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ABSTRACT
The objective of this study was to find optimal freeze-drying process parameters to design porous
and friable freeze-dried bismuth-potassium-ammonium citrate (FD BPAC) with improved dissol-
ution behavior. The nucleation and melting temperatures of frozen BPAC solution in water and
tert-butanol/water co-solvent system were studied with use of thermal analysis. The phases that
resulted on cooling were studied by low-temperature powder x-ray diffraction. BPAC formed an
amorphous freeze concentrate on cooling and remained amorphous during freeze-drying and sub-
sequent storage. The nucleation of colloidal bismuth subcitrate (CBS) in the FD BPAC and starting
BPAC systems in 0.1M and 0.01M HCl was studied by dynamic light scattering (DLS) method. The
proposed preparation method of FD BPAC can be the basis for design of formulations with
enhanced dissolution rate for bismuth-based triple/quadruple therapy, where FD BPAC simultan-
eously act as a carrier and an active ingredient.
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1. Introduction

Colloidal bismuth subcitrate (CBS) has been widely used for
the treatment of gastrointestinal disorders and Helicobacter
pylori (H. pylori) infection.[1–4] CBS is an active ingredient
of anti-ulcer formulations for bismuth-based triple/quadru-
ple therapy[5–8] such as BMT (sold under license as PyleraVR ,
consisting of potassium bismuth subcitrate, metronidazole
and tetracycline).[8] CBS forms a protective film on the ulcer
surface in the acidic stomach environment, hindering the
action of hydrochloric acid and pepsin[3] and also enhances
the mucus formation, stimulates bicarbonates secretion and
the synthesis of prostaglandins in the stomach wall.[9] The
most common CBS preparation methods described in differ-
ent publications and patents are crystallization,[10] antisol-
vent precipitation by acetone from an aqueous solution of

potassium citrate, bismuth citrate and potassium hydrox-
ide[11] and spray drying of an aqueous ammonia solution of
colloidal bismuth citrate.[12]

Freeze-drying (lyophilization) is a drying technology
widely used in the pharmaceutical industry.[13] It provides
products with desired physicochemical properties, such as
enhanced dissolution rates and bioavailability.[14–17] Among
several organic-water co-solvent systems, “tert-butanol
(TBA) – water” is of particular interest because of its low
toxicity, low residual content, high eutectic melting tempera-
tures, low sublimation enthalpy and high vapor pres-
sure.[18–20] Moreover, many studies show that the addition
of TBA can considerably enhance the sublimation rate,
resulting in shortening of the drying cycles.[18–23] Therefore,
for economy concerns it is desirable to apply freeze-drying

CONTACT Andrey G. Ogienko andreyogienko@gmail.com Nikolaev Institute of Inorganic Chemistry, Siberian Branch of the Russian Academy of Sciences,
Novosibirsk 630090, Russia.
Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/ldis.

Supplemental data for this article is available online at https://doi.org/10.1080/01932691.2020.1711770.

� 2020 Taylor & Francis Group, LLC

JOURNAL OF DISPERSION SCIENCE AND TECHNOLOGY
https://doi.org/10.1080/01932691.2020.1711770

http://crossmark.crossref.org/dialog/?doi=10.1080/01932691.2020.1711770&domain=pdf&date_stamp=2020-01-13
http://orcid.org/0000-0001-9907-7355
http://www.tandfonline.com/ldis
https://doi.org/10.1080/01932691.2020.1711770
https://doi.org/10.1080/01932691.2020.1711770
http://www.tandfonline.com


to bismuth-potassium-ammonium citrate using TBA/water
co-solvent system.

The aim of this study was to find optimal freeze-drying
process parameters by combination of thermal analysis and
low-temperature powder x-ray diffraction experiments for pro-
ducing porous and friable bismuth-potassium-ammonium cit-
rate lyophiles (hereafter “FD BPAC”) with enhanced
dissolution behavior and to study the nucleation of colloidal
bismuth subcitrate in the FD BPAC and starting BPAC sys-
tems in 0.1M and 0.01M HCl. To the best of our knowledge,
this is the first report of the FD BPAC preparation method
and it can be the basis for design of formulations with
enhanced dissolution rate for bismuth-based triple therapy,
where FD BPAC simultaneously acts as a carrier and an
active ingredient.

2. Experimental section

2.1. Material

Twice-distilled tert-butanol and distilled water were used as
solvents. All chemicals were at least of analytical grade and
were used as purchased without additional purification.

2.2. Samples for TA and low-temperature powder x-ray
diffraction experiments

Starting solutions for powder x-ray diffraction and TA
experiments were: pure water and TBA-water solution
(10wt % of TBA) (reference solutions for TA); aqueous
BPAC solution (10wt %); BPAC (7wt %) solution in the
TBA/water co-solvent system (10wt % of TBA).

2.3. Low-temperature powder x-ray diffraction

Powder x-ray diffraction experiments were carried out on a
Bruker D8 Advance diffractometer (k¼ 1.5406Å, tube volt-
age of 40 kV and tube current of 40mA) equipped with an
Anton Paar TTK 450 low temperature chamber. Vials (Sci/
Spec, B69308) were filled with 1ml of BPAC solutions,
tightly closed with a PTFE cap and placed into an air
thermostat at �20 �C (freezing time ca. 1 hour). The vial
with frozen solution was broken, the sample was carefully
but gently ground in a mortar (all operations were per-
formed at liquid nitrogen temperature) and placed onto a
holder, which had been preliminary cooled down to
�120��. Diffraction patterns were measured in the �100 –
�5�� temperature range (2H scans in the 5–45 degree
range, 0.02 degrees step).

2.4. TA experiments

The thermal analysis (TA) experiments, aimed to study the
nucleation and melting temperatures in binary (TBA-water;
BPAC-water) and ternary (BPAC-TBA-water) systems were
carried out on the TA installation.[24] The signals registered
using precision converter of signals of resistance thermome-
ters and thermocouples “TERCON” with the switch of input

signals “TERCON-K” (TERMEX, Tomsk, Russia). An alumi-
num sample holder was loaded with four Teflon cells
charged with solutions (the volume of the samples was
1.00ml; the thickness of the solution layer in each of the
cells was 13mm). Type K thermocouple was placed in each
of the samples, the junction being approximately in the mid-
dle of the sample. The assembly of the samples was placed
in the autoclave. Then the autoclave was cooled/heated
(þ20 �C! –40 �C!þ20 �C) at the constant rate of 0.5 �C/
min at atmospheric pressure. The temperatures in each of
the samples were digitally recorded. The absolute tempera-
ture uncertainty was ±0.2 �C. The formation of ice Ih and
the “ice Ih-TBA�2H2O” eutectic on freezing (nucleation) as
well as melting of ice Ih, the “ice Ih -TBA�2H2O” eutectic in
binary and ternary systems on heating were revealed by heat
effects registered with the thermocouple. All measurements
were performed three times. Typical experimental curves are
shown in the ESI (Supplementary material Figure S1 in
the ESI).

2.5. Preparation of BPAC

A bismuth solution with 400 g/L of bismuth was prepared
by dissolving bismuth oxide in 6M HNO3. BPAC was pre-
pared according to [10] in several steps: i) bismuth precipi-
tation in the form of oxohydroxonitrate with the
composition [Bi6O4(OH)4](NO3)6�H2O at pH 0.5–1.2 and
the temperature of 50–70�� [31]; ii) its conversion into cit-
rate with the composition BiC6H5O7 by treatment with a
solution of citric acid; iii) dissolution of bismuth citrate in
an aqueous solution of potassium hydroxide in the presence
of ammonium hydroxide; iv) crystallization BPAC by evap-
oration at 65 ± 5��.

2.6. Preparation of FD BPAC

Freeze-drying was accomplished with laboratory-scale freeze
dryer (1 processing shelf, 25.0 cm � 35.0 cm (temperature
range of 35 � þ80��)) (NIIC SB RAS, Russia) equipped
with an organic solvent trap. Starting BPAC solution (7wt.
%) in the TBA/water co-solvent system (10wt. % of TBA)
was prepared by weight. The drying tray was filled with 35 g
of BPAC solution (filling depth 7mm) and placed overnight
(ca. 12 hours) onto the shelf preliminary cooled to �20��.
Freeze-drying was carried out at shelf temperature of �20��
until the pressure dropped to P< 17 mTorr; then the shelf
temperature was increased to þ30�� and this temperature
was kept for 4 hours. After that the pressure in the freeze
dryer was increased up to P¼ 1 bar by filling it with
dry nitrogen.

2.7. Determination of Bi(III) content in BPAC and
FD BPAC

Bi(III) was determined by titration with 0.01M EDTA, using
xylenol orange as the indicator, the maximum error in bis-
muth content determination being 2.0%.
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2.8. SEM experiments

Morphological examination of the FD BPAC and BPAC
samples was carried out with TM-1000 (Hitachi) scanning
electron microscope. The samples were mounted on a SEM
stub with double-sided carbon tape and coated with gold
(thickness about 8 nm) with a JFC-1600 Auto Fine
Coater (Jeol).

2.9. Infrared spectroscopy experiments

The IR absorption spectra of the FD BPAC and BPAC sam-
ples were recorded in KBr tablets at room temperature (the
volume ratio KBr: sample ¼ 200: 1) on a Scimitar FTS 2000
(Digilab, USA) spectrometer within wavenumber range
400 cm�1 to 4000 cm�1 with resolution of 4 cm�1.

2.10. Dynamic light scattering experiments

Nucleation of bismuth colloidal subcitrate in the FD BPAC
and BPAC systems in 0.1M and 0.01M HCl were analyzed
by DLS method. The weighed samples (50/40/30/20mg)
were placed at the bottom of vials (Sci/Spec, B75592) and
filled with 20ml of 0.1M or 0.01M HCl at ambient tem-
perature (þ20 �C), than the closed vials were vigorously
shaken (5 seconds). The effective hydrodynamic diameters
(Dh) of particles were determined by NanoBrook Omni
spectrometer (Brookhaven, USA) with use of method of
cumulants by monomodal analysis. The power of the solid-
state laser was 35mW, the wavelength 640 nm; the scattered
photons were accumulated using a high-sensitive APDx
detector at a 90� angle to the radiation source. Photon accu-
mulation time was 10 seconds (due to rapid sedimentation),
and the number of photons for building the autocorrelation
function was 105–106. The measurements were carried out
in 1-cm polystyrene cells at 20 �C; the temperature was
maintained with the accuracy of 0.1 �C. The Z-averaged (by
intensity) hydrodynamic diameters were calculated by the
Stokes–Einstein equation for spherical particles.[25]

2.11. The visual observation of the dissolution behavior
and nucleation of bismuth colloidal subcitrate of
the FD BPAC and BPAC in 0.1M and 0.01M HCl

The dissolution behavior and nucleation of bismuth colloidal
subcitrate of the FD BPAC in 0.1M and 0.01M HCl were
compared with that of BPAC used as a reference. The weighed
samples were placed at the bottom of vials (Sci/Spec, B75592)
and filled with 0.1/0.01 M HCl at ambient temperature
(þ20 �C), than the closed vials were vigorously shaken
(5 seconds). The changes occurring with the solutions were
recorded with a digital photo camera at regular time intervals.
Photo- and video data are presented as Supplementary material
Figures S4-S5 and vial.mpg in the Supporting Information.

3. Results and discussion

3.1. Formulation parameters and freezing/primary
drying temperature determination

Low-temperature powder x-ray diffraction experiments (details
are given in ESI), carried out with samples of frozen BPAC
aqueous solution and BPAC solution in the TBA/water co-
solvent system (Figure 1), revealed that BPAC formed an
amorphous freeze concentrate under conditions (freezing at
�20 �C) provided by typical laboratory freeze-dryers. For the
aqueous solution, ice Ih is the only crystalline phase in the
whole temperature range studied; for the TBA/water co-solvent
system the diffraction patterns, in addition to ice Ih reflections,
exhibit reflections of the TBA�2H2O hydrate; the increase in
temperature (from �100 to �5 �C) did not result in the
appearance of any reflections corresponding to BPAC or any
other crystalline phases. On the diffraction patterns recorded at
�5 �C only reflections corresponding to ice Ih were present
(ice Ih coexists with the aqueous solution of BPAC and with
BPAC solution in TBA/water).

Results of TA experiments (details are given in ESI),
aimed to identify the nucleation and eutectic melting tem-
peratures in binary (BPAC-water) and ternary (BPAC-TBA-
water) systems are listed in Table 1. No thermal effects cor-
responding to crystallization and melting of the binary

Figure 1. Powder XRD patterns of the frozen aqueous BPAC solution (10wt % of BPAC) and BPAC solution (7wt % of BPAC) in TBA/water co-solvent system (10wt
% of TBA) at different temperatures. The positions of the reflections of the TBA�2H2O and ice Ih are shown as ticks at the bottom.
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eutectic “BPAC-water” in the ternary system “BPAC-TBA-
water” were observed, also in agreement with the powder x-
ray diffraction data on amorphization of BPAC on freezing
of the BPAC solution in the TBA/water co-solvent system.
Two thermal effects at �10.9 ± 0.2�� and �3.2�� (“diffuse”)
were observed on TA curves on warming of the frozen sam-
ple of BPAC solution in the TBA/water co-solvent system.
The thermal effect at –10.9 ± 0.2�� was assigned to melting
of the “ice Ih - TBA�2H2O” eutectic (�9.5 � �10.5 metasta-
ble eutectic “ice Ih - TBA�2H2O” in TBA-water sys-
tem)[26–28] in the presence of amorphous BPAC [in the case
of formation of the crystalline phase of the dissolved salt –
to the melting of the “TBA�2H2O – BPAC - ice Ih” ternary
eutectic], and the thermal effect at –3.2�� – to ice Ih melt-
ing (liquidus curve) in the “BPAC-TBA-water” quaternary
system. The ternary eutectic melting temperature in the
“BPAC-TBA-water” system (�10.9��) is the critical tem-
perature of the primary drying. In order to achieve complete
solidification of the starting solution, it is necessary to pro-
vide freezing temperature below �15.6 �C.

3.2. Characterization

The freeze dried BPAC (hereafter “FD BPAC”) was light fluffy
powder demonstrating low bulk density (Supplementary

material Figure S2a ESI). Visual inspection of the obtained
sample revealed a conventional freeze-dried cake lacking any
signs of skin on the cake surface and collapsed inclusions near
the bottom of the drying trays (Supplementary material Figure
S2b ESI). According to SEM data (Figure 2), the FD BPAC
cake surface was characterized by elongated fissures
(50–100mm), and internal cake morphology is similar in its
appearance. Cases of partial collapse in the lamellar structure,
as would be indicated by small droplets, have not been
observed. XRD experiments revealed that BPAC undergoes
amorphization on cooling and remain amorphous during
freeze-drying (Supplementary material Figure S3 ESI). BPAC
and FD BPAC identity was confirmed by IR spectroscopic data
(Supplementary material Figure S4 ESI). Analytical results for
bismuth content in BPAC and FD BPAC are 33.66 and
33.42wt %, respectively (calcd. 32.7–38.2wt %).

Experiments on dissolution behavior of the FD BPAC
and BPAC and nucleation of CBS were carried out with use
of aqueous HCl solutions (pH ¼ 1; pH ¼ 2) as dissolution
media, which more close to the basal pH values in patients
with gastritis, gastric ulcer, duodenal ulcer as well as in nor-
mal subjects.[29] Preliminary experiments has shown that FD
BPAC immediately dissolve in 0.1M/0.01M HCl and forms
a homogeneous solution in contrast to the starting BPAC
which does not dissolve completely (even in the case of

Table 1. Results of TA experiments, aimed to identify the nucleation and eutectic melting temperatures in binary (TBA-water; water-BPAC) and ternary (TBA-
water-BPAC) systems.

Formulation

Nucleation
temperature ± e.s.d.,

�C/(interval), �C
Phase nucleated
(N)/crystallized (C)

Melting
temperature ± e.s.d., �C Phase melted

Water �6.5 ± 0.5
(�5.2 � �7.0)

ice Ih (N) �0.1 ± 0.1 ice Ih

BPAC-water �7.0 ± 0.5
(�6.5 � �7.9)

ice Ih (N) �2.9 ± 0.1 ice Ih

BPAC-TBA-water �15.4 ± 0.2
(�15.1 � �15.6)

“ice Ih -TBA�2H2O” eutectic
in the ternary system (C)

�10.9 ± 0.2
(�9.5 � �10.5 metastable

“ice Ih -TBA�2H2O”
eutectic in TBA-water system)[26–28]

“ice Ih -TBA�2H2O”
eutectic in the presence
of amorphous BPAC

Figure 2. SEM images of the FD BPAC (a, b, c) and starting BPAC (d, e, f). Scale bar: a, d: 100 mm; b, e: 50mm; c, f: 20 mm.
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Figure 3. Time dependence of the effective hydrodynamic diameter (Dh) of the bismuth colloidal subcitrate in the FD BPAC and BPAC systems (a, b: 50mg; c, d:
40mg; e, f: 30mg; g, h: 20mg) in 20ml of 0.1M (a, c, e, g) and 0.01M (b, d, f, h) HCl. The starting solutions/suspensions were not filtered. Average values of hydro-
dynamic diameter, calculated from the last 10 values (error bars are given for the probability level of 95%) are shown on the right side of each data set.
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vigorous shaking) at the same mass to volume ratio (50/40/
30/20mg in 20ml). In the case of FD BPAC, the subsequent
nucleation of CBS occurs inside the bulk liquid phase, in
contrast with BPAC, where the nucleation of CBS occurs
primarily in the surface layer of coarse BPAC particles (see
photo- and video data in the ESI).

Results of DLS experiments, aimed to study the nucleation
of CBS in FD BPAC and BPAC systems in 0.1M and 0.01M
HCl (Figure 3, Table 2) can be summarized as follows:

In FD BPAC and BPAC systems in 0.1M HCl the
increase of the value of hydrodynamic diameter of the CBS
particles begins from �0.5 mm and reaches 1.1–1.8 mm in
20minutes. Essential differences in hydrodynamic diameter
of the CBS particles in FD BPAC (Dh¼1.1 mm) and BPAC
(Dh¼1.8 mm) systems in 0.1M HCl are observed only for
large loads of 50mg.

In FD BPAC and BPAC systems in 0.01� HCl and small
loads (sample mass to volume ratio) the values of hydro-
dynamic diameters of the CBS particles range within
3.0–6.8 mm (FD BPAC) and 3.9–5.0 mm (BPAC). The largest
differences for FD BPAC (Dh¼0.3–0.8 mm) and BPAC
(Dh¼1.2–1.5 mm) are observed at large loads (40–50mg per
20ml) in 0.01M HCl.

Smaller sample weights and the decrease in HCl concentra-
tion results in the increase in the hydrodynamic diameters of
CBS particles of FD BPAC and BPAC systems. Significant vari-
ation in the measured value of the hydrodynamic diameter of
CBS particles in BPAC in 0.01� HCl can be explained that in
the case of FD BPAC the nucleation of CBS occurs inside the
bulk liquid phase, while the vials with BPAC always contained
crystalline precipitate (and suspension) of the starting BPAC.
In addition, the concentration of HCl solution also affects the
composition and phase ratio of the precipitate. As two extreme
cases, one can propose two results: 1) CBS; 2) BiOCl. This will
be the focus of the future work, as well as comparison of dis-
solution behavior of FD BPAC with starting BPAC and nucle-
ation of CBS in artificial gastric juice.[30] To summarize, the
results of this study provide the grounds to choose the concen-
tration of HCl and the ratio of the components yielding a col-
loid solution with required particle sizes ranging from 0.3
to 7mm.

4. Conclusion

Process design for freeze-drying the BPAC solution in TBA/
water co-solvent system was carried out with use of low-

temperature powder x-ray diffraction and thermal analysis
methods. BPAC formed an amorphous freeze concentrate
on cooling and remain amorphous during freeze-drying and
subsequent storage. At the first stages of dissolution, FD
BPAC forms a homogeneous solution; subsequent nucle-
ation of CBS occurs inside the bulk liquid phase, in contrast
with BPAC, where the nucleation of CBS occurs primarily
in the surface layer of coarse BPAC particles. This study is
likely to provide a basis for further development of bis-
muth-based formulations with enhanced dissolution rate for
bismuth-based triple therapy, where FD BPAC simultan-
eously acts as a carrier and an active ingredient.
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