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The effect of pH on the precipitation of soy protein between pH 4 and 6.8 was inves-
tigated. Precipitation between pH 5.7 and 6.8 gave a binary liquid-liquid separation in
which a protein-rich secondary liquid phase containing between 20 – 30 wt % protein
of 80 – 99% purity in glycinin formed as droplets of 1 – 10 mm. The droplets could be
coalesced upon centrifugation to form a homogeneous bottom liquid layer. The high-
protein concentration phase was stable (did not precipitate or crystallize) for up to
several months when stored at 48C. Stable high-protein liquid phases have not previ-
ously been reported. In the pH region for which liquid-liquid separation occurred (pH
6.15 to 5.35), the droplet-size distribution was controlled by nucleation and growth.
No drop breakage, and little or no drop coalescence was observed. Mixer speed and
geometry did not have a large effect on the size of the protein-rich droplets in suspen-
sion. Nucleation occurred in two separate bursts at pH 6.15 and pH 5.85, followed by
growth of the new nuclei as pH was decreased. Thus, the drop-size distribution was
monomodal between 6.15 and 5.85, and bimodal between pH 5.85 and 5.35. At pH 5.6
and below, protein precipitated as amorphous material which intertwined with and
bound primary particles into aggregates. These agglomerates grew with decreasing
pH, particularly below pH 5.35, as more protein precipitated with amorphous material
acting as a binder. The addition of NaCl prevented the liquid-liquid separation at
higher pH. Instead solid precipitates of a different morphology were formed at low-pH
only. � 2007 American Institute of Chemical Engineers AIChE J, 53: 514–522, 2007
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Introduction

Precipitation of soy proteins by acidification, to pH
between 4 and 4.5, is a commonly used industrial method for
producing soy proteins isolates, the most refined form of soy
proteins available commercially. More recently, acid precipi-
tation has also been used in schemes to separate the two nat-
urally occurring soy protein groups glycinin (;360 kDa) and
b-conglycinin (;180 kDa).1–5 Separation occurs when an

aqueous soy protein extract is acidified to between pH 5.5
and 6.5.

Understanding the particle formation during the precipita-
tion process is important as it can influence the efficiency of
the precipitation process, as well as subsequent downstream
processes, such as the solid-liquid separation step, usually
achieved by centrifugation. There are limited studies on the
precipitation of soy protein between pH 5.5 and 6.5 as indus-
trial interest in the separation of glycinin and b-conglycinin
is relatively new. Most of the previous studies on soy protein
precipitation are limited to precipitation at pH 4 to 5.6–13

Precipitation of soy protein within this pH range is generally
thought to occur by the rapid formation of primary particles
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in the size range of 0.1 – 0.3 mm followed by aggregation of
these particles via collision to aggregates of size about 1 –
50 mm. The formation of the primary particles occurs on a
timescale much shorter than that of the overall precipitation
process. Precipitation at other pH levels is likely to produce
particles of different morphology.

It has been reported that a high protein concentration sec-
ondary liquid-phase forms when the aqueous protein extract
was acidified to between pH 6.8 and 5.7.14 This phenomenon
has not been widely appreciated in the literature. It is, how-
ever, highly significant as it presents a unique opportunity
for new product development, allowing food manufacturers
to incorporate liquid soy protein into food formulations,
where it has previously been difficult with solid protein pre-
cipitates.

In this article, particle formation during the precipitation
of soy proteins is studied over a range of pH from 4 to 6.8.
Partitioning of the main soy protein components between the
phases, and the dispersed phase properties (liquid or solid,
protein content, particle-size distribution, density and viscos-
ity) are reported. Particle formation and growth mechanisms
are examined in detail and implications for industrial pro-
cessing and new product development are discussed. The sol-
ubility of soy proteins in aqueous solutions at various pH has
been discussed elsewhere.15

Materials and Methods

Preparation of the protein secondary-liquid phase

An aqueous-protein extract was first prepared by mixing 1
part defatted soy flour (Cargill Oilseeds Processing, U.S.A.)
with 10 parts alkaline water (containing 15 mM added
Na2S2O5, with pH adjusted to 8.5 by NaOH), usually in a
1 L volume vessel. The suspension was stirred with an over-
head impeller in a constant temperature water bath at 218C
for 1 h. The aqueous-protein extract was recovered by centri-
fuging for 30 min at 9,600 g. The aqueous protein extract
was then acidified to between pH 6.8 and 5.7 with 1 M HCl,
whereupon the highly viscous secondary protein-rich liquid
phase droplets were formed. The secondary phase was recov-
ered by centrifuging at 9,600 g for 30 min. The low-viscosity
supernatant phase was decanted off. Further details are given
elsewhere.15

Determination of Protein Phase Properties

Protein content was determined by UV spectrophotometry
(absorbance at 280 nm, E ¼ 1.913 cm�1(mg/mL) �1). Frac-
tional composition of the protein was determined by sodium
dodecyl sulfate — polyacrylamide gel electrophoresis (SDS-
PAGE) followed by gel density image analysis. Prior to anal-
ysis, the highly viscous secondary phase was dissolved in
known amounts of 0.1 M NaOH.

Viscosity measurements of the protein-rich liquid phase
were made with a Haake RheoScope 1 Optical Rheometer
(Thermo Haake, Germany) controlled with the Haake Rheo-
Win software. A cone and plate sensor with cone diameter of
60 mm, cone angle of 18 and gap width of 0.026 mm was used.
Temperature was kept constant at 218C. The rheometer was
operated in strain controlled mode between 0.1 and 100 s�1.

The densities of the low-viscosity fluids (the aqueous
extract and the supernatant phase) were measured with a
10 mL specific gravity bottle with a capillary cap. Slightly
cooled samples were put into the specific gravity bottle, and
placed into a constant temperature bath at 228C to allow for
slight expansion to ensure the capillary cap was completely
filled. The bottle was calibrated with water and repeated
measurements showed that the 95% confidence interval error
of the method results was less than 0.05%.

The density of the protein-rich phase was measured by the
Archimedes’ Principle where the buoyant force on a sub-
merged object is equal to the weight of the fluid that is dis-
placed by the object. The specific gravity bottle was not used
as high-viscosity fluids tended to block the capillary. Repeated
measurements showed that the 95% confidence interval error
of the Archimedes’ method was less than 0.5%.

Precipitation Experiments

The aqueous protein solution was acidified to a range of
pH levels (6.8 to 4.0). The solution was stirred at 450 rpm
with a four-blade 458 axial-flow impeller (D ¼ 58 mm), in a
300 mL beaker (D ¼ 70 mm; H ¼ 100 mm), with the impel-
ler set 25 mm off the bottom of the beaker. Acid (1 M HCl)
was added while stirring at a constant speed.

The particle-size distribution of the suspension was meas-
ured using the Malvern Mastersizer/E. Particle-size measure-
ments could not be made for suspensions at pH greater than
6.2, as the concentrations of particles were too low. Periodic
samples up to 15 min were taken at constant pH to determine
if there were any changes in the particle-size distribution
over time. Time zero was when the solution had reached the
desired pH with the addition of HCl. Pictures of the precipi-
tates were taken to observe precipitate morphology with an
Olympus BX40 optical microscope.

The experiments were repeated with solutions containing
0.2 M and 0.5 M of additional NaCl to determine the effect of
salt on the precipitate formation. However, due to the in-
creased protein solubility with the addition of salt15 which re-
sulted in a decrease in the particle concentration in the suspen-
sion, particle-size distribution measurements could not be acc-
urately made of suspensions at pH greater than 5 for the 0.2 M
NaCl solution and pH greater than 4 for the 0.5 M NaCl
solution.

To determine the effect of mixing speed on droplet break-
age and/or coalescence of the secondary protein-rich liquid
phase, the solution was stirred with a four-blade 458 axial
flow impeller (D ¼ 58 mm) in a 300 mL beaker (D ¼
70 mm; H ¼ 100 mm) with the impeller set 25 mm off the
bottom of the beaker, while 1M HCl was added to bring the
solution to pH 6.2. Stirring initially was at either high-speed
(450 rpm) or low-speed (200 rpm). Samples were taken peri-
odically to determine any change in the droplet-size distribu-
tion with time using the Malvern Mastersizer/E. Time-zero
was when the solution had reached the desired pH. The first
sample was taken as soon as possible thereafter (ca. 6 s).
When the droplet-size distribution appeared to become con-
stant after a period of time, the stirrer speed was reduced
from high-speed to low-speed (for the ‘‘speed-down’’ experi-
ment), or increased from low speed to high speed (for the
‘‘speedup’’ experiment). Further samples were then taken
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periodically to determine any change in the droplet-size dis-
tribution. The experiments were repeated with a magnetic
stirrer (L ¼ 39 mm; D ¼ 8 mm) on the beaker bottom for
comparison.

Results

High protein concentration secondary liquid phase

A high protein concentration secondary liquid phase was
formed when the aqueous protein extract was acidified to
between pH 6.8 and 5.7. The protein-rich phase appeared as
spherical droplets between 1 – 10 mm in size, as shown in
Figure 1a. Upon centrifugation, the droplets coalesced to
form a highly viscous bottom phase. The phase diagram
(composition of protein in each phase at a given pH) for the
liquid-liquid separation is shown in Figure 2. As the protein-
rich phase had to be redissolved in NaOH for protein content
measurement, these data were subjected to larger experimen-
tal errors. Mass balance calculations were, therefore, made as
a check, and these are also plotted in Figure 2. Note the log
scale for protein concentration.

The protein content of the supernatant phase was between
2 and 3 wt %. The protein content of the secondary phase
was between 20 and 30 wt %, 10 times that of the superna-
tant phase. The protein yield of the protein-rich phase (frac-
tion of extract total protein in phase) is shown in Figure 3.
Between 10 and 50% of the total protein was recovered in
the liquid phase between pH 6.8 and 5.7.

The b-conglycinin and glycinin composition of the second-
ary phase is shown in Figure 4. Between 1 to 3% of the
phase consisted of a mixture of other minor proteins, and,
therefore, the b-conglycinin and glycinin composition do not
added up to exactly 100%. The secondary liquid phase is
predominantly glycinin, and significant fractionation has
occurred. The glycinin purity of the separated phase is plot-
ted against glycinin yield in Figure 5.

The densities of the protein extract, the supernatant phase
and the protein-rich secondary liquid phase were measured
and plotted against their, respectively protein concentrations
in Figure 6. As expected, density increased with increasing
protein concentration.

The viscosity of the secondary liquid phase was measured
and the results are shown in Figure 7. The sample was tested
in strain-controlled mode with strain rates of 0.1 to 100 s�1

in an up-hold-down sequence as shown in Figure 7a. The
shear stress results show that the secondary phase was
slightly shear-thinning with a viscosity (apparent viscosity)
of between 5 to 10 Pa.s, that is, of order 10,000 times that of
water. Interestingly, the shear stress response to decreasing
strain rate was not identical with that of increasing strain
rate, indicating that there were probably some shear-induced
structural changes within the phase. This may be of some im-
portance in the industrial application of the material.

Effect of pH on percipitate size and morphology

The morphology and size distribution of the precipitated
phase changes dramatically as pH is decreased. This is clearly
shown in the micrographs (Figure 1) and in the particle-size dis-
tributions (Figure 8). In the pH range 6.15 to 5.85, monomodal

distributions of a protein-rich secondary phase were formed.
Interestingly, the particle size distribution between pH 5.8 and
5.35 were bimodal with one peak at approximately 2 mm, and
another at approximately 10 mm. Pictures of the particles
formed at pH 5.85 and 5.7 (Figure 1b and c) show that the
particles were spherical droplets and that there were small par-
ticles present, as well as large particles, confirming that the
distributions were indeed bimodal, and the result not an arti-
fact of the measurements. Figure 1d shows the onset of amor-
phous precipitation between pH 5.6 and 5.35. The amorphous
material intertwined with and bound the spherical droplets
causing aggregation. The size of the particles continued to
increase at pH below 5.3 as the aggregates were increasingly
bound by the amorphous precipitate. The median particle size

was up to 30 mm at pH 4. Figure 1f shows the agglomerate
morphology of the particles in this pH range. A solid plug
rather than a viscous liquid resulted upon centrifugation of
this low-pH level phase. It is unclear whether the spherical
particles in Figure 1e remained liquid, or were transformed to
solid precipitate. It is possible these aggregates were a combi-
nation of liquid, gel and solid phases.

The volume median particle size (d50), and also the mode
size are plotted vs. pH in Figure 9. The data at each pH are
the average between three measurements taken over 15 min.
The modes for the smaller peak of the bimodal distributions
are also plotted in Figure 9. Precipitation occurred rapidly
and there was in fact very little change in the size distribu-
tion with mixing time after acid addition.

Effect of mixing speed on the droplet-size distribution

The effect of mixing conditions on the drop-size distri-
bution was studied at pH 6.2 with no added salt, that is, con-
ditions which yielded liquid-liquid phase separation. Experi-
ments were conducted with a four-blade axial turbine impel-
ler. The volume median droplet sizes (d50) for the overhead
impeller ‘‘speed-down’’ and ‘‘speed-up’’ experiments are
shown in Figure 10. There was a slight increase in the me-
dian droplet size from 2.7 to 3.5 mm, with time prior to the

changes in the speed. However, the magnitude of the increase
was close to the error of the measurements. No significant
change in the droplet size was found with or after the speed
change.

An estimate on the number of droplets per kg of suspen-

sion (with size greater than 0.65 mm, a convenient size mini-
mum) was calculated from the volume-based size distribu-
tion, density of the droplets and the droplet concentration.
There was a small, but probably not significant, decrease over
time in the number of droplets from 3.1 � 1012 to 1.8 � 1012

for the ‘‘speed-up’’ experiment, prior to the speed change. No
significant change in the number of droplets was observed for
the ‘‘speed-down’’ experiment. The experiments were repeated
with a bottom located magnetic stirrer for comparison. The
droplet sizes of the ‘‘speed-up’’ experiment (;3.8 mm) were
slightly larger than those of the ‘‘speed-down’’ experiment
(;3.2 mm). There was a smaller number of droplets in the
‘‘speed-up’’ experiment as the droplets were larger. The num-
ber of droplets for the ‘‘speed-down’’ experiment decreased
from 4.1 � 1012 to 3.1 � 1012 as the speed changed. These
changes are not large.
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Figure 1. Photographs of precipitate morphology with changing pH in the range 6.15 to 4.0 (no added NaCl, T 5
218C).
Scale bar ¼25 mm for (a) to (e) and 50 mm for (f).
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Thus, the mixing method and intensity does not appear to
have a great effect on the droplet sizes. These results also
confirm that precipitation is fast with little change in the
drop-size distribution, with time in all experiments.

Effect of salt concentration on precipitation

The volume median sizes of the particles when salt was
added to the solution are shown in Figure 11. Data for no
added salt are plotted here for comparison. Particle-size
measurements could not be made at higher pH levels as the
particle concentration was too low. The particle concentra-
tion with added NaCl was much lower than with no added
NaCl, due to the increased solubility with increased salt con-
centrations.15

The agglomerated morphology of the particles precipitated
with added salt is shown in Figures 12 and 13. When salt
was present in the solution, the precipitates appeared as small
amorphous particles and no liquid-liquid separation occurred
at any pH. No droplets were found and upon centrifugation
the bottom layer was a solid plug rather than a viscous liquid
layer.

Discussion

High protein concentration secondary liquid phase

The protein-rich liquid phase formed between pH 6.8 to
5.7. Coincidentally, these were the conditions under which,
for these extracts, separation of glycinin and b-conglycinin
occurred. This behavior is interesting as the only other report
of the liquid-liquid separation phenomena for soy proteins in
the literature was by Bogracheva et al.14 where liquid-liquid
separation occurred between pH 6 and 6.6. Other studies of
glycinin and b-conglycinin separation at similar conditions
did not report the occurrence of a secondary liquid phase.1–5

Similar binary liquid-liquid separation in other protein sol-
utions have been reported.16–20 The secondary liquid phases
observed in the literature were generally found to be a meta-
stable phase and eventually crystallized or precipitated. How-
ever, for the soy proteins, the secondary liquid phase did not
crystallize or precipitate for up to several months when the
secondary phase was stored at 48C with or without the super-
natant phase. This presents a unique opportunity for new prod-

Figure 2. Liquid-liquid separation phase diagram, 218C.

Figure 3. Protein yield of the protein-rich liquid phase.

Figure 4. b-conglycinin and glycinin composition of the
secondary liquid phase.

Composition as % of total protein; 95% error bars are
shown.

Figure 5. Glycinin purity vs glycinin yield for the sec-
ondary liquid phase at 218C (pH 6.4 – 5.6).
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uct development. Stable high-protein liquids have not previ-
ously been reported.

At high pH, only a small amount of protein was parti-
tioned into the secondary phase, thus, the amount of protein
in the secondary phase was low, while the amount of protein
in the supernatant phase was high. As pH is lowered, more
protein was partitioned into the secondary phase, and the
amount of protein in the secondary phase increased. Accord-
ingly, the protein yield of the protein-rich liquid phase
increases with decreasing pH. This is confirmed in Figure 3,
which shows the increasing protein yield of the protein-rich
phase with decreasing pH. Up to 50% of the total protein in
the original aqueous extract was recovered in the protein-rich
phase at pH 5.7.

The secondary liquid phase was purest in glycinin at the
higher pH (see Figure 4). As pH was lowered, some b-con-
glycinin was also partitioned into the secondary phase, thus,

purity was decreased. Even at pH 5.7, the secondary phase
was 80% pure in glycinin, hence precipitation at these pH
levels can effectively separate glycinin from b-conglycinin.

High-concentration liquid soy protein presents a unique
opportunity for new product development. It may allow food
manufacturers to incorporate soy protein into food formula-
tions, where it has previously been difficult with solid protein
precipitates. These novel products include ready-to-drink
smoothies, meal replacements, yogurts and ice-creams offer-
ing the health benefits of soy protein. Formulating these
products with protein precipitates often caused settling issues
in the manufacturing process, as well as in the final product.
Undissolved precipitates in the final product also led to an
undesirable ‘‘gritty’’ mouth-feel. The use of the liquid soy
protein may alleviate these problems. Further studies into the
behavior of the liquid protein in individual formulations,
however, would be required for successful incorporation.

Drop formation and growth mechanisms

In the operating region where liquid-liquid separation
occurs, the main mechanisms that control the droplet-size
distribution are nucleation and growth, rather than coales-
cence and breakage of drops.

As pH is decreased from pH 6.15 to pH 5.8, the d50 of the
droplets increased from 3.5 mm to 7.5 mm, while there was
no significant change in the number of droplets. This is con-
sistent with a nucleation burst at pH 6.15 followed by droplet
growth as protein was transferred from the supernatant to the
existing droplets. The increase in drop size is consistent with
the total volume of secondary liquid phase formed over this
pH range.

The lack of any effect of mixing conditions on drop size
distribution in this pH range supports the proposed drop for-
mation mechanism. Drop breakup in simple shear flow is
unlikely at viscosity ratios of above 4.21 The apparent viscos-
ities of the secondary liquid phases were found to be
between 5 to 10 Pa.s (with a density about 1.125 g/mL). The
viscosity ratio of the discrete to continuous phases is of order
10,000, and, therefore, breakup of the droplets would not be
expected to occur.

Figure 6. Density of soy protein solutions and second-
ary liquid phase at 228C. (a) water, (b) super-
natant phase at pH 6.2, (c) 10:1 aqueous pro-
tein extract, and (d) secondary liquid phase
at pH 6.2.

Figure 7. Rheology of the secondary liquid phase at 218C (a) Strain rate applied, and (b) Shear stress and viscosity
in response to applied strain.
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Over the range of mixing speeds studied, mixer speed and
stirrer geometry did not have a large effect on the droplet
size distribution. The median droplet size under all of the
shear condition studied was between 2.5 to 4 mm. There was
some evidence to suggest that a small amount of droplets
coalesced under these mixing speeds, but no drop breakup
occured. Overall, the drop size distribution in the range pH
6.15 to pH 5.8 is primarily controlled by a nucleation burst
followed by growth of the nucleated droplets.

At pH 5.8, there is a second nucleation burst which causes
the formation of a bimodal size distribution. This second
burst is followed by further growth of the new drops as pH
is reduced to 5.35 with a shift in the second mode from 1.7
to 3.5 mm. At the same time, there is no further growth of
the existing drops formed at pH > 5.8, and the size of these

drops is unchanged. The second nucleation burst results in an
increase in the number of drops at pH 5.8. These results
were unexpected, and the reason for the secondary nucleation
burst is unclear.

Between pH 5.6 and 5.35, small amounts of an amorphous
material precipitated which intertwined with and bound the
spherical droplets causing limited aggregation. It was not clear
whether the amorphous material was a solid or a gel phase. It
is possible that it was a combination of both. At pH below
5.35, serious agglomeration of the primary particles was
observed, and this dominated the size distribution and mor-
phology of the particulate product. The precipitates were
increasingly bound by the additional amorphous material being
precipitated. Hence the size of the agglomerates increased and
their numbers decreased. It was unclear whether the spherical

Figure 8. Precipitate-size distributions as a function of changing pH. (218C, no added NaCl).
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particles in Figure 1e remained liquid or transformed to a
solid precipitate. It is possible that these aggregates were a
combination of liquid, gel and solid phases.

Effect of salt concentration on precipitation

The protein precipitates with 0.2 M and 0.5 M added
NaCl were smaller than the no added NaCl protein precipi-
tates. There was a possible increase in size with decreasing
pH for both 0.2 M and 0.5 M added NaCl (Figure 11). The
number of particles in suspension decreased with decreasing
pH indicating that the precipitate size increased via agglom-
eration. The number of particles in the 0.5 M added NaCl
suspension was much lower than for the 0.2 M added NaCl
suspension. This was because the particle concentration was
lower, and the agglomerates were larger.

The morphology of the precipitates with added salt was dif-
ferent to those with no added salt. Aggregation of primary
particles occurred, but there was no clear evidence of the
appearance of material acting as a binder. The salting-in effect

on soy protein may also lead to different types of molecular
interactions that affect the morphology of the precipitates.

Conclusions

Precipitation of soy proteins between pH 5.7 and 6.8 gave
a binary liquid-liquid separation in which a protein-rich
secondary liquid phase containing between 20 – 30 wt %
protein of 80 – 99% purity in glycinin formed as droplets of
1 – 10 mm. The droplets could be coalesced upon centrifuga-
tion to form a homogeneous bottom liquid layer. The high-
protein concentration phase was stable (did not precipitate or
crystallize) for up to several months when stored at 48C.

In the pH region for which liquid-liquid separation
occurred (pH 6.15 to 5.35), the droplet-size distribution was
controlled by nucleation and growth. No-drop breakage, and
little or no-drop coalescence was observed. Mixer speed and
geometry did not have a large effect on the size of the pro-
tein-rich droplets in suspension. Nucleation occurred in two

Figure 9. Effect of pH on volume median and mode
sizes.

Figure 10. Volume median droplet sizes for runs with
axial turbine impeller.

Figure 11. Volume median particle size for runs with
added NaCl.

Figure 12. Example of amorphous precipitates for runs
with 0.2M added NaCl pH 4.8, calibration
bar = 25 lm.
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separate bursts at pH 6.15 and pH 5.85, followed by growth
of the new nuclei as pH was decreased. At pH 5.6 and
below, protein precipitated as amorphous material which
intertwined with and bound primary particles into aggregates.
These agglomerates grew with decreasing pH, particularly
below pH 5.35, as more protein precipitated with amorphous
material acting as a binder. The addition of NaCl prevented
the liquid-liquid separation at higher pH.
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