Heat Mass Transfer (2016) 52:2067-2073
DOI 10.1007/s00231-015-1724-y

@ CrossMark

ORIGINAL

Experimental investigation of particle dissolution rates in aqueous

solutions for hydrogen production

0. A. Jianu! - Z. Wang! - M. A. Rosen' - G. F. Naterer>

Received: 3 November 2014 / Accepted: 23 November 2015 / Published online: 28 November 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract Results of reaction kinetics studies of chemi-
cal processes related to materials integration of the thermo-
chemical copper-chlorine cycle for hydrogen production are
reported. The reaction rate of solid cuprous chloride (CuCl) in
liquid hydrochloric acid is investigated experimentally for var-
ious acid concentrations. A rate constant—a function of con-
stituent concentrations—describes how quickly the reactants
are converted into products in satisfying the activation energy
to enable the reaction to move forward. In this paper, the
change in area of a solid CuCl particle is examined, rather than
concentration in previous studies. New predictive models are
developed to describe the characteristics of the chemical reac-
tion in terms of its transition states and reaction mechanisms.

1 Introduction

Thermochemical cycles are promising alternatives for
large-scale hydrogen production. In recent years, the
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copper-chlorine (Cu-Cl) cycle has increasingly attracted
the interest of engineers and scientists due to its lower tem-
perature input (i.e. below 550 °C) than most other thermo-
chemical cycles (i.e. above 650 °C) [1-5]. A schematic of
a thermochemical Cu-Cl cycle for water splitting showing
overall inputs, outputs and required temperatures for opera-
tion is illustrated in Fig. 1.

Thermochemical water decomposition  generally
involves at least three distinct steps: hydrogen production,
oxygen production and recycling [1]. The advantage of this
cycle is that chemical reactions form a closed internal loop
and recycle all chemicals on a continuous basis, without
emitting any greenhouse gases externally to the atmosphere
[6-9].

In the first step of the cycle, hydrogen is generated from
an electrochemical reaction given by:

2CuClaq) + 2HCl(aq) — 2CuClp(aq) + Ha(g) (D)

The efficiency of the electrolytic cell depends on the elec-
trode materials and their ability to produce hydrogen at low
potentials, on the performance of the membrane and on the
concentration and temperature of electrolytic solution [6].

The second step of the cycle involves removal of the
water from aqueous cupric chloride. Different methods
have been investigated with crystallization being consid-
ered as an effective method to recover solids from solution,
due to its relatively low energy utilization, low material
requirements and lower cost compared to other alternatives.

The third step involves supplying the water-free CuCl,
solid to the hydrolysis reactor to produce copper oxychlo-
ride (Cu,OCl,) and HCI gas [7]. This is achieved in an
endothermic non-catalytic gas—liquid or gas—solid reaction,
expressible by the following equation:

2CuClys) + Hz0(e) — CuzOClys) + 2HCI(g) (2)
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Fig. 1 Schematic of a thermochemical Cu-Cl cycle showing input
and output requirements

The chemical equilibrium and gaseous product fraction of
this reaction predict the ability to effectively integrate the
hydrolysis reactor and the downstream electrolytic process
as indicated by Eq. (1).

The last step in the cycle is the decomposition reaction.
This reaction is expressed by:

1
CUZOCIQ(S) — 2CuCl(aq) + 502(g) 3)

This is a decomposition reaction in which gaseous oxygen
and molten CuCl are obtained from copper oxychloride.
Several gaseous products exit the reactor such as oxygen,
CuCl vapour and some products from side reactions such
as HCI gas, Cl, gas and water vapour. When particles enter
the reactor at a temperature below 430 °C, bubbles may
develop in the molten salt. These bubbles and their aggre-
gate formation decrease the contact area between the reac-
tant particle and heating medium; therefore, aggregations
may float to the surface. This may be a major safety con-
cern, as reported in Ref. [1]. A model to predict the amount
of mass transferred into the bubbles has been reported in
[9].

For successful operation of the Cu-Cl cycle for hydro-
gen production, it is important to effectively design inter-
mediate processes that aid in the integration of the main
steps. Molten CuCl salt leaves the oxygen reactor, enters an
intermediate step that recovers heat thus changing its state
to solid, and finally reaches the electrolysis reactor where
it aids in the production of hydrogen. Similarly, HCI gas
leaves the hydrolysis reactor and enters the electrolysis
reactor as hydrochloric acid. For improved performance of
the cycle, it is necessary to dissolve the solid CuCl parti-
cles in aqueous HCI before reaching the electrolysis cell.
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Hence, a second intermediate step is required between the
oxygen reactor and electrolysis reactor. Before introducing
this step, a series of experiments have been performed to
understand the dynamics of solid CuCl particles in aqueous
HCI. Since HCI volatility increases with concentration and
temperature, this step will be performed at temperatures
close to room temperature to minimize the escape of HCL
A better understanding of the dynamics of the particles
and the dissolution rates will aid in the design of the mix-
ing step and effective integration of the cycle. Experiments
have been performed and results are presented in Sect. 3.

In liquid—solid flows, there is a liquid continuum car-
rying dispersed solids which are suspended in the liquid
phase due to drag and pressure forces. These types of flows
form slurry flows and comprise two different aspects: one
that regards the mixture as a whole and another that is the
relative flow between solid particles and the liquid. One
key aspect of solid-liquid flows is to understand the par-
ticle’s behavior in the mixture; that is, whether particles
distribute evenly within the mixture and remain suspended
or segregate and deposit. Researchers have found that there
is a tendency towards segregation in vertical flows which
is due to symmetrical configurations of forces. A uniform
solid distribution can be expected as long as the condi-
tion for conveyance is satisfied. It was also found that the
only particles that can be kept suspended without any tur-
bulence have Re < 107° and they are conveyed by Brown-
ian molecular movement [10]. To have particle suspension,
the ratio of the settling velocity of the particles and fluid
velocity must be kept constant. In this paper, the critical
settling velocity of coarse particles is investigated in order
to determine a fluid velocity that would keep the particles
suspended. This is a necessary condition to ensure CuCl
particles dissolve evenly in aqueous HCI and the dissolu-
tion rate is accelerated.

In dissolution, a solute dissolves in a solvent to form
a solution. In this process, the solute’s structure is disin-
tegrated into separate ions, atoms and molecules. This is
governed by thermodynamics and kinetics. The outcome of
the process is limited by the heat of solution and entropy
of solution while the dissolution itself is a kinetic process
and not governed by such energies. Solubility is defined by
the saturated concentration of solute in a solution, which is
determined by the thermodynamic limit. Dissolution is not
always an instantaneous process as it depends on the rate of
diffusion and the surface area of the material.

Solubilities of solids in liquids are required to determine
mass transfer in liquid—solid systems. Studies of solubility
of solid cuprous chloride (CuCl) in aqueous hydrochloric
acid (HCI and H,0) have been reported in past literature
[11-13]. Shashikant et al. [11] investigated the solubility
in an oxygen free environment since the presence of oxy-
gen may oxidate the cuprous salt CuCl to soluble cupric
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salts containing Cu®*. O’Connor et al. [12] performed
solubility experiments in order to determine a solubility
curve. Their study investigated the conversion rate from
CuCl to CuCl, ions in order to determine the crystal size
of chloro complexes. Frits investigated the solubility in
order to determine the equilibrium constants for formation
and a set of viral parameters representing the activity coef-
ficients of the ions formed in dissolution [13]. The oxida-
tion of CuCl by O, in aqueous HCI has been studied in
order to clarify the kinetics of chemical absorption of O,
in the aqueous ternary system. Gavrish and Galinker [14]
compared the dissolution of CuCl in water and aqueous
HCI, then determined that even a relatively low concentra-
tion of HCI (0.6 M) can significantly increase the solubil-
ity of CuCl.

Researchers have been developing techniques to monitor
reactions over small timescales in the range of femtosec-
onds to large timescales over hours or days. It is relatively
straightforward to monitor the kinetics of a slow reaction
and challenging to monitor fast reactions, which in general
require highly specialized techniques for accurate monitor-
ing. In general, kinetics experiments consist of initiating a
reaction by mixing the reactants, however, the timescale of
the initiation is negligible relative to that of the reaction.
Once the reaction is initiated, the concentrations of the
reactants and products are monitored. Most of the tech-
niques studied by researchers are batch or continuous. In
batch techniques, concentrations are monitored as a func-
tion of time after the reaction is initiated. In a continuous
technique, the reaction initiation occurs on a continuous
basis and the different concentration regions in the reaction
vessel infer to the reaction mixture composition and time
[15-17].

Mass transfer occurs between liquid and solid during
dissolution. The driving force of dissolution of a particle is
limited by thermodynamic equilibrium, which relates to the
solubility. The reactant system between the decomposition
reactor and electrolysis of the Cu-Cl cycle is a ternary sys-
tem involving CuCl, HCI and H,0. For integration of the
decomposition reactor with the electrolytic cell, it is nec-
essary to determine the solubility equilibrium. Hence, the
objective of this investigation is to examine the dissolution
rate of solid CuCl in aqueous HCI solution experimentally.
Since the dissolution of solid CuCl in aqueous HCI is not
easy to be observed by human eyes, a different method of
monitoring the rate was utilized. In this paper, the reaction
was initiated and the size of particles was monitored via a
camera system. The dissolution of CuCl in aqueous HCl
is an important auxiliary process of the thermochemical
Cu-ClI cycle for hydrogen production, as the reactor inte-
gration design depends on determining the reaction kinet-
ics. The findings could be used for matching the material
flows in the integration of the decomposition reactor with

the anode of the electrolysis cell in the thermochemical
Cu-Cl cycle for hydrogen production.

2 Dissolution and reaction model

The dissolution of solid CuCl particle in aqueous HCI
could be described as a special case of a chemical reaction
wherein the chemical species react directly to form prod-
ucts. This process is given by:

CuCl(s) & Cugh) + CIR Ky @)
where k. is the rate constant.

The rate constant k, describes how fast a chemical pro-
cess reaches equilibrium; that is how fast the reactants
are converted into products by overcoming the activation
energy enabling the reaction to move forward. Without
overcoming the activation energy, the reaction would not
take place as shown in the previous section (i.e. CuCl does
not dissolve in a binary system at low temperature and the
dissolution rate increases with the increase in concentra-
tion of HCI). The reaction rate k. and the kinetic energy
required for activation of the reaction describes how fast
this reaction will reach equilibrium (i.e. the maximum reac-
tion extent).

Therefore, the integrated rate law of a first-order reac-
tion is:

In[CuCll; = —kit + [2[CuCl]g (5)

Equation (5) can be rearranged as follows:

[CuCl];
In[ — | = Kkt
n([CuCI]o) r ©
Solving Eq. (6) results in:

[CuCl], = [CuCl]ge X! (7)

Where [CuCl],, is the initial concentration of CuCl, [CuCl],
is the concentration of CuCl at time t, k. is the rate con-
stant and t is elapsed time. This analysis is applied in
Sect. 4. However, the change in area of the solid CuCl par-
ticle is examined, rather than the concentration. Also, it is
important to note that the proposed model in Eq. (5) only
accounts for the forward reaction of the system.

3 Experimental setup

An experimental apparatus has been designed and built at
the University of Ontario Institute of Technology (UOIT)
in the Clean Energy Research Laboratory (CERL) to inves-
tigate dissolution rates of solid CuCl in aqueous HCI.
The experimental apparatus consists of an 8-in high, 4-in
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Fig. 2 Experimental setup for dissolution rate

diameter clear Pyrex vessel filled with liquid and a cam-
era system (see Fig. 2). The experimental setup design and
construction are described in detail in Ref. [18]. The setup
was designed based on Refs. [19-21] so that the uncer-
tainty associated with the experiment can be minimized.
The experimental error introduced due to the equipment
and analysis as well as the deviation is shown in Table 1. It
is observed that the highest error is due to calibration of the
camera. In order to minimize this error, a calibration tech-
nique suggested in [22-24] was employed and compared
with the calibration technique presented in DynamicStudio
software.

Irregular shaped particles with a mass of ~7 mg are
dropped in HCI solution. Due to a difference in concentra-
tion, molecular diffusion takes place until equilibrium is
achieved. Howeyver, it has been observed that the molecular
diffusion is significantly slowed down due to local satura-
tion. Methods for enhancing the dissolution rate are sought
since a faster dissolution rate is desirable for the process
integration of the Cu-Cl cycle. Therefore, the research
group has investigated the introduction of nitrogen to aid
in the mixing of the solution for an improved dissolution
rate. The effect of mixing through gas cross-flow and coun-
ter-flow for different injection angles has been reported
[25-27]. Hence, in this set of experiments, nitrogen gas is
supplied from the bottom of the Pyrex vessel. Nitrogen was
supplied at a flow rate of 4L/min. This flow generated some
turbulence in the liquid to reduce the local saturation of dis-
solved CuCl, however it was assumed small relative to the
magnitude to significantly disturb the motion of particles.

@ Springer

Table 1 Mean relative error of the reaction kinetics predictive model

Phase Molarity (M)  Number of Mean relative
data points error (%)

Liquid—Solid 6 4 2.71
9 5 12.68
12 5 28.39
Gas-Liquid-Solid 6 4 4.87
9 5 4.64
12 5 6.49

4 Results and discussion

As described in the previous section, solid CuCl particles of
the same mass (i.e. 7 mg) were dropped into quiescent HCl
solution and the change in area was recorded. Figures 3, 4
and 5 illustrate the change in area for particles dissolving
in 6 M, 9 M and 12 M HCI solution, respectively, where M
is the molarity of the solution. It is important to note that
although the particles have the same mass, the projected
area recorded by the camera is different due to the irregular
shape of the particles. Figure 3 shows the particle dissolu-
tion in 6 M HCI whereas the model is reported in Ref. [18].
A model for particle dissolution in 9 M HCl quiescent solu-
tion (Fig. 4) is obtained which has the following form:

Agm = 12.97 x ¢~0:00057t .

where Agy; represents the surface area of particle dissolving
in 9 M HC], and t is the time. This representation returned an
R-squared value of 0.9801, which indicates a good correlation
between the variables. Also, it can be estimated that a decrease
in area from 12.60 mm? to 4.86 mm? would take about 1500 s.
Similarly, a model for particle dissolution in 9 M HCl solution
with mixing is obtained which is of the following form:

12 T T T T T T T

- — = Model in solution with mixing
® Dissolution in quiescent solution
Model in quiescent solution

} v Dissolution in solution with mixing
\

0 200 400 600 800 1000 1200 1400 1600

Time (s)

Fig. 3 Comparison of CuCl particle dissolution in a 6 M HCI quies-
cent solution and solution with mixing



Heat Mass Transfer (2016) 52:2067-2073

2071

14 T T T T T T T
® Dissolution in quiesent solution
Model in quiescent solution
12 v Dissolution in solution with mixing | |
- — —Model in solution with mixing
10 4

0 200 400 600 800 1000 1200 1400 1600
Time (s)

Fig. 4 Comparison of CuCl particle dissolution in a 9 M HCI quies-
cent solution and solution with mixing

Agm,,, = 6.809 x ¢ —0-00098¢ o

where Agy,, represents the surface area of particle dissolv-
ing in 9 M HCI solution with mixing. This representation
returned an R-squared value of 0.9762, which indicates a
good correlation between the points. Also, it can be esti-
mated that a decrease in area from 6.94 mm? to 3.59 mm?
takes about 750 s.

The change in area for 12 M HCl solution is obtained by the
same procedure. From Fig. 5 it can be noted that the solid par-
ticle’s area change follows an exponential decrease given by:

Aom = 9.706 x o —0-00083t 00

where A, represents the surface area, and t is the time. This
representation returned an R-squared value of 0.9811, which
indicates a good correlation between the variables. Also, a
change in area from 9.62 mm? to 3.43 mm? took about 1100 s.

14 T T T T T
1N
\\\ v Dissolution in solution with mixing
12 AN — = —Model in solution with mixing N
AN § ® Dissolution in quiescent solution
A Model in quiescent solution

0 200 400 600 800 1000 1200
Time(s)

Fig. 5 Comparison of CuCl particle dissolution in a 12 M HCI quies-
cent solution and solution with mixing

Finally, dissolution of solid CuCl particle in 12 M HCI
solution with mixing and the change in projected area is
given by:

Alemix =13.77 x e—0.00lzt (11)

This returned R-squared value of 0.9438 indicates a good
correlation between the points. From Fig. 5, it is esti-
mated that a change in projected area of the particle from
13.1 mm? to 6.21 mm? takes about 560 s. Therefore, when
nitrogen bubbles are introduced as a mixing agent, the time
to dissolve particles decreases by about 50 %.

A relationship between the exponents as a function of
concentration of HCI is needed. Through a semi-mecha-
nistic approach based on non-linear least square method, a
relationship for the exponents was determined as follows:

Kpq = —8.696 - 1073 x [HCI] + 0.00021 (12)

where k, , describes the dissolution rate in quiescent HCI
solution.

Also, it is noted that constants 12.970 and 9.706 in
Eq. (8) and (10) are the initial projected areas of the CuCl
particles in 9 M and 12 M quiescent HCI solution, respec-
tively, whereas the initial area for the 6 M HCI solution is
obtained from Ref. [18]. Therefore, an expression for the
change in area of CuCl particles in quiescent HCI solution
is given by:

Aq = Age Fra! (13)

where A is the projected area changing as a function of
time t in quiescent solution, A is the initial area and kr,q is
given by Eq. (12).

Similar to the procedure described for particles dissolv-
ing in quiescent solution, it is necessary to obtain a rela-
tionship describing the exponents in terms of HCI concen-
tration. The same semi-mechanistic model described above
was applied to determine a relationship as follows:

kem = 7.671 - 107> x [HCI] + 0.00029 (14)

Also, constants 6.809 and 13.770 in Eq. (9) and (11) are the
initial projected areas of the particles dissolving in 9 M and
12 M solution with mixing, respectively, whereas the initial
area for 6 M solution is obtained from Ref. [18]. Therefore,
a relationship is describing the change of area for differ-
ent HCI molarities in the presence of mixing is obtained as
follows:

Ay = Age ket (15)

where A, is the area changing with time t in the presence
of mixing, A is the initial projected area of the particle and
K, is given by Eq. (14).

In order to evaluate the performance of the model, the
mean relative error 11 was calculated. The performance of
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Table 2 Particle dynamics results

R,,j (mm) R, (mm) Sphericity () Re, Cp Settling velocity, v, Hindered settling
(m/s) velocity, v (m/s)
1.220 0.550 0.886 982.25 0.55 0.48 0.31
1.499 0.694 0.893 70.52 1.22 0.37 0.21
0.831 0.531 0.963 704.39 0.58 0.43 0.36
1.096 0.965 0.997 80.76 1.14 0.38 0.37
1.672 0.633 0.836 76.41 1.17 0.38 0.23
1.266 0.299 0.681 37.64 1.69 0.24 0.13
0.878 0.534 0.954 29.36 1.96 0.24 0.21
1.209 0.440 0.824 41.54 1.60 0.27 0.17
1.235 0.397 0.784 51.85 1.42 0.28 0.16
1.219 0.892 0.982 81.40 1.14 0.38 0.35
1.476 0.539 0.825 54.81 1.38 0.32 0.19
1.398 0.689 0.909 60.61 1.31 0.35 0.27
0.921 0.737 0.991 71.79 1.21 0.33 0.30
1.113 0.643 0.945 56.05 1.36 0.32 0.27
1.326 0.960 0.981 113.72 0.99 0.43 0.39
0.988 0.709 0.980 80.22 1.15 0.34 0.32
1.217 0.892 0.982 90.65 1.08 0.39 0.36
1.411 1.360 1.000 108.90 1.00 0.47 0.47
1.749 0.846 0.905 87.90 1.10 0.42 0.31
1.564 0.915 0.947 88.02 1.10 0.42 0.35
1.999 1.514 0.986 181.88 0.83 0.58 0.54
1.334 0.949 0.979 126.72 0.94 0.44 0.40
2.080 0.923 0.882 114.72 0.98 0.48 0.44
1.884 1.415 0.985 157.88 0.87 0.55 0.51

the model at different HCI concentrations, with and without
mixing is summarized in Table 1.

The main forces acting on the falling particles are gravi-
tational, buoyancy and drag. When particles are in motion,
the drag force, which is a function of particle’s velocity,
opposes the gravitational force. The particle’s velocity
increases until the gravitational force is balanced by the
drag force and buoyancy at which point there is no further
change in a particle’s velocity and this velocity is referred
to as the terminal velocity. A falling particle’s terminal
velocity is affected by parameters altering the drag; there-
fore the terminal velocity is most notably dependent upon
a particle’s size, shape (e.g. sphericity) and density. Also,
drag is affected by fluid properties such as viscosity and
density.

The behavior of spherical particles in a fluid can be
described by Stokes, transitional and Newtonian settling
models. However, these models have limitations in prac-
tical applications since the walls of the vessel and other
particles can also affect particle’s velocity. Therefore, it
is important to consider the interaction of particles in the
fluid, or the interaction of the particles with the container

@ Springer

walls in practical applications such as the copper-chlorine
cycle. For this reason, a hindered settling velocity was con-
sidered in the analysis of particle dynamics for improved
dissolution. The hindered settling velocity was calculated
using the model of Webber [10]. In the first step, Re;
was calculated based on particle’s instantaneous velocity
recorded by the camera. The setup to record the particle
velocity is described in detail in Ref. [18]. Once Re  was
determined, the particle terminal velocity and sphericity
were calculated. Lastly, the hindered settling velocity of
the particle was obtained and tabulated in Table 2. It can
be observed that the hindered settling velocity ranges from
about 0.27 to 0.63 m/s for the tested particles. Therefore,
for all the particles to be suspended, the flow velocity must
be much greater than the upper range of the hindered set-
tling velocity.

5 Conclusions

New experimental data on the particle dissolution kinet-
ics associated with cuprous chloride dissolution in
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hydrochloric acid have been reported in this paper. Correla-
tions were developed to provide new insight about the con-
centration of the solution and the dependence of the change
in area of the particle on time and concentration. Results
were presented for different concentrations in quiescent
and mixed solutions. These results aid in the integration
of material streams of the thermochemical Cu-Cl cycle for
hydrogen production.
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