°
C, 40 °C, and 60 °C), respectively.

The model developed here includes electrostatic (long-
range) binary interactions between cations and anions
and short-range interactions evaluated as a function of
solution ionic strength. This model could not be
extended to a higher concentration range due to the
difficulties in pH measurements for high acidity solu-
tions. Additional multi-ion interactions, which are
significant at high concentrations, were not included in
this model and require further work and the use of a
wider range of ion activity models, such as Pitzer and
co-workers’ model.*>*% Also, the inclusion of other
ionic and neutral iron-chloride complexes, such as Fe
(OH)C1" or Fe(OH),CI°, Fe(OH)CI5, requires further
experimental studies.

V. CONCLUSIONS

The experimental data and thermodynamic model
described in this work allow the prediction of the
speciation in the Fe(III)-CI(I)-H,O system at 298.15 K,
313.15 K, and 333.15 K (25 °C, 40 °C, and 60 °C).
Calculations are in fair agreement with experimental
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observations of pH and electrical conductivity through-
out the studied concentration ranges and temperatures.

Free acidity increases with the amount of dissolved
iron in solution, indicating the existence of hydrolysis
between dissolved ferric and chloride species to form the
dissolved complex FeOHCIS. Electrical conductivity of
studied solutions increased with both temperature and
the amount of dissolved ferric chloride concentrations,
indicating that more mobile ions H* and CI* were
present.

The properties, densities, and refractive indices
change linearly with the ferric concentration. For a
fixed ferric concentration, the values of density and
refractive index show a decrease with the increase of
temperature. Model simulations indicate that cations,
anions, and neutral complexes are present; the dom-
inant species in the studied conditions were CI,
FeCI>*, FeCl,", FeOHCIS, and H'. A decrease in
the concentration of Fe’" and CI” was observed as
the temperature increased, due to the stability increase
of Fe-Cl complexes. These ion associations result in
lower values for ionic strength as the temperature is
increased.

The agreement obtained by comparison of experi-
mental and calculated results shows that the model has
been qualitatively and quantitatively validated; i.e., the
predicted species distribution and solution concentra-
tions are correct for aqueous solutions of Fe(III) and Cl
() in the ranges of temperature 298.15 K to 333.15 K
(25 °C to 60 °C) and ferric iron concentration 0.01 to
1.12 mol/kg H,O. Finally, the following standard
equilibrium constants for FeOHCIS were obtained by
using the thermochemical equilibrium model developed
in this work: log K? = —0.8 £ 0.01 at 298.15 K (25 °C),
—0.94 + 0.02 at 313.15 K (40 °C), and —1.03 £ 0.01 at
333.15 K (60 °C).
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NOMENCLATURES

Activity (a; = m;y;), mol/kg
Tonic hard-core diameter, m
Debye—Hiickel parameter, kg
Debye—Hiickel parameter
B-dot parameter of the extended Debye—
Hiickel model, kg/mol

Molar concentration, kmol/m?

Effective diffusivity of the ionic species, m?/s
Faraday’s constant, 96,487 coulomb/mol
Ionic strength, mol/kg

Equilibrium constant of formation reaction on
a molal basis

1/2/m011/2

SIS RN N
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m Molal concentration, mol/kg
ref Empirical reference concentration parameter,
mol/kg
NC Number of solution components
NI Number of ionic species in the solution
R Ideal gas constant, 8.3173 J/mol/K
T Absolute temperature, K
TOT X Total concentration, mol/kg
X Concentration of a component, mol/kg
z Charge number of ionic species

GREEK LETTERS

Activity coefficient

Solution conductivity, mS/cm
Stoichiometric coefficient
Density

D<=

SUBSCRIPTS
f Formation
i Species subindex
i Component subindex

sp  Species

ef  Effective

r Reaction

Fe Dissolved iron

Cl dissolved chloride

SUPERSCRIPTS

0 Thermodynamic standard state
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