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The dissolution of whey protein concentrate (WPC) gels has been studied in detail, and
the different mechanisms involved have been quantitatively analyzed. The NaOH diffu-
sivity in gels has been determined at different pH at 22°C. Dissolution experiments of gels
under several conditions have been performed and compared. Both heat-induced gels
(HIG) and caustic-induced gels (CIG) have been studied as models to heat-exchanger
fouling deposits. It is proposed that the constant dissolution rate observed at low pH is
controlled by the reactions that break down the gel structure, particularly the �-elimi-
nation of intermolecular disulfide bonds. Alkali dissolution of CIG is reduced with
increasing the gelation pH, as more crosslinks are present in the gel. It is proposed that
a similar mechanism of crosslink formation may explain the low dissolution rates
observed in HIG at dissolution pH above 13.1. NaOH diffusion is observed to limit the
dissolution process at high temperatures and pH close to 13. © 2005 American Institute of
Chemical Engineers AIChE J, 52: 792–803, 2006
Keywords: heat-induced gels, caustic-induced gels, dissolution rate, disulfide bonds
�-elimination

Introduction

The fouling of process surfaces by whey proteins and
associated fluids is of considerable importance in the dairy
sector. Great advances have been made in the understanding
of the cleaning of whey-fouled surfaces relative to cleaning-
in-place (CIP) systems for the dairy industry. In the last
decade, the emphasis has shifted to study of the dynamic
behavior of the cleaning process using different tech-
niques.1-3 Recently, Xin et al.4 have determined the cleaning
rates through non-invasive UV spectrophotometric measure-
ments at short intervals (5-10 s).

Continuous monitoring of the cleaning process has permitted
the identification of three stages. In the first or swelling stage,
the protein fouling deposits swell in contact with NaOH3

before a uniform or plateau stage, where the cleaning rate
remains relatively constant over time. Finally, in the decay

stage, the cleaning rate slowly decreases to zero, suggesting
that the deposit removal is complete.2 For thick deposits the
most important stage in the cleaning process is the plateau
stage,5 because this is where most of the foulant is removed.
Xin et al.4 obtained good agreement with a mass transfer
controlled model, where the mass transfer coefficient in the gel
boundary was calculated using standard correlations. However,
as in other mass transfer models,6,7 there is considerable un-
certainty when estimating the values of WPC saturation con-
centration in the boundary layer. The problems discussed by
LeClerq-Perlat and Lalande8 in applying the mass transfer
approach to explain the entire picture of a dissolution process
have not yet been solved.

The chemical dissolution process can be briefly summarized
in three steps, being a modified version of the mechanism
proposed by Harper9:

(1) Diffusion of the NaOH from the bulk solution into the
gel.

(2) Chemical reactions take place and bonds are broken.
(3) Unattached aggregates or proteins leave the gel through

the boundary layer.

*Correspondence concerning this article should be addressed to X. D. Chen at
d.chen@auckland.ac.nz
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The aim of this study was to analyze each step in detail in
order to assess the contribution of each to the overall dissolu-
tion process, and to elucidate the existence of an optimal NaOH
concentration.

Experimental Procedures
NaOH diffusion

Experiments were performed to measure the penetration
depth of NaOH into a heat-induced whey gel (HIG). Gels were
formed inside small glass capsules, 5 mm internal diameter and
25 mm high, using a well homogenized 16.7 wt % WPC
solution (�80% protein WPC, New Zealand Milk Products
(NZMP)). Care was taken to avoid bubbles or foam in the
solution. The sample was then sealed with foil and held in a
water bath at 80°C for 20 minutes. A wire support held the
capsule vertical during the gelation process. The capsules were
then cooled down to, and held at, room temperature for at least
half an hour before being inserted into a caustic solution (�200
ml) of known concentration. Capsules were kept in the vertical
position and in contact with NaOH. At different times, the
capsules were removed from the alkali solution, the gel surface
dried with a tissue paper, a picture was taken with a digital
camera, and the capsule was returned to the caustic solution;
the whole process lasted a minute or less. The penetration
depth of the caustic and the gel boundary were measured from
one end of the tube, to an accuracy of �0.2 mm. Even though
the penetration depth could be measured unaided with normal
whey gels, it was found that the resolution could be enhanced
if some drops of phenolphtaleine (�0.1 g phenolphtaleine in
100 ml EtOH 95 wt %, a pH indicator in the 8.2-9.8 range)
were added to the whey solution before gelation. Tests indi-
cated that the phenolphtaleine did not affect the measurements
within the limits of experimental error.

Dissolution of WPC gels

Heat-induced gels (HIG) were prepared using the procedure
described above but without phenolphtaleine. The gelation
temperature (Tgel) was varied between 75-95°C. The gels were
used within 0.5 and 4 h after they were made, to minimize the
effect of drying on the surface. Most of the gels were made
from 16.7 wt % WPC at 80°C; these are termed standard HIG.

Caustic-induced gels (CIG) were also prepared by mixing
known amounts of a mother whey solution, water, and concen-
trated NaOH solution (�4 M) in a test tube. After homogeni-
zation, the solution was introduced into capsules, sealed with
foil, and submerged in a water bath at 50°C for 20 minutes, as
in HIG preparation. Unless otherwise stated, the final WPC
concentration was 16.9 wt %. The gelation pH (pHgel) of the
gel was calculated using the hydrogen ion equilibrium of WPC
solutions.10 If the gels were not used within half an hour after
preparation, they were kept at 4°C to suppress any gelation
reactions.

Figure 1 shows the experimental set up for dissolution ex-
periments. 200 ml of deionized water or caustic solution (an-
alytical grade) were added to a 250 mL Erlenmeyer. The
Erlenmeyer was insulated and the temperature held constant to
�2°C. The pH was measured every experiment by titration of
an aliquot with HCl 0.02N standard analytical grade. Once the
solution reached the desired temperature, a blank was scanned

with a UV diode array spectrophotometer (HP 8452A). More
information on the continuous non-invasive UV measurements
is given in Xin et al.4 Finally, the capsule with the gel was
suspended upright from the top of the Erlenmeyer with a wire
and the spectrophotometer started to record. A small part of the
solution was recirculated through the spectrophotometer and
the UV absorption recorded at 30 s intervals.

Several wavelengths were used to determine the protein
concentration in the solution. In alkali the wavelengths used
were 224, 240, 250, and 280 nm, while for pure water 192 and
224 nm were used. The extinction coefficients were obtained
for the pH range used. The use of several wavelengths has been
found to improve significantly the stability and accuracy of the
results across a wide range of protein concentration. The dis-
solution rate was then calculated using numerical three-point
differences of the mean concentration. To partially eliminate
the noise, rates were smoothed by calculating a moving aver-
age, with sample sizes of three if the rate is changing quickly
(e.g., during the swelling stage), and up to 9 as it becomes more
even (usually beyond 3000 s).

Mass transfer of loose proteins

The bulk of the dissolution experiments in this study were
performed using a stirring speed of 350 rpm. To check if the
amount of dissolved proteins formed was affected by the stir-
ring velocity, dissolution experiments were also performed at
the lowest speed setting, �100 rpm. Figure 2 compares a
typical experiment (350 rpm) and one where the stirring speed
is switched periodically between 100 and 350 rpm. Lower
dissolution rates were systematically found at 100 rpm; but
when the stirring speed was increased to 350 rpm, a peak was
always observed due to a sudden jump of the protein concen-
tration in solution. The significant difference in the dissolution
rate values (�20%) may indicate that the stirring speeds influ-
ence the dissolution rate. However, if the concentration in-
crease seen during the peak is added to the dissolution rate seen
in the 100 rpm period, the total quantity of loose proteins
formed is the same as that when using 350 rpm. If the stirring
velocity does influence the formation of loose proteins in the
dissolution process, its effects are too small to be detected with

Figure 1. Gel dissolution experiments. UV-S: UV spec-
trophotometer.
Capsule dimensions: 5 mm internal diameter and 25 mm high.

AIChE Journal 793February 2006 Vol. 52, No. 2



the procedure used here, as the repeatability and the mean rates
accuracy were not better than 5%.

Results
NaOH diffusion

The first step in the cleaning mechanism is the diffusion of
NaOH into the deposit. The penetration of the NaOH is con-
sidered to be fast,2,4 but no diffusivity measurements have been
reported to verify its extent. Experiments have been conducted
to measure the NaOH diffusivity in heat-induced gels, and the
diffusivity was estimated as outlined in the Appendix. The
typical agreement of the penetration depth profile is shown in
Figure 3. The effective diffusivity values found for pH between
12 and 14 are shown in Figure 4. For comparison, the diffu-
sivity values of NaOH in water are also shown. The apparent
diffusivity minimum near pH 13 is suggested to be related to

the extensive dissolution seen at those concentrations. This
would decrease the effective NaOH concentration at the bound-
ary, as the samples were not stirred, and hence the apparent
diffusivity would be lower. Figure 4 indicates that an average
diffusivity value of 1.1-1.3 � 10�9 m2 s�1 at 22°C should be
used for the whole range of normal cleaning concentrations
(pH 12-13.7). By contrast, the apparent diffusivity of NaOH in
potato flesh, containing about 80% water, is reported in the
range of 0.8 to 1.1 � 10�9 m2 s�1.11

It is interesting to compare the experimental diffusivity
values found with standard predictions. The diffusivity in
porous materials is estimated using Eq. 1,12 where Dmodel is
the effective diffusivity, D is the diffusivity in a free me-
dium, in water in this case, � is the porosity, and � is the
tortuosity. The parameter � is considered the water volume
fraction in the gel, at �0.91 (gel density of 1.1 g cm�34).

Figure 2. Effect of the stirring velocity on the dissolution rate for standard HIG with pHdis 12.72 and 21°C.
The vertical lines indicate when the stirring velocity was changed.

Figure 3. NaOH penetration depth at different times for
a 16.7 wt% phenolphtaleine-labeled whey gel
at pH 13.07 and 22°C from initial boundary
position.
Continuous line: numerical simulation using Deff � 9.6 �
10�10 m2 s�1; dashed line: calculated xb using �b � 1.74 �
10�5 m s�0.5 (Eq. A1).

Figure 4. Effect of pH on NaOH effective diffusivity at
22°C.
Crosses: experimental values in 16.7 wt % HIG using phe-
nolphtaleine; filled circles: without phenolphtaleine. The error
bars correspond to the diffusivity values calculated using an
NaOH concentration 5% different than the nominal, plus the
standard deviation of the penetration depth and of �b. Dmodel
is the diffusivity in water41; and Dmodel lines are the calculated
effective diffusivity in a gel (Eq. 1), using � � 0.91 and
different tortuosity � values.
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The � values obtained with three different correlations found
in the literature13 were 1.05, 1.10, and 1.31. Figure 4 shows
the effective diffusivity estimated using different tortuosity
values.

Dmodel � D �
�

�
(1)

The diffusivity estimations reported in the literature for
cleaning experiments have been somewhat rough, and the
equations used simplify greatly the reality. Tuladhar et al.3

suggested that “the diffusivity of NaOH through a protein
would be a ‘facilitated diffusion’ wherein the OH- diffusivity is

substantially larger than the above (5 � 10�9 m2 s�1) value.”
The values found in the present study clearly disagree with this
proposition, as the diffusivity in a gel is about two thirds that
in water. We also draw attention to the fact that the estimation
of diffusivity via solutions to Fick’s second law is not strictly
appropriate to these dissolving gel systems. The hydroxide ions
react with the protein, and the WPC hydrogen ion equilibrium
has to be used. If these reactions had not been taken into
account, the diffusivity values found would have been 20-40%
lower than those shown in Figure 4. NaOH diffusion simula-
tions at 22°C have shown that this is a fast step in the condi-
tions studied, even though this cannot be assured for higher
temperatures.

Figure 5. (a) Dissolution rate profiles at low pHdis; (b) dissolution rate profiles at high pHdis showing decreasing trend.
Conditions: standard HIG dissolved at 21°C.
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Dissolution of heat-induced gels (HIG)

Influence of Dissolution pH. The effect of dissolution pH
(pHdis) was studied across the pHdis range 12-14 and also
with deionized water. Figure 5a shows that at low pHdis,
between 12 and 13, the dissolution rate starts from a small
value and after a time it rises to a value that is effectively
uniform with time (Ro). For standard HIG dissolved at room
temperature and pHdis 12.72, the Ro values found for three
experiments agreed within 5%, and the standard error in
each set of values was 10% or less, indicating that the

uniform dissolution rate is reproducible and can be mea-
sured accurately. The constant dissolution rates observed are
considered to represent the rate of a chemical reaction.14 The
dissolution produced by the presence of caustic is termed
R�E in connection with the �-elimination of intermolecular
disulfide bonds, which is the most likely reaction involved
as discussed further on. Some dissolution is observed in
deionized water due to the partial solubility of the WPC
gels, and this is termed Rw. Ro can then be expressed with
the following equation:

Figure 6. Dissolution rate per unit area for standard HIG at different dissolution NaOH concentrations at 21°C.
Ro refers to experiments exhibiting uniform dissolution rates, Rpeak is the maximum rate found, and R1h and R2.5h are the rates after 1 and 2.5
hours, respectively. The line is Eq. 2 with the best-fitted parameters for HIG.

Figure 7. Arrhenius plots of Rw and k�E at various pHdis for standard HIG. k�E is calculated using Ro in Eq. 3, except
for pHdis 13.6, where the maximum rate is used, Rpeak.
Lines show results of linear regression. Calculated Ea: pHdis 12.10, 53.8 kJ mol�1; pHdis 12.72, 55.6 kJ mol�1; pHdis 12.94, 51.7 kJ mol�1;
pHdis 13.07, 45.6 kJ mol�1; pHdis 13.60, 51.1 kJ mol�1.

796 AIChE JournalFebruary 2006 Vol. 52, No. 2



Ro �
1

A �dn

dt�
uniform

� R�E � Rw � k�E�OH��m�E � Rw (2)

where Ro is the average dissolution rate per unit area in the
uniform stage, A is the exposed gel surface area, n is the protein
dissolved, (dn/dt)uniform is the dissolution rate in the uniform
stage, and [OH-] is the hydroxide concentration of the solution.
Values of the parameters for standard HIG were as follows:
rate constant, k�E � 0.46 � 0.01 g m�2 s�1 M-1; reaction order,
m�E � 1.02 � 0.03; and water-only dissolution rate, Rw � (8 �
3) � 10�4 g m�2 s�1. The values have been found with a least
squares method (R2 � 0.994) up to an NaOH concentration of
0.15 M, and these data are plotted in Figure 6. The accuracy of
Rw is low because little is dissolved and the signal to noise ratio
in the UV spectrophotometer is small.

Dissolution experiments performed at pHdis above 13
showed a significant decline in dissolution rate over the length
of the experiments (Figure 5b). The uniform dissolution rate
plateau is shorter lived at higher pHdis, so that at pHdis 13.88
and 14.02 there was just a peak. Furthermore, the peak values
do not follow the trend in uniform rate suggested by Figure 6,
as above pHdis 13.2 the dissolution rate no longer increases
with the NaOH concentration and above pHdis 13.5 it de-
creases. In these latter experiments, the region of the gel
attacked by the caustic experiences some color changes. At
21°C and pHdis � 13.5, the caustic attacked phase is colorless.
At higher hydroxide concentrations, a faint yellow color
emerges in the attacked area; its brightness increases with pHdis

and temperature.
Influence of Dissolution Temperature. Eq. 2 features two

temperature dependent parameters, k�E and Rw, which were
modeled by Arrhenius dependencies, Ea, �E and Ea, Rw, respec-
tively, as shown in Figure 7. The activation energy found for
pHdis 12.10 and 12.72 is statistically the same and is considered
to be the activation energy of the chemical reaction; the com-
bined fit is shown in Figure 7. However, the Ea value found at
pHdis 12.92 and 13.07, when constant Ro is still observed, is
smaller than those previous ones. Eq. 3 is the generalized
version of Eq. 2 that includes the temperature effect, and the
best-fitted parameters were as follows: k�E, 0 � 2.38 � 109 g

m�2 s�1 M�1, Ea, �E � 54.7 � 1.4 kJ mol�1, Rw, 0 � 3.58 �
103 g m�2 s�1, and Ea, Rw � 38 � 7 kJ mol�1.

Ro � k�E,0e
���Ea,�E/RgT	� � �OH��1.0 � Rw,0e

���Ea,Rw/RgT	� (3)

Dissolution of standard HIG at pHdis 13.6, where the disso-
lution rate decreases with time, was also studied at different
temperatures, but the results are complicated to interpret. At
higher temperatures the maximum plateau (or peak) value
increases, as observed at lower pHdis (Figure 7). Between 20
and 40°C, increasing the temperature also provoked a faster
decrease in the dissolution rate. For example, after one hour the
dissolution rate for the experiments at 35 and 41°C was similar
to the 21°C experiment. However, at 49°C, the rate decline was
much less severe, and at 59°C the dissolution rate was so high
that at the end of the experiment less than 10% of the original
gel remained in the capsule.

Influence of Gelation Temperature. The gelation tempera-
ture for standard HIG gels was varied between 75 and 95°C.
Figure 8 shows that the dissolution of these materials all
exhibited uniform cleaning rate behavior. It is also noteworthy
that increasing Tgel increases the time needed for the dissolu-
tion rate to reach its constant value.

Dissolution of caustic-induced gels (CIG)

Influence of Dissolution pH. The dissolution rate of CIG
prepared at pHgel 13.5 remains constant from pH 7 up to 13.6
at 1 � 0.3 � 10�2 g m�2 s�1 (at 21°C). The rate increases
slightly to 1.5 � 10�2 g m�2 s�1 at pHdis 13.88-14.02. For CIG
prepared at lower pHgel values, the effect of dissolution pHdis is
very different (Figure 9). If the dissolution pHdis is low, from
7 to �12.3 for pHgel 10.6, or up to �12.8 for pHgel 11.4, Ro

Figure 8. Dissolution rate profiles of standard HIG pre-
pared at different gelation temperatures.
Conditions: pHdis 12.72 and 21°C.

Figure 9. Effect of the dissolution NaOH concentration
at 21°C on Ro for CIG gels prepared at different
pHgel.
(A) Dissolution by �-elimination of disulfide bonds for stan-
dard HIG, Eq. 2; (B) Dissolution by �-elimination of disulfide
bonds for CIG, Eq. 2 and Table 1; (C) Rlimit for different CIG;
(D) Dissolution by solubility (Rw) for CIG pHgel 13.5.
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increases linearly with the hydroxide concentration. There is
also a minimum value corresponding to the solubility effects in
deionized water (Rw). A first order dependency on hydroxide
concentration and the presence of a solubility value suggest
that the dissolution seen at these pHdis values is equivalent to
that seen for HIG. Using the same notation as for HIG, the best
values that represent this region using Eq. 2 are shown in Table
1. Ro above those pHdis thresholds is, within experimental
accuracy, constant. These constant values, which are the max-
imum Ro observed at each pHgel, have been labeled Rlimit.
Figure 9 will be discussed in detail later.

Influence of Gelation pH. The dissolution rate for gels
generated at a gelation pH (pHgel) of 10 to 14 was examined
using a dissolution pHdis of 12.72 at 21°C. As seen previously
for HIG, at this dissolution pHdis and temperature, the disso-
lution rate was found to be uniform with time, but in these
cases no time delay was seen and the dissolution rate quickly
reached the constant value stage (Figure 10). Figure 11 shows
the effect of pHgel on Ro. Ro decreases when pHgel is increased
until �12.6, after which it remains constant. Most probably, Ro

stagnates around this pHgel because the dissolution pH (12.72)
is lower than the pH inside the gel. In this range of pHgel, as
discussed above for CIG prepared at pHgel 13.5, the rate is the
same as that for deionized water. We suggest that this disso-
lution rate should also be related to the solubility of the gel in
water, like Rw, but now for a CIG made at very high pHgel. Ro

values shown in Figure 11 were obtained at pHdis 12.72;
therefore, the values below pHgel �11.4 correspond to Rlimit, as
the threshold pH � pHdis from Figure 9. The colors of the gels
formed varied with the pHgel. Below pHgel 11.6, the gels were
white and slightly transparent. Larger pHgel yielded gels of
yellow color, with the yellow color increasing in intensity with
pHgel (Figure 11).

Influence of Dissolution Temperature. The influence of
temperature in the dissolution of CIG prepared at pHgel 11.4
was investigated at three different pHdis. At high temperatures,
the dissolution rate decreased with time, and the remaining gels
became more yellowish. For those experiments, Ro was chosen
to be the plateau or the peak value seen at the beginning. The
Ea, �E values found were: 57.0 � 2.2 kJ mol�1 at pHdis 12.17,
43.7 � 1.6 kJ mol�1 at pHdis 12.72, and 57.3 � 1.9 kJ mol�1

at pHdis 13.06.
The temperature effect for the gels made at high pHgel was

also investigated. As reported before, the dissolution seen in
this kind of gel is considered to occur mainly due to solubility
effects. Therefore, Ro should be mainly independent of pHdis

(agreement not shown). The activation energy for Rw using
several pHdis (7-12.7) is 43 � 3 kJ mol�1 for CIG pHgel 13.5.
However, experiments performed at high temperatures showed
an unexpected dissolution rate behavior, as very high dissolu-
tion rate values were suddenly observed over a long period. For
these experiments, visual observation of the capsules indicated
that the gels had “collapsed,” as only a liquid solution remained
inside the capsules.

Discussion
Chemical reactions in HIG: the �-elimination of
disulfide bonds

The relevance of intermolecular disulfide bonds in the for-
mation of aggregates and larger oligomers has been widely
reviewed.15-17 Even though non-covalent bonds also play a role
in the formation of HIG gels,18 it has been recognized that for
the kind of HIG generated here the main cohesive attractions
are due to covalent disulfide bonds. Weak interactions are
provably destroyed in the swelling stage by the electrostatic

Table 1. Parameters for the Model in Eq. 2 for CIG Prepared at 16.9 wt % WPC, at 50°C for 20 Minutes

CIG pHgel � 10.62 CIG pHgel � 11.36

7 
 pHdis 
 12.3 7 
 pHdis 
 12.8

k�E(21°C) � 1.75 � 0.1 g m�2 s�1 M�1 k�E(21°C) � 0.32 � 0.02 g m�2 s�1 M�1

Rw(21°C) � (4 � 1) � 10�3 g m�2 s�1 Rw(21°C) � (3 � 1) � 10�3 g m�2 s�1

Figure 10. Dissolution rate profile for CIG generated at different gelation pHgel. Conditions: pHdis 12.72 at 21°C.
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repulsion after the NaOH diffusion. Therefore, in order to
dissolve a gel completely, covalent bonds must be broken,
namely the intermolecular disulfide bonds or the intramolecular
peptide bonds. Chemical hydrolysis of the peptide bond re-
quires harsh conditions,19 whereas under the pH and the tem-
perature conditions employed here, little evidence was found
for the hydrolysis of ribonuclease A and lysozyme.20

Three mechanisms are recognized in the destruction of di-
sulfide bonds, but only the �-elimination mechanism (Figure
12) has been widely verified,21,22 even for �-lactoglobulin.23 It
is first order with respect to the hydroxide concentration,24 in
good agreement with the value found for m�E. The activation
energy found for the dissolution of HIG, Ea, �E �55 kJ mol�1,
is smaller but of the same order as that reported for the
�-elimination of cystine residues in different proteins (60-100
kJ mol�1).25 The yellow color observed in HIG dissolved at
high pHdis and in CIG formed at high pHgel is suggested to be
due to the formation of organic and inorganic polysulphides
from the �-elimination of disulfide bonds,26 as when these gels
were treated with acid, the yellowness disappeared and H2S
could be smelled.

Similar dissolution behavior to HIG is also seen for CIG
(pHgel 10.62 and 11.36) at low dissolution pHdis (Figure 9).
Although not as many experiments were performed as for HIG
to confirm a first order dependency unequivocally, this trend
fitted the experimental values well. In addition, the activation
energy found at pHdis 12.17 is statistically the same as for HIG
(57 � 3 kJ mol�1). The present study, therefore, confirms those

cleaning mechanisms based on a first order reaction with the
hydroxide concentration, e.g., Jennings.27

Non-Constant dissolution rates

In the dissolution of HIG at high pHdis it was shown in
Figure 5b that two new phenomena occur: the dissolution rate
decreases with time, and the peak dissolution rate seen doesn’t
follow Eq. 2. These observations are important as they define
the existence of an optimum cleaning concentration. Figure 6
shows the rates measured at different NaOH concentrations at
21°C. Recently, Xin et al.28 have proposed that the existence of
an optimum concentration may be due to the formation of new
covalent bonds at higher pHdis, but there is little published
evidence for this explanation other than their set of rheological
measurements. The present study has found further evidence to
confirm this hypothesis, and a new mechanism is proposed:

(1) A high NaOH concentration is needed for the caustic to
diffuse quickly into the gel and to alkali denature the proteins.29

Hidden disulfide bonds become more exposed, and the protein
chains have greater mobility due to the formation of a swollen/
transparent phase, even though it is still a gel.

(2) Cysteine residues that have not reacted during the
heat-induced gelation are now more reactive and they can
undergo thiol/disulfide interchange reactions with other protein
bonds. Non-natural amino acid crosslinks from dehydroalanine
may also be formed.

(3) The density of covalent crosslinks between proteins
increases with time; meanwhile, the capacity of the caustic to
break bonds is still the same. The rate of formation of loose
proteins decreases with time.

(4) At long times, the gel structure in the transparent phase
has been changed completely due to step (2), but due to the
lack of reactants, no more crosslinking reactions take place.
Therefore, the rate becomes constant with time.

Figure 11. Effect of pHgel on CIG dissolution.
Note log scale on y-axis. Images show the gels after gelation. Conditions: pHdis 12.72 and 21°C.

Figure 12. �-Elimination mechanism of disulfide bonds.
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The role of the caustic in providing chemically stronger gels
is seen in Figure 11. As the dissolution time increases, the
NaOH concentration in the transparent phase increases. Once
the high concentration needed for (1) is achieved (provably
higher than pH 11-12), new intermolecular reactions (2) start to
happen. Therefore, the time needed for (3) should be shorter at
higher pH. Experimentally, the plateau peak values last less at
higher pH, and at very high pH no plateau is observed, just a
peak (Figure 5b). Finally, the crosslinking density in the gel
cannot increase continuously, as the concentration of possible
reactants is finite. When few new intermolecular bonds are
formed with time, the dissolution rate will start to stagnate and,
at the end, it will remain constant. This constant rate can be
observed when using high pHdis (13.88 and 14.02) as the rate
decrease is fast. These final rates (�2 � 10�3 g m�2 s�1,
Figure 5b) are similar to those small values found for CIG
made at very high pHgel (7-10 � 10�3 g m�2 s�1, Figure 11).
In addition, the gel color of HIG dissolved at those conditions
resembles that found in the formation of CIG (see gel pictures
at pHgel � 11.5 in Figure 11). The mechanism proposed
concludes that a normal HIG is transformed when dissolving at
high pHdis into a gel similar to a CIG.

Chemical reactions in CIG

Shimada and Cheftel30 reported that increasing the gelation
pHgel from 6.5 to 9.5 resulted in gels that were easier to
dissolve, as less hydrophobic and electrostatic interactions
were involved. However, Figure 11 clearly shows that increas-
ing the pHgel above 10 Ro becomes smaller. As the electro-
static, hydrophobic, and hydrogen bonds are expected to be less
relevant at higher pHgel, the higher chemical resistance seen for
CIG is explained in terms of more covalent bonds being
present.31 In the formation of CIG, a higher pHgel yielded
shorter gelation times.10 It was suggested that NaOH enhanced
thiol-disulfide interchange reactions. Therefore, for the same
gelation time, the number of intermolecular disulfide bonds
will increase with pHgel. However, gelation times were seen to
sharply increase above pHgel 12.3-12.7. In addition, in this
range of pH, a faint yellow color starts to emerge, which
becomes more intense as the pHgel, Tgel, and time increase. This
color change may suggest that more disulfide bonds are being
destroyed at high pHgel, as discussed above.

If the destruction of disulfide bonds is enhanced at higher
pHgel, compared to the formation of new intermolecular bonds,
this will result in there being an NaOH concentration where the
net formation of bonds is maximum. This concentration is seen
in gelation experiments, as the gelation time is a minimum at
pHgel �12.3 at 50°C, and above this concentration much longer
gelation times are needed.10 However, it is not the case in the
dissolution experiments, as Ro is not seen to increase at very
high pHgel. For gels made at high pHgel and dissolved at high
pHdis, the Ro values found are very small, and they suggest that
Rlimit does not increase up to the pHgel studied. This analysis
suggests that crosslinks other than disulfide bonds have to be
involved to keep the dissolution rate low.

To our knowledge, the only feasible crosslinks that can be
formed in alkali treated proteins other than disulfide bonds are
due to nucleophilic addition of dehydroalanine (DHA) resi-
dues. Many protein-bounded amino acids can react with DHA,
like lysine and cysteine forming lysinoalanine (LAL) and lan-
thionine (LAN), respectively.21 Although initial studies con-
sidered that most of these new bonds formed were intramolec-
ular,32 it has been shown that they can also be formed between
proteins.33-35 Several studies have reported for similar alkali
conditions as those used here, a fast decline of the cystine
content followed by an increase of LAL and LAN.25,35,36

Formation of new bonds in CIG made at mild alkali
pHgel

One issue that arises is that if at high pHgel these new
covalent bonds may be so important, how relevant are they at
lower pHgel? Figure 9 makes clear that the �-elimination mech-
anism cannot explain the whole trend in Ro with the hydroxide
concentration. At low pHdis it can be described as first order in
[OH-] but then becomes zeroth order up to pHdis �13, the
maximum studied. It should be emphasized that the dissolution
rate is also uniform over time in this range of pHdis. The
analysis at higher temperatures yields new insights as the
zeroth order observed is questioned (Figure 13). The stagnation
seen at 20°C disappears at higher temperatures. We suggest
that a new reaction takes place at these hydroxide concentra-
tions with a kinetic constant too small to be determined at room
temperature yielding the zeroth order observed. This reaction
could be the destruction of LAL and LAN formed during
gelation. It is known that high temperatures are needed to
destroy these kind of bonds in alkali.37,38

Dissolution activation energy

The caustic penetration depth in standard HIG after 2 h in
different dissolution conditions (conditions used in Figure 7)
was measured as described in the diffusion experiments; results
are shown in Figure 14. At low dissolution pHdis (12.10 and
12.72) the penetration depth observed becomes smaller when
increasing the temperature at all temperatures studied. This
observation is expected, as the activation energy of the disso-
lution process, Ea,�E, is larger than that of the diffusivity. For
pHdis near the so-called “concentration optimum” (13.1 or 0.5
wt % NaOH1), the penetration depth also decreases at low
temperatures, but above 35°C it stagnates at 1.4-1.5 mm. If the
penetration depth does not decrease with the temperature, it
suggests that diffusion of the caustic beyond this constant
penetration depth is as fast as the chemical reactions to dissolve

Figure 13. Calculated Ro at different pHdis and temper-
atures for CIG pHgel 11.36.
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the gel. NaOH diffusivity simulations confirmed it. Hence, the
overall process is not just controlled by the chemical reaction,
as it is at low pHdis, but it is determined by both the chemical
reactions and the NaOH diffusion process. The increasing
influence of the NaOH diffusion at higher pHdis and higher
temperatures will be reflected in a smaller apparent activation
energy (in analogy to processes with high Hatta numbers39).
We suggest that the lower activation energy seen for pHdis

12.92 and 13.07 (51.7 and 45.6 kJ mol�1, respectively, com-
pared to 54.7 kJ mol�1 at lower pHdis) is related to the increas-
ing influence of NaOH diffusion.

Influence of the flow velocity in the cleaning process

Even though the influence of flow velocity has not been
explicitly studied in this work, it is of interest to compare the
values found here with those in the literature. The cleaning
rate in pipes at different velocities reported by Xin et al.5 is
shown in Figure 15. A linear extrapolation of the data
predicts a non-zero cleaning rate at zero flow velocity. Other
studies show the same trend.1-3 The HIG used here can be
compared with the fouled pipes used by Xin et al.5 as the
WPC used was the same and the gelation conditions were
similar. The calculated Ro for the same dissolution condi-
tions is shown in Figure 15 (filled square) assuming zero
flow velocity, as the formation of loose proteins was not
enhanced by the stirring speed used. The extrapolation of
Xin et al.’s data in pipes at zero velocity is in good agree-
ment with the value found in the present study using a
capsule. The present study supports the experimental evi-
dence that at the limit of zero fluid velocity, the cleaning rate
is non-zero. Flow velocity or shear stress does not affect the
chemical reactions that produce loose proteins. They affect
the transport (thus removal) of loose proteins from deposit
to the bulk stream.

The results from this study are difficult to explain if the
controlling mechanism is the mass transfer of unattached pro-
teins. For example, how can the gelation parameters Tgel (Fig-
ure 8) or pHgel (Figure 11) influence so greatly Ro at an

appropriate shear rate (induced at 350 rpm) if the limiting
mechanism is the boundary layer? Furthermore, the non-zero
dissolution rate at zero velocity (extrapolated) could also be an
indication of the working of the internal reactions. The first
mechanism for cleaning must be the reactions that break down
the gel structure. Whether or not the broken down gel particles
or “dissolved” proteins can be removed (cleaned) from the
deposit is facilitated by the fluid movement. As such, these
reactions within the gel can become the limiting mechanism.
Furthermore, the “dissolution” process, as we have observed,
may also involve the removal of “particles or clusters” that
could be further disintegrated in the cleaning solution. The
generation of such particles or clusters are to do with the
crosslink density (and the distribution of the crosslink density
within the gel sample). When the crosslink density is low at
certain spots inside a sample being subjected to the chemical
solution, the bonds at these spots may be broken, which is
sufficient to make loose clusters or lumps of protein that can be
detached from the sample. This is a subject of continuing
research.

Conclusions

Based on the current experimentation and analysis, it has
been suggested that the chemical reactions that destroy the
interprotein crosslinks are the most likely limiting mecha-
nism in the “dissolution” of WPC gels. Moreover, the dif-
fusion of NaOH into the gels should also be taken into
account when the cleaning rate is very high. Strong evidence
supports that the reactions seen in HIG are the �-elimination
of intermolecular disulfide bonds. The dissolution rate de-
cline in HIG when using high pHdis has been analyzed as a
transformation of the gels into CIG. Gels made at very high
pHgel present a significant chemical resistance to alkali. It
has been proposed that new intermolecular crosslinks may
provide the chemical resistance seen in CIG or in HIG
dissolved at high pHdis. Therefore, more conclusively than
previous studies, an optimum pHdis exists, beyond which the
dissolution rate decreases with time.

Figure 14. Logarithm of the NaOH penetration depth af-
ter dissolution experiments carried out for 2
hours at different pHdis and temperatures for
standard HIG (Figure 7).
The lines serve to guide the eye.

Figure 15. Influence of the velocity in the cleaning rate in
pipes fouled with WPC gels.
The empty square points and line are after Xin et al.,5 0.5 wt
% NaOH at 65°C. The black square is the calculated Ro for
a standard HIG dissolved at the same conditions as Xin et
al.’s data, assuming zero velocity.
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Notation

A � exposed gel surface area, m2

D � diffusivity in a free medium, m2 s�1

Deff � effective diffusivity in a porous media, m2 s�1

Dmodel � effective diffusivity calculated by Eq. 1, m2 s�1

dn/dt � dissolution rate, g s�1

Ea, �E � �-elimination activation energy, kJ mol�1

Ea, Rw � water solubility activation energy, kJ mol�1

k�E � �-elimination rate constant, g m�2 s�1 M�1

m�E � reaction order with respect to the NaOH concentration
n � protein dissolved, g

[OH-] � hydroxide concentration of the solution, M
pHdis � dissolution pH
pHgel � gelation pH

R2 � regression coefficient
R � dissolution rate per unit area � A�1(dn/dt), g m�2 s�1

R�E � �-elimination dissolution rate per unit area, g m�2 s�1

Rg � ideal gas constant, J mol�1 K�1

Rlimit � maximum Ro observed for CIG, g m�2 s�1

Ro � constant dissolution rate per unit area in the uniform stage, g m�2

s�1

Rw � water solubility dissolution rate per unit area, g m�2 s�1

t � time, s
T � temperature, K

Tgel � gelation temperature, °C
xb � distance of the gel boundary from the initial position, m

Greek letters

�b � gel-solution boundary parameter, m s�0.5

� � porosity of the solid, �
� � tortuosity, �

Acronyms and abbreviations

CIG � caustic-induced gel
DHA � dehydroalanine
HIG � heat-induced gel
LAL � lysinoalanine
LAN � lanthionine
WPC � whey protein concentrate
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10. Mercadé-Prieto R, Chen XD. Caustic-induced gelation of whey de-
posits in the alkali cleaning of membranes. J Membr Sci. 2005;254:
157-167.

11. Chavez MS, Luna JA, Garrote RL. Apparent diffusion coefficient
determination of NaOH through potato skin and flesh under different
temperature and concentration conditions. J Food Engng. 1996;30:
377-388.

12. Knudsen JG, Hottel HC, Sarofim AF, Wankat PC, Kneabel KS. Heat
and mass transfer. In: Perry RH, Green DW, Maloney JO (eds.).
Perry’s Chemical Engineers’ Handbook. New York: McGraw-Hill
International; 1997:5.55.

13. LeVan MD, Carta G, Yan CM. Absorption and ion exchange. In: Perry
RH, Green DW, Maloney JO. Perry’s Chemical Engineers’ Hand-
book. McGraw-Hill International; 1997:16.19.

14. Jennings WG. Circulation cleaning. III. The kinetics of a simple
detergent system. J Dairy Sci. 1959;42:1763-1771.

15. Surroca Y, Haverkamp J, Heck AJR. Towards the understanding of
molecular mechanism in the early stages of heat-induced aggregation
of �-lactoglobulin AB. J Chromatogr A. 2002;970:275-285.

16. Shimada K, Cheftel JC. Sulfhydyl group/disulfide bond interchange
reactions during heat-induced gelation of whey protein isolate. J Agric
Food Chem. 1989;37:161-168.

17. Hoffmann MAM, Van Mil PJJM. Heat-induced aggregation of �-lac-
toglobulin as a function of pH. J Agric Food Chem. 1999;47:1898-
1905.

18. Havea P, Carr AJ, Creamer LK. The roles of disulphide and non-
covalent bonding in the functional properties of heat-induced whey
protein gels. J Dairy Res. 2004;71:330-339.

19. Bezkorovainy A. Basic Protein Chemistry. Springfield, IL: Charles
Thomas; 1970.

20. Hayashi R, Kameda I. Conditions for lysinoalanine formation during
exposure of protein to alkali. Agric Biol Chem. 1980;44:175-181.

21. Whitaker JR, Feeney RE. Chemical and physical modification of
proteins by the hydroxide ion. Crit Rev Food Sci Nutr. 1983;19:173-
212.

22. Kim JS, Kim HJ. Matrix-assisted laser desorption/ionization time-of-
flight mass spectrometric observation of a peptide triplet induced by
thermal cleavage of cystine. Rapid Commun Mass Spectrom. 2001;15:
2296-2300.

23. Noetzold H, Schlegel B, Tinius I, Freimuth U. Comparative ampero-
metric and polarographic measurements of alkaline-treated �-lacto-
globulin. Zeitschrift fuer Chemie. 1972;12:24.

24. Florence TM. Cathodic stripping voltammetry. Part II. Study of the
release of inorganic sulfide from proteins during denaturation in alka-
line media. J Electroanal Chem. 1979;97:237-255.

25. Feeney RE, Nashef AS, Osuga DT, Lee HS, Ahmed AI, Whitaker JR.
Effects of alkali on proteins. Disulfides and their products. J Agric
Food Chem. 1977;25:245-251.

26. Stapleton IW, Swan JM. Amino acids and peptides. VI. Studies on
cystine and �,�’-dimethylcystine in relation to the alkaline degrada-
tion of protein disulfides. Aust J Chem. 1960;13:416-425.

27. Jennings WG. Theory and practice of hard surface cleaning. Adv Food
Res. 1965;14:388-419.
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Appendix: Estimation of NaOH Diffusivity

In order to calculate the apparent NaOH diffusivity in HIG
when acid-base reactions also take place, Fick’s first law was
solved numerically at different length and time intervals, as
described by Crank.40 Part of the caustic that has diffused in a
time interval will react with the proteins, resulting in a lower
hydroxide concentration than that calculated with Fick’s first
law. The final concentration was calculated every time and

length interval using the hydrogen ion equilibrium found in
WPC solutions.10 The effect of the moving boundary was
included when the different depths were checked at each time
interval with respect to the boundary gel-solution position, xb.
If the gel boundary is beyond the checked position at that time,
the concentration is the one of the caustic solution. xb is
estimated with Eq. A1, where �b is a parameter adjusted
experimentally (Figure 3, dashed line). The experiments per-
formed at a pH near 13 have large �b values; meanwhile, if the
dissolution pH is very small (�12) or very high (�14), negli-
gible dissolution is seen and �b equals zero.

xb � 2�b�t (A1)

On suggesting a Deff value, it is possible to perform the
numerical simulation. Thereafter, the penetration depth at dif-
ferent times where the pH is 9.8 is found, when the phenol-
phtaleine has a bright pink color as seen in the gels. The
penetration depth at the phenolphtaleine threshold is compared
with the experimental values, and finally, by mean squares the
Deff that yields the best agreement is found (Figure 3, contin-
uous line).
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