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Abstract — The kinetics of whey drainage of Camembert soft cheese was studied using an instru-
mented drainage device to record the pH and the weight of the whey with a variation coefficient
amounting to 1.8% during the first 100 min and 0.34% at the end of drainage. Drainage data were fit
with a two step equation to obtain a descriptive model of the drainage kinetics. The effect of the pH
at renneting, the casein concentration and the ionic strength on the drainage kinetics was investi-
gated with a 2 level experimental design. Milk was modified by a combination of ultrafiltration and
dilution with a lactose solution. The pH at renneting had a negative effect on the amount of whey
expelled in the early drainage (up to 100 min) and a positive one after 400 min. The effect of the casein
concentration was negative on the amount of whey expelled and on the rate of drainage. The ionic
strength had a slight positive effect on drainage. An equation was obtained allowing the prevision of
whey drainage kinetics according to the milk composition. Calculated values fit experimental data with
a correlation coefficient of r = 0.994.
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Résumé — Caractérisation des cinétiques d’égouttage au cours de la fabrication d’un fromage
type pâte molle en relation avec les facteurs physico-chimiques et technologiques : effet du pH
d’emprésurage, de la teneur en caséine et de la force ionique des laits. L’égouttage du fromage
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1. INTRODUCTION

Cheesemaking involves the formation of
a solid coagulum from liquid milk, followed
by a spontaneous expulsion of whey from
the gel, the syneresis. In cheese manufac-
ture, the coagulum formation is achieved
by the addition in milk of starters and rennet.
That leads to the destabilisation of the col-
loidal system, due to changes in structural
and physicochemical properties of the casein
micelles. 

The stability of the native casein micelles
is controlled both by a balance of electro-
static attractions and steric repulsions
between individual caseins and between
micelles themselves [14]. The caseino-
macropeptide (CMP) part of κ casein and
also the mineral equilibria between casein
micelles and the diffusible phase play a
prominent part in micelle stability [8, 12,
13]. The release of CMP from κ casein by
rennet, and the solubilisation of the colloidal
calcium phosphate by starter acidification
of milk [5, 6, 15, 18] allow a decrease of
the stabilizing energetic barrier between
casein micelles [21], allowing thereby a
closer contact between micelles leading to
the formation of a solid network entrapping
the aqueous phase. 

The subsequent whey expulsion from
coagulum by syneresis is not yet fully under-
stood. Several mechanisms have been pro-
posed in the literature, and have been
reviewed [40], for explaining the shrinkage
or endogenous syneresis of rennet or acid
curd in the absence of any mechanical
effects such as cutting, stirring or pressing.
The main cause of syneresis is likely a rear-
rangement of the network which implies a
deformation of the paracasein particles,
Brownian motion and breaking of the
strands [34, 42]. In fact, syneresis depends
both on the pressure gradient exerted on
the whey, and also on permeability of the
matrix, which varies with time and with the
shrinkage of the gel [35].

The rate and extent of whey drainage and
syneresis depend on many other factors.
Among them, the most important are the
composition and pretreatment of milk, such
as the concentration or heat treatment [2],
the renneting conditions and the character-
istics of coagulum [38]. On the other hand,
some factors are related to drainage condi-
tions, such as geometrical constraints, tem-
perature, extent and time of cutting and of
pressing [27, 40]. Control of whey expelling
during cheesemaking, including the control
of syneresis and of the complementary
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à pâte molle de type Camembert a été étudié à l’aide d’un prototype d’égouttage instrumenté qui per-
mettait d’enregistrer le poids de sérum et son pH. Le coefficient de variation était de 1,8 % pendant
les 100 premières minutes et de 0,34 % à la fin de l’égouttage. Les cinétiques d’égouttage obtenues
ont été ajustées à l’aide d’un modèle mathématique descriptif à deux phases. L’effet sur l’égouttage
du pH à l’emprésurage et de modifications de la composition du lait, telle la concentration en caséine
et la force ionique, ont été testés à l’aide d’un plan d’expérience à deux niveaux. La composition des
laits était modifiée en combinant une concentration par ultrafiltration et une dilution par une solution
de lactose. L’effet du pH sur le poids de sérum expulsé était négatif au début de l’égouttage puis deve-
nait positif. L’effet de la concentration en caséine était négatif sur la quantité de sérum obtenue et sur
la vitesse d’égouttage. La force ionique avait un léger effet positif sur l’égouttage. Une équation a été
obtenue permettant de prévoir la cinétique d’égouttage en fonction de la valeur des trois facteurs
étudiés. Les valeurs calculées s’ajustaient aux valeurs expérimentales avec un coefficient de corré-
lation r = 0,994.

lactosérum / égouttage / cinétique / composition du lait / pH / emprésurage / fromage pâte
molle
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noteworthy that ultrafiltration increased the
soluble protein concentration in milk by the
same ratio as the casein one. Thermised
cream containing about 450 g fat.kg–1 was
added to the milk to obtain a fat/casein ratio
equal to 1. The milk was then heat treated at
72 °C for 20 s, using an Actijoule apparatus
(Actini, Evian les Bains, France).

2.2. Pilot drainage device 

The device was previously described
[32]. It measured the drainage of a weight of
curd corresponding to one Camembert
cheese. It was composed of the following
parts: a thermostated drainage room, con-
taining the moulding unit where the curd
was poured, a whey flow out system where
the pH was measured, a whey fraction col-
lector equipped with data capture equip-
ment. The whey was collected into 100 mL
fractions. During the whole process, the
temperature, the pH and the weight of whey
were measured at a frequency varying from
0.1 to 10 points per min, according to the
flux of whey, and recorded.

2.3. Curd preparation and drainage 

Curd preparation was made with 2 kg of
cheese milk. An addition of 1.54 g.100 L–1

of a mesophilic starter was done (MM100
from Texel, Dangé-St-Romain, France),
which corresponded to 7× 106 CFU in the
milk, and a preincubation was performed
during 17 h at 12 °C. The milk was then
warmed up to 33 °C and poured into a
polypropylene vat (15× 15 × 20 cm) for
incubation. When the pH of milk reached
6.4 or 6.0, renneting was performed by addi-
tion of a liquid rennet solution (520 mg.L–1

chymosin, from SBI, Gand Gassiot, France),
in order to obtain 7.4 mg chymosin.100 L–1.
Forty minutes later, the coagulum was cut
into 2 cm cubes with rectangular frames
having metallic threads and then left to set-
tle for 40 min. Moulding was then per-
formed by pouring the coagulum with a ladle

drainage obtained through mechanical and
physical actions, is a crucial step in cheese
technology, as it determines the dry matter
(level and composition) of drained curd and
consequently that of the cheese.

To characterise more precisely the coag-
ulation and drainage steps during the man-
ufacture of Camembert soft cheese in rela-
tion with physicochemical and technological
factors was the purpose of this work.

In a previous paper the effect of three fac-
tors was studied: pH at renneting (ren.pH),
casein concentration in milk (CN) and ionic
strength (IS), on milk rennet coagulum for-
mation and properties, and on the drainage
ability of the coagulum. The methodology
used involved centrifugation tests and col-
lection of whey versus time by a manual
method [7]. 

We report here the characterisation of
the drainage ability of a rennet coagulum,
using an instrumented drainage device con-
ceived in the laboratory to collect drainage
data [32]. From the registered whey drainage
kinetics obtained, the effects of the factors
ren.pH, CN and IS on drainage and on whey
composition were quantified using an exper-
imental design. From the obtained data, a
descriptive mathematical model was built,
able to predict as well as whey drainage
kinetics, the weight of the factor levels. 

2. MATERIALS AND METHODS

2.1. Milk preparation

Raw bulk milk from a local factory was
ultrafiltered at 50 °C on a 2× 3P19 multi-
channel ceramic membrane (Membralox,
1.8 m2 area; 0.05 µm pore diameter, SCT,
Tarbes, France) up to a 2.5 volumic con-
centration factor, to obtain retentate and per-
meate fractions. These fractions were com-
bined together along with a 50 g.L–1 lactose
solution in order to obtain milks with dif-
ferent casein concentrations (about 27 and
37 g.kg–1) and/or different aqueous phase
dilution ratios (1.0 and 0.6). It is
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into a perforated soft cheese mould placed in
the drainage room of the device. At this time,
automatic data capture began and the weight
of the whey was registered over 18 h. The
temperature in the chamber was set at the
following values: 28 °C for 1 h; 25 °C for
4 h; 20 °C for 11 h; 18 °C for 2 h. Two turn-
ing overs of the draining curd were done,
after 1 h and 4 h of drainage respectively.

2.4. Characterisation
of whey drainage kinetics

Characterisation of whey drainage kinet-
ics was made according to 2 different
approaches. On the one side, were compared
the crude whey amounts experimentally
obtained after different draining times
(2.4.1). On the other side, the variation of
the weight of whey as a function of time
was considered as a whole and each exper-
imental kinetics curve was fit to a mathe-
matical model (2.4.2). Then, the factor lev-
els used in the experiments were checked
either to the crude amounts of whey (2.4.1)
or to the mathematical parameters obtained
by fitting (2.4.2), to quantify the effects of
the factors.

2.4.1. Checking of crude whey amounts

The crude whey amounts obtained after
some different times of drainage were
directly collected from the experimental
whey drainage data. These values were anal-
ysed by multiple regression analysis, keep-
ing as variables the levels of the factors used
in the experimental design. This allowed
determination of the significant factors, to
quantify their effects on the weights of whey
at each considered time, and to obtain the
average values of the weights of whey at
these times.

2.4.2. Fitting of experimental kinetics
curves to a model

Each whey drainage kinetics curve was
fit to a descriptive mathematical model,

chosen of the exponential type, owing to
the general shape of the curve. The equa-
tion used was:

W(g.kg–1) = W1 (1 – exp (– t/τ1))
+ W2 (1 – exp (–t/τ2)). (1)

It involved 2 steps and 4 parameters, W1,
W2, τ1 and τ2. W was the total weight of
whey expelled at time (t), W1 and W2 the
whey amounts obtained at the end of steps 1
and 2, and τ1 and τ2 the kinetics times of
the steps 1 and 2 of whey drainage. This
equation was already used in a previous
work [7]. A two step exponential equation
was chosen to describe W, as it gave a bet-
ter adjustment to experimental data than a
single step equation. Values for the param-
eters W1, W2, τ1 and τ2 were calculated
for each experiment, by fitting the W values
of equation (1) to the experimental values of
the whey drainage kinetics, using the least
square method. Each experiment thus led
to one value for each of the 4 parameters of
the equation. All the values obtained for the
parameters were then analysed by a multiple
regression analysis, keeping as variables the
levels of the factors in the experimental
design. This led to a quantification of the
effects of factors on the parameters involved
in equation (1) and to the determination of
their average value in the design.

2.5. Biochemical analyses

Biochemical analyses were performed
on milk, whey and drained curd. Fractiona-
tion of total nitrogen matter in milk was
according to the Rowland procedure [29]
to separate non casein nitrogen (NCN) and
non protein nitrogen fractions (NPN). Total
nitrogen matter (TN) in milk and nitrogen
matter in the NCN and NPN fractions were
obtained from N analysis using the Kjeldahl
method and the converting factors 6.38, 6.25
and 6.19 respectively for TN, NCN and
NPN; values which take into account the
corrections for precipitate volume during
fractionation, if any. Casein (CN) in milk

420



Whey drainage kinetics

dependant variables in the design and the
value of the effects corresponding to each of
the three factors studied. An effect quantified
the variation of the average value induced by
a variation of one coded unit of the factor
level, meaning from 0 to +1. First order
interactions between factors were tested.
They measured the difference in a factor
effect existing according as the factor was
tested at the high or low level of a second
factor. Significant effects were retained at
the level P = 0.05. 

3. RESULTS AND DISCUSSION

3.1. Curd making mass balance

Whey drainage data were collected from
11 experiments. The mass balance during
the drainage process was calculated from
the weights of milk, whey and curd obtained,
and from their DM and TNM composition.
For example, mass recovery for the total
weight was the weight of whey plus the
weight of curd reported to the weight of
milk and expressed as a percentage. The
recoveries were thus: 98.92% (SD = 0.36)
for total weight, 98.83% (SD = 0.38) for the
weight of water, 99.60% (SD = 0.94) for
the dry matter and 100.77% (SD = 1.38) for
the total nitrogen matter.

3.2. Experimental whey drainage
kinetics

3.2.1. Description

An example of the crude data obtained
from drainage experiments is shown in Fig-
ure 1 for 4 different milks. The weight and
pH of the whey were recorded as a function
of time with a variation coefficient for the
weight of whey varying, for the same milk
from 1.8 to 0.34% between the beginning
and the end of the drainage process. The
higher variability observed in the early
drainage corresponded to the turning over
of curd pieces which caused profile

was calculated as TN-NCN and soluble pro-
teins as NCN-NPN. Dry matter (DM) of
milk, whey and drained curd was obtained
by weighing before and after drying in an
oven during 7 h at 102 (±2) °C. Calcium
and potassium contents were determined
using atomic absorption spectrophotometry
[1] . 

The ionic strength level (IS) in the non-
modified milk was kept as a reference
(IS = 1.0). In modified milks, the IS decrease
was referred to by the dilution performed
in milk through the addition of the lactose
solution. The dilution performed was quan-
tified from the difference in total potassium
concentrations in the milks. The dilution
factor was calculated as the ratio of total
potassium in treated milks compared to that
in the non-modified ones. 

2.6. Experimental design

The effects of the factors, ren.pH, CN
and IS, were studied in a similar experi-
mental design consisting of 8 combinations
of factors on 2 levels. Fat content in milk
was varied in the same extent as casein con-
tent to maintain a fat/CN ratio equal to 1.
However, fat was not studied separately as
a factor so that its effect was included in the
variation observed for the CN factor. A
4 time repetition of one experimentation
was performed to test the repeatability,
which was calculated as the variation coef-
ficient (VC), calculated from the standard
deviation (SD) and the average value (AV)
as: VC = 100× SD/AV. 

The range of variation of the factor levels
was 27 to 37 g.kg–1 for CN, 6.0 to 6.4 for
ren.pH and 0.6 to 1.0 for IS. These factor
levels were coded as –1 and +1 for the lower
and higher levels respectively. A correction
was made, if necessary, to consider the real
level achieved during the experimentation.
The quantification of the effects of the fac-
tors on drainage kinetics data was made
using a linear regression model. Thus was
obtained an average value for each of the
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disturbances. The general shape of whey
drainage kinetics was the same for all exper-
iments. During the first 10 min of the early
drainage, the weight of whey increased at
a very high rate (Fig. 1, insert), which pre-
sumably corresponded to the flow of whey
expelled by the coagulum in the vat before
moulding. Then there was observed a second
stage of quite rapid drainage for about
400 min, followed by a late drainage at a
lower rate up to 1 000 min. These observa-
tions confirm the reports of Walstra et al.
[42] and of Renault et al. [28]. 

An effect of the CN concentration and
the renneting pH on the amount of whey
expelled was observed (Fig. 1). The differ-
ences in the whey amounts obtained between
50 to 100 min of drainage were apparently
related to ren.pH while those observed in

the late drainage (400–1 000 min) were
dependent on CN.

The pH values of whey are also reported
in Figure 1. A difference in the pH of whey
was related to ren.pH, the higher the ren.pH,
the higher the pH of whey during the whole
drainage. In addition, the rate of pH decrease
in whey during the first 100 min was lower
at the high level of ren.pH. This presum-
ably resulted from the higher buffering
capacity of the draining curd obtained in the
ren.pH = 6.4 experiments, in which
remained a higher part of the colloidal min-
erals of micelles. This point will be dis-
cussed later. No effect of the CN concen-
tration on whey pH was observed.

The weights of whey obtained between
10 min and 800 min of drainage were
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Figure 1.Experimental whey drainage kinetics and evolution of pH of the whey during experiments
on four different milks: IS = 1, casein 27 g.kg–1 (CN–) or 37 g.kg–1 (CN+), ren.pH 6.4 (pH+) or
6.0 (pH–). Expanded scale in the insert.
Figure 1. Cinétique de l’écoulement du lactosérum et pH du lactosérum dans le cas de 4 expéri-
mentations sur des laits à force ionique IS = 1.0 et ayant 27 g.kg–1 (CN–) ou 37 g.kg–1 (CN+) de caséine
et emprésurés à pH 6.4 (pH+) ou 6.0 (pH–). Expansion d’échelle dans le médaillon.
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were compared to the factor levels in the
experiments to quantify the effect of ren.pH,
CN and IS factors (See Sect. 2.4.1). This
allowed the experimental average values of
whey amounts to be obtained at these times
and to quantify the effect of factors on these
values (Tab. I). The average amount of whey
expelled was 585.0 g.kg–1 after 10 min of
drainage which increased up to 824.8 g.kg–1

after 800 min. The 3 factors showed signif-
icant effects. The effect of ren.pH, initially
negative at 10 min, turned positive at
800 min, while the CN effect was quite con-
stant over the whole drainage leading to a
mean value in the –30.8 (SD = 2.1) g.kg–1

range. A positive effect of IS, decreasing
from 10 min to 800 min of drainage was
observed. Effect values were then calcu-
lated at lower intervals of time all along the
drainage process to define more precisely

plotted against the pH of whey at the same
moment (Fig. 2). A linear course of the
increase in the weight of whey was observed
as the pH of whey decreased whatever the
levels of CN, IS and ren.pH. An effect of
CN was apparent mainly for ren.pH = 6.4; a
lower weight of whey was obtained at higher
CN values. However, the slopes of all the
curves were similar. This would agree with
the variation in the rate of whey expulsion
from curd being mainly determined by the
variation of pH during curd drainage.

3.2.2. Effect of factors on the crude
amounts of whey expelled
at different times 

The amounts of whey obtained after
4 drainage times, 10, 40, 400 and 800 min,
during the different whey drainage stages
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Figure 2.Relation between the amount of whey (g.kg–1) and the pH of whey at each time of drainage
(from 10 min to 800 min). 
Figure 2.Relation entre la quantité de lactosérum écoulée (g.kg–1) et le pH du lactosérum au cours
de l’égouttage 10 min à 800 min. 
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Table I. Effect of renneting pH (ren.pH), of casein level in milk (CN) and of ionic strength (IS) fac-
tors on the crude amounts of whey (g.kg–1 milk) obtained at different times during the experimental
whey drainage kinetics. (P = 0.05). ns: not significant.
Tableau I. Effet du pH à l’emprésurage (ren.pH), de la teneur en caséine du lait (CN) et de sa force
ionique (IS) sur les quantités de sérum (g.kg–1 lait) obtenues lors des expérimentations après diffé-
rentes durées d’égouttage. (p = 0,05). ns : non significatif.

Drainage
Effect of factors

time (min) ren.pH CN IS Average value r2

10 –28.3 –29.3 ns 585.0 0.770 
40 –27.3 –33.9 8.2 676.0 0.946 
400 ns –30.4 5.4 822.9 0.983 
800 4.3 –29.8 3.8 824.8 0.990 

Figure 3.Values of the effects (g.kg–1) calculated for CN, ren.pH, IS factors after different drainage
times. 
Figure 3. Valeurs des effets calculés (g.kg–1) pour les facteurs CN, pH, IS à différents temps
d’égouttage. 

their variations (Fig. 3). The results high-
lighted the inversion of the ren.pH effect.
A negative effect of the ren.pH was
observed during the early drainage within
100 min, no more effect occurred in the
interval 100–400 min, a positive effect
appeared in the late drainage.

The effect of factors on the final yields of
whey and on whey composition were also
calculated and are reported in Table II.

3.2.2.1. The casein effect

The increase in CN level, meaning in fact
the simultaneous increase in casein,
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thereby to an increase in particulate volume
of: 3.3 + 1.1 = 4.4 mL, meaning 4.4 mL less
extramicellar aqueous phase in milk. For
5 g of casein, which corresponds to the
coded unit for CN in the current design, this
led to 4.4× 5 = 22 mL less of extramicellar
aqueous phase per kg of ultrafiltrated milk.
After renneting, the voluminosity of micelle
decreases to about 2.4 mL [4, 36] and the
same calculation leads to a difference in the
extramicellar volume of 17.5 mL. This
explains only partly the CN effect observed.
However, the increase in fat content in milk
could also contribute by itself to hindering
the curd drainage, since a negative correla-
tion has been observed between fat content
and syneresis rate [11]. Fat could act either
in interrupting the protein network struc-
ture [16] and impeding the shrinkage of gels
[30], or in decreasing the permeability [35]. 

The milk CN concentration also modi-
fied the composition of whey (Tab. II). An
increase in dry matter and in total nitrogen
matter contents was observed in whey as
CN plus fat content increased in milk. The
ultrafiltration treatment of milk resulted in an
increase in the whey protein content of milk
by quite the same concentration factor as

soluble proteins and fat concentrations in
milk, led to a reduction of the amount of
whey expelled during the early drainage
(–29.3 g.kg–1, after 10 min drainage), as
well as on the late drainage (–29.8 g.kg–1,
after 800 min drainage). These results agree
well with the observations already made on
ultrafiltrated skimmed milk [3, 22, 24, 26].
The effect was quite constant all along the
drainage process leading to a similar effect
on the final yield of whey (Tab. II). The
decrease of final whey amounts in high CN
milks could be attributed mainly to the
reduction of the aqueous phase content of
the milk due to ultrafiltration. As a matter of
fact, both casein micelles and fat globules
can be considered as particulate material in
milk, although micelles are in fact “soaked”
in the aqueous phase. Hence, an increase in
the particulate material volume of milk
decreased the extramicellar aqueous phase
content of the same volume. Micelle volu-
minosity is reported to be in native milk in
the 3.3 mL.g–1 range [31, 39]. Voluminos-
ity of fat, taking into account a value of 0.92
for its density [41], is about 1.1 mL.g–1 fat.
Thus, in the current experiments involving
a constant CN/fat ratio, an increase of the
CN level in milk of 1 g corresponded
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Table II. Effect of renneting pH (ren.pH), of casein level in milk (CN) and of ionic strength (IS) fac-
tors on the yield of whey obtained after 1 100 min of drainage (g.kg–1 milk) and on the average
composition of the whey collected during the whole drainage (g.kg–1). (P = 0.05). ns: not significant. 
Tableau II. Effet du pH à l’emprésurage (ren.pH), de la teneur en caséine du lait (CN) et de sa force
ionique (IS) sur les rendements en lactosérum (g.kg–1 lait) obtenus après 1 100 min d’égouttage et sur
la composition moyenne du lactosérum collecté (g.kg–1). (p = 0,05). ns : non significatif.

Effect of factors

ren.pH CN IS Average value r2

Yield of whey 4.0 –29.2 3.3 824.7 0.983 
DM ns 2.6 0.9 67.3 0.914 
TNM ns 1.71 0.69 10.24(a) 0.996 
Total calcium –0.095 0.118 0.040 0.952(b) 0.998 
pH 0.20 ns ns 5.45 0.743

DM, dry matter ; TNM, total nitrogen matter.
(a) significant interaction CN× IS = 0.15.
(b) significant interaction, CN× pH = –0.009.
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the casein, consequently, they were recov-
ered in higher amounts in whey. Colloidal
minerals were also increased by ultrafiltra-
tion, then solubilised in higher amounts as
the pH decreased, leading to a positive effect
of CN on the mineral content of whey.

3.2.2.2. The ren.pH effect

The effect of ren.pH was negative in the
early drainage (–28.3 g.kg–1 at 10 min). The
lower ren.pH resulted in a lower pH at cut-
ting, both favouring the syneresis of coagu-
lum [42] and by the way increasing the early
drainage. Hence, a higher ren.pH decreased
the early drainage, but as the pH slowly
decreased in the curd during the course of
drainage, a delayed whey drainage occurred
during the second stage of drainage
(Fig. 2), to finally obtain at the end of the
drainage process higher yields of whey for
higher ren.pH (Tabs. I and II). A negative
effect of ren.pH on drainage has been
already reported [20, 22, 23, 25, 31, 40].
However these authors did not observe the
late positive effect we describe, as they stud-
ied whey drainage for shorter draining times,
up to 150 min only.

Differences in ren.pH induced different
rates in the course of decrease of whey pH,
as shown in Figure 1. A decrease in pH goes
along with solubilisation of colloidal min-
erals. The lower level of ren.pH, 6.0, led to
a pH at moulding of about 5.5 (Fig. 1) at
which most of the colloidal minerals were
solubilised [19] and then were expelled in
whey during the early drainage. The higher
ren.pH, 6.4, corresponded to a pH at mould-
ing of about 6.2, meaning that about 70%
of colloidal minerals remained associated
with caseins [19] as the early drainage inter-
vened. The subsequent decrease in pH
occurring in the curd during drainage was
then slowed down by the solubilisation of
the colloidal calcium and phosphate remain-
ing in the curd which increased its buffering
capacity. 

The ren.pH effect on drainage could also
result from differences in the structure and

properties of the rennet coagulum when
formed at different renneting pH. When
ren.pH was 6.4, nearly all of the colloidal
minerals remained in the micelles, result-
ing in a network having a more rigid struc-
ture and a lower permeability. However, the
subsequent solubilisation of the mineral part
of the structure as pH decreased, led to a
smooth proteinaceous network having a high
porosity and permeability, which explained
the positive effect of ren.pH at the end of
drainage [42]. In contrast, when ren.pH was
6.0, coagulum formation intervened on a
partially demineralised micelle, as about
one half of colloidal phosphate was solu-
bilised [1, 19]. The resulting structure had
thus a higher initial permeability [33, 34],
mainly due to the pH dependency on the
voluminosity [36], which favoured the early
drainage. In contrast, the structure showed a
higher ability to retain water at the end of
drainage.

The average pH of the whey collected
during the whole drainage (Tab. II) was
dependent on the ren.pH. The higher the
ren.pH, the higher was the pH of the whey,
as drainage proceeded mainly before the
decrease in pH of the curd.

3.2.2.3. The ionic strength effect 

The initial IS of milk at pH 6.7 was about
0.08 mol.L–1 [41]. The average dilution per-
formed on milk was× 0.6, from the total K
contents, thus giving IS = 0.048 mol.L–1.
The amount of soluble calcium was also
determined in these milks. The soluble Ca
ratio after and before dilution was× 0.65,
meaning slightly higher than the K ratio.
This was due to an adjustment of the solu-
ble-colloidal mineral equilibria after the
dilution through the solubilisation of a part
of the colloidal calcium, amounting to about
45 mg.kg–1, which corresponded to 5% of
the total colloidal Ca. A positive effect of
IS was observed on the amounts of whey
expelled during the 40 to 800 min drainage
(Tab. I), thus a reduction in the ionic strength
of milk, led to a decrease in drainage. These
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nitrogen matter and dry matter contents of
whey decreased with the reduction of the
ionic strength, due to the decrease in non-
protein nitrogen and, most generally, solu-
ble component levels. A positive effect of IS
on the total yield of whey was also observed.

3.2.3. Characterisation of whey
drainage kinetics by fitting

3.2.3.1. Fitting to the model and effect
of factors 

Fitting of the experimental draining
curves to equation (1) allowed values for
the parameters to be obtained. An example
of such a fitting is given in Figure 4 for the
following combination of factors: ren.pH =
6.4, CN = 27, IS = 1.0. The correlation coef-
ficient obtained was 0.993. The mean value
for the correlation coefficient for all the fit-
tings was 0.992 (SD = 0.006). The higher
discrepancy between adjusted data and the
experimental ones was observed in the early
draining time (in the 60–240 min time inter-
val) and was presumably due to the distur-
bances caused by the turning over of curd
pieces. Parameter values obtained from the
fitting of each whey drainage kinetics
allowed the calculation of their average val-
ues and the factor effects (Tab. III). The
results showed that during step 1 the higher
amount of whey was expelled, W1 =
637.3 g.kg–1, at a high rate, as τ1 had a low
value. During step 2, the average amount
of whey was smaller, W2 = 189.5 g.kg–1,
and τ2 had a high value, meaning a very
low drainage rate.

These kinetics parameters were modified
by factors as shown by the factor effects
reported in Table III. CN had a negative
effect on W1 and no effect on W2. These
results confirmed those obtained in
Section 3.2.2 and outlined the importance
of milk casein concentration in the early
drainage. Similarly, the effect of ren.pH was
negative on W1 and was positive on W2,
which fit well with the experimental data in
Figure 3. The time parameter τ1 was mod-
ified by the factor CN. This confirmed the

results are in agreement with those reported
by Marshall [22] and Peri et al. [26] which
reported a decrease in the rate and extent of
syneresis after a reduction of the ionic
strength of the milk soluble phase performed
by dilution or diafiltration. However, the
results are different from those we obtained
in a previous work [7], in which different
technological conditions were used for coag-
ulation. In this first work, the amount of ren-
net was 3 times higher, the time before
moulding was 2 times higher and these con-
ditions led to an opposite effect of IS, mean-
ing a negative effect of ionic strength on
drainage [7]. These discrepancies seem
related to the modification of the ratio “time
before cutting to coagulation time”, con-
sidered by Marshall [22] as important for
drainage, so that curd development and
coagulum strength at cutting time were not
the same in the two experiments, presum-
ably explaining the discrepancies in curd
drainage [20, 27]. Indeed, it is reported that
the ability of curd to syneresis becomes pro-
gressively lower as the gel was left for a
longer time before cutting or drainage [34].

The changes in IS obtained by the ultra-
filtration/diafiltration process allowed the
colloidal mineral level in micelles to be
maintained in a quite native state (95% of
colloidal Ca remaining on the micelle at pH
6.7, calculated from the previously reported
analytic determinations) and to obtain dur-
ing acidification a course of demineralisation
similar to that occurring in the non-modi-
fied milk (results not shown), which con-
firmed the results of Famelart et al. [10].
Thus, the effects obtained could be strictly
attributed to the IS variation. In contrast,
when IS is modified through a salt addition,
such as CaCl2 or NaCl [22, 37], salt equi-
libria in milk are also modified [9, 19],
which, in addition to the variation of IS,
interferes with the results finally obtained
for coagulation and drainage.

As a result of the dilution of the soluble
phase of milk, the average whey composi-
tion obtained was different (Tab. II). Total
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results of Peri et al. [26] concerning the
effect of casein on the draining rates. A neg-
ative effect of IS was observed on τ1 as well
as a significant interaction with CN, CN× IS
= –1.1. Thus, a decrease in IS decreased the
rate of drainage during step 1. On the other
hand, τ1 is certainly related to the mould-
ing conditions and to the geometrical char-
acteristics of the mould, as the density of
holes on mould walls or the size of the
mould [27, 40]. In contrast, τ2 was depen-
dent on casein concentration and on ren.pH.
The casein concentration had a positive
effect meaning that an increase in milk
casein content led to a lowered drainage rate

during the second step. On the contrary,
ren.pH had a negative effect on τ2, meaning
a higher rate of drainage at higher ren.pH, as
already reported [17]. Some authors
explained the increase in the drainage rate by
differences in curd strength and in the abil-
ity of coagulum to shrink [3, 30]. On the
whole, the results obtained with the fitting
method confirmed those obtained experi-
mentally on the crude whey amounts at dif-
ferent times (Tab. I); apart from the effect of
IS on the total weight of whey which was
observed from experimental data in Table I
and was no more observed on W1 nor on
W2 in Table III. However, the results of
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Figure 4. Whey drainage kinetics for the milk sample: ren.pH = 6.4, CN = 27, IS = 1.0; (Exp.),
experimental data; (Fit.), adjustment of equation (1) to the experimental curve by the least squares
method, which gave: W(Fit.) = 622.6 (1 – exp (–t/4.6)) + 239.2 (1 – exp (–t/93.2)); r = 0.993; (Calc.),
calculated kinetics from equation (2): W(Calc.) = 620.5 (1 – exp (–t/4.5)) + 236.5 (1– exp (–t/97.5));
r = 0.994. 
Figure 4.Comparaison des cinétiques d’égouttage obtenues pour les valeurs des paramètres : ren.pH
= 6,4, CN = 27, IS = 1,0 ; (Exp.), cinétique expérimentale ; (Fit.), ajustement obtenu par la méthode
des moindres carrés avec l’équation (1), W(Fit.) = 622,6 (1 – exp (–t/4,6)) + 239,2 (1 – exp (–t/93,2)),
r = 0,993 ; (Calc.), courbe calculée à partir de l’équation générale, équation (2): W(Calc.) = 620,5
(1 – exp (–t/4,5)) + 236,5 (1 – exp (–t/97,5)) ; r = 0,994. 
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(coded values), which allowed the values
of parameters W1,W2, τ1 and τ2 to be
obtained. After that the values of W were
calculated at different times, which gave the
kinetics shown as curve “Calc.” in Figure 4.
This kinetics compared with the experi-
mental curve (curve “Exp.”) obtained for
the same factor levels, with a correlation
coefficient r = 0.995. Comparatively, a
direct fitting of this “Exp.” curve by adjust-
ment to equation (1) was done, giving the
curve “Fit.” reported in Figure 4 (r = 0.997).
These results showed the accuracy of the
linear model of equation (2), since the cor-
relation factor (r = 0.995) was close to that
obtained by fitting of experimental values
(r = 0.997). That supported the idea that the
whey drainage kinetics can be described by
equation (2) in the studied range of varia-
tion of the factors.

In another example, presented in Figure 5,
the time of drainage to obtain a determined
fraction of the total whey (0.95, 0.97, 0.99,
0.999) was calculated from equation (2) for
different CN concentrations of the milk.
Total whey at the end of drainage was cal-
culated as the amount of whey expelled after

fitting thereby provided a quantification of
the drainage rates, which was not obtained
by the treatment of the crude whey amounts
at different times.

Thus, the final equation describing the
weight of whey expelled during the drainage
and keeping into account the factor effects
was:

Wcalc.(g.kg–1) = (637.3 – 26.4× CN
– 43.2× ren.pH)× (1 – exp (– t/(4.8

+ 0.6× CN – 0.8 × IS – 1.1× CN × IS)))
+ (189.5 + 47.0× ren.pH)× (1 – exp

(– t/(114.6 + 15.3× CN – 9.9 × ren.pH
– 8.1× CN × ren.pH))). (2)

3.2.3.2. Forecasting of drainage data

The characterisation of the drainage
kinetics and the quantification of the effect
of factors in equation (2) allowed the cal-
culation of previsional drainage curves. For
example, the predictive drainage curve for a
milk was calculated for the following exper-
imental conditions: ren.pH = 6.4, CN = 27,
IS = 1.0. In the linear regression model of
equation (2) the factor levels were intro-
duced at their right value in the experiment
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Table III. Effect of renneting pH (ren.pH), of casein level in milk (CN) and of ionic strength (IS) fac-
tors on the parameters of the whey drainage kinetics calculated according to the relation:

W = W1× (1 – exp (–t/τ1)) + W2× (1 – exp (–t/τ2)).
W, W1, W2 in g.kg–1; τ1, τ2 in min. P = 0.05. ns: not significant.
Tableau III. Effet du pH à l’emprésurage (ren.pH), de la teneur en caséine du lait (CN) et de sa
force ionique (IS) sur les paramètres de l’équation permettant de décrire la cinétique d’égouttage :

W = W1× (1 – exp (–t/τ1)) + W2× (1 – exp (–t/τ2)).
W, W1, W2 en g.kg–1; τ1, τ2 en min. (p = 0,05). ns : non significatif.

Effect of factors

ren.pH CN IS Average value r2

W1 –43.2 –26.4 ns 637.3 0.864
τ1 ns 0.6 –0.8 4.8 (a) 0.738 
W2 47.0 ns ns 189.5 0.880 
τ2 –9.9 15.3 ns 114.6 (b) 0.808

(a) significant interaction, CN× IS = –1.1.
(b) significant interaction, CN× ren.pH = –8.1.
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1 100 min. The results showed that the
drainage times to obtain the same fraction of
total whey increased drastically as casein
concentration increased, meaning a lowering
in the drainage rate.

4. CONCLUSION

Whey release from Camembert curd was
precisely characterised thanks to the device
developed  which allows determination of
not only kinetics of drainage but also
changes in whey composition vs. time or
vs. biochemical and biophysical modifica-
tions of the used cheese milk.

From the results obtained in this study, it
becomes possible to estimate the behaviour
in cheesemaking of a milk in terms of abil-
ity to expel whey under given technological
parameters and evidently, on the opposite, to
adjust milk characteristics for obtaining a
given whey release. Such a potentiality finds
its interest when new processes involving
for example increase of casein content, par-
tial demineralisation, lactose removal, are
studied.

Drained curds obtained in the present
study have been analysed and characterised.
The obtained results and the complemen-
tary developments to which they lead will be
presented in a future paper.
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Figure 5. Time of drainage calculated from equation (2) to obtain a determined fraction (0.95 to
0.999) of the total whey (kept as the whey amount obtained at 1 100 min) for milks at different CN
contents and renneted at pH 6.4.
Figure 5.Temps d’égouttage nécessaire pour obtenir une fraction déterminée (0,95 à 0,999) du lac-
tosérum total (soit le lactosérum obtenu à 1 100 min), en fonction de la teneur en caséine du lait, cal-
culé à partir de l’équation (2). 
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