
Materials and Product Engineering

An investigation on dissolution kinetics of single sodium carbonate particle with image
analysis method

Changdong Li 1, Carlos Amador 2, Yulong Ding 3,⁎
1 Institute of Particle Science and Engineering, University of Leeds, Leeds, UK
2 Procter & Gamble Newcastle-Upon-Tyne Innovation Centre, Newcastle, UK
3 School of Chemical Engineering, University of Birmingham, Birmingham, UK

a b s t r a c ta r t i c l e i n f o

Article history:
Received 6 January 2016
Received in revised form 23 June 2016
Accepted 27 July 2016
Available online xxxx

Dissolution kinetics of sodium carbonate is investigatedwith the image analysismethod at the approach of single
particle. The dissolution experiments are carried out in an aqueous solution under a series of controlled temper-
ature and pH. The selected sodium carbonate particles are all spherical with the same mass and diameter. The
dissolution process is quantified with the measurement of particle diameter from dissolution images. The
concentration of dissolved sodium carbonate in solvent is calculated with the measured diameter of particle.
Both surface reaction model and mass transport model are implemented to determine the dissolution mecha-
nism and quantify the dissolution rate constant at each experimental condition. According to the fitting results
with both two models, it is clarified that the dissolution process at the increasing temperature is controlled by
the mass transport of dissolved sodium carbonate travelling from particle surface into solvent. The dissolution
process at the increasing pH is controlled by the chemical reaction on particle surface. Furthermore, the dissolution
rate constant for each single spherical sodium carbonate particle is quantified and the results show that the disso-
lution rate constant of single spherical sodium carbonate increases significantlywith the rising of temperature, but
decreases with the increasing of pH conversely.
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1. Introduction

Dissolution of solid particles has been studied over one century and
it is widely applied into various chemical and physical applications such
as food industry, pharmaceutical and household product. A typical disso-
lution is generally the process of solute forming a solution in solvent.
Threemain dissolutionmodels are thus developed includingmass trans-
port model, surface reaction model and inter-facial barrier model [1].
Based on these dissolution models [2], a vast number of mathematical
models were proposed, such as Noyes-Whitney equation [3] and
Hixson-Crowell model [4], and used to quantify the dissolution kinetics
at different dissolving conditions.

Traditional dissolution studies mainly rely on the dissolution
experiments such as U.S. Pharmacopeia (USP) dissolution apparatus
[5]. The dissolution process usually ismeasuredwith conductivity or re-
fractometrymeasurements. Dissolutionmechanisms can be interpreted
with the existing dissolutionmodels. Although conventional research is
normally based on the dissolution tests of bulk of particles, many
dissolution studieswith the approach of single particle have been raised
and implemented into several materials in the recent 20 years. For
example Dorozhkin quantified the dissolution kinetics of single crystal

of natural fluorapatite with optical microscopy, SEM, Auger electron
and IR reflection spectroscopy [6]. Raghavan et al. quantified the disso-
lution kinetics of single crystal of α-lactose monohydrate, and linear
dissolution profiles were determined as a function of time [7]. Štěpánek
simulated the effective dissolution according to the local fluxes as the
solution of a convection–diffusion problem in the surrounding liquid
phase [8]. However, it is rarely investigated for sodium carbonate
which is one of the most important basic compositions of many prod-
ucts such as detergent and baking powders with the approach of single
particle to study the dissolution kinetics. The dissolution properties of
sodium carbonate show a large extend to affect the quality of final prod-
ucts. Therefore, this work is highly motivated to overcome this vacancy
of dissolution studies for sodium carbonate with the approach of single
particle to determine its dissolution mechanism at different conditions
and quantify its dissolution kinetics. The dissolution conditions that af-
fect dissolution kinetics of solid particles generally based on the physical
and chemical properties of solution [9–10]. In this work, the dissolution
experiments are carried out with increasing temperature and pH sepa-
rately. Therefore, the dissolutionmechanismof single sodium carbonate
particle at increasing temperature and pH can be investigated and the
dissolution kinetics are also quantified. In this way, the works in this
paper will also provide vast information to extend the understanding
of dissolution properties of sodium carbonate from the approach of
single particle to bulk.
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The dissolution process of single particle is normally excessively fast
and the entire dissolution environment changes within a very small
scale, it therefore is very difficult to measure the dissolution process di-
rectly with themeasurement techniqueswhich are usually applied for a
bulk of particles. To accomplish the dissolution experiments of single
sodium carbonate particle in this work, the image analysis method via
high speed camera is implemented. Different with image analysis with
microscopy, high speed camera has its great advances to transfer the
entire dissolution process into visualized videos and each frame of
video can be saved into dissolution images for analysis. The time scale
of saved images can be accurate to 1/10, 1/20 or 1/50 s. In this way, it
is reliable to apply image analysis method accurately into quantification
of dissolution process of single sodium carbonate particle.

2. Sample Selection

The original sodium carbonate particles used in this work are
provided by Procter & Gamble Newcastle Innovation Center (UK). The
purity of sodium carbonate particles is 99.9%. The samples of sodium car-
bonate particle used into dissolution experiments are selected with the
following procedures: firstly, the original sodium carbonate particles
provided by Procter & Gamble are weighed for one particle by another
in order to select the particles containing the mass of (0.30 ±
0.02) mg. Then the selected particles fromwith samemass are observed
with an optical microscopy to define their shape and only the particles
having the shape of sphere are selected. The definition of particle shape
in thiswork is based on the classification schemebyRiley [11]. According
to Riley's definition, the particles having the sphericity higher than 0.775
can be considered as the high spherical particles where the sphericity is
measured as the ratio of the diameter of a circle having the same area of
measured particle to the diameter of the smallest circumscribed circle of
measured particles. In this way, the optical microscopy of Nikon Eclipse
Ti Microscopy is used in this step to measure the sphericity and the par-
ticles with the sphericity higher than 0.775 are selected as the spherical
sodium carbonate particles. Finally, the diameter of spherical sodium
carbonate particles is measured with this optical microscopy. Only the
spherical particles having (1.50 ± 0.02) mm diameter which is mea-
sured from its smallest circumscribed circle are selected as the samples
used into the dissolution experiments. An example of the sample of
spherical sodium carbonate particle was shown in Fig. 1.

3. Experimental methodology

The schemeof a typical dissolution experiment in thiswork is shown
in Fig. 2. For a typical dissolution experiment, one sample of spherical

sodium carbonate particle is placed at the bottom of a transparent
12 mm square glass cell. The transparent 12 mm square glass cell used
in this work is 12 mm glass cell (PCS115) purchased from Malvern
Tec. The high-speed camera of Photron Fastcam SA5 is set-up with the
frame of 50 FPS and resolution of 640 × 640 to record the dissolution
process of this sample. When the high-speed camera starts to record,
the cell is immediately filled with 0.2 ml solution. In this way, the
dissolution process of the sample is recorded as a video and the video
also is transferred into 50 images per second automatically. These im-
ages are then used to measure the diameter of particle with dissolution
time. Because the density of sodium carbonate particles used in this
work is assumed to be a constant, the concentration of dissolved sodium
carbonate is calculated based on the measured diameter values. In this
way, the dissolution rate constant is thus quantified based on the
calculated concentration of sodium carbonate by fitting with the
mathematical model for each case.

The solvent used in dissolution experiments is deionized water and
it is prepared in advance to obtain required temperature and pH. To ob-
tain different temperature, the deionized water is pre-heated to 30 °C,
40 °C, 50 °C, 60 °C and 70 °C respectively. Because the dissolution pro-
cess is very fast and the temperature drops less than 1.5 °C according
to the test, it is unnecessary to heat the cell during the dissolution
process and each temperature used for dissolution experiment can be
considered as a constant. Besides the deionized water with different
temperature, the deionized water is also prepared by mixing with
standard pH buffer solution to obtain different pH. The standard pH
buffer solutions used in this work are PHA-4 and PHA-10 buffer pur-
chased from OMEGA. After adjusting the amount of pH buffer solution,
the deionizedwater can show as different pH as 4, 7, 8, 9 and 10 respec-
tively. These prepared deionized water with different pH are also used
for the dissolution experiments in this work.

4. Mathematical Model

4.1. Surface reaction model

Surface reaction model assumes that the dissolution rate is propor-
tional to the particle surface area and the dissolution process is not
controlled by themass transport of dissolved solute but rather depended
on the chemical reaction on particle surface. In this way the chemical
reaction on the particle surface can be considered as the limiting step
of the dissolution process [12].

Normally the dissolution rate is expressed as Eq. (1).

dC
dt

V ¼ KrA ð1Þ

where Kr is the dissolution rate constant of surface reaction model, A is
the surface area of spherical particle, C is the concentration of dissolved
solute.

Because the shape and density of sodium carbonate particle is
assumed as the constant during the dissolution process, the real-time
surface area of the particle can be calculated with Eq. (2).

A ¼ A0
M
M0

� �2=3

ð2Þ

where A0 is the initial surface area of particle, M0 is the initial mass of
particle and M is the mass of undissolved particle.

As the density of sodium carbonate is a constant in this work, the
mass of undissolved particle is thus converted with the real-time
concentration and initial concentration of sodium carbonate in solvent
which is shown as Eq. (3).

M ¼ M0− C−C0ð ÞV ð3Þ

Fig. 1. Spherical sodium carbonate particle into dissolution experiment.
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