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Abstract — The effect of the pH of skim milk (6.4 to 6.0), the casein concentration (27 tkg38) g

a reduction in the ionic strength to 0.6 compared to that of unmodified milk and the effect of heat treat-
ment on rennet coagulation, gel syneresis and drainage were tested. Coagulation was measured using
a formagraph and by viscoelasticimetry, while syneresis was studied using a centrifugation test.
Drainage was followed under conditions similar to those of cheesemaking, using either a mesophilic
or thermophilic process. The effects of pH and casein concentration on rennet coagulation, gel
syneresis and drainage were in accordance with those reported in the literature. Reduction in ionic
strength led to shorter coagulation time and firming time. It also led to an increase in gel firmness, gel
syneresis, drainage rate, final amount of expelled whey, solids content and hardness of drained curd.
lonic strength appeared to have an interactive effect with pH on coagulation and with the concentration
of casein on syneresis and drainage. This effect of the reduction in ionic strength is discussed.

rennet coagulation / pH / casein concentration / ionic strength / drainage

Résumé— La coagulation présure du lait écrémé et I'égouttage : effet du pH et de la concen-
tration en caséine, de la force ionique et du traitement thermiqué.’effet du pH du lait écrémé
(6,4-6,0), de la concentration en caséines (27-K6%, de la réduction de la force ionique du lait

a 0,6 fois celle du lait natif et du traitement thermique a été testé sur la coagulation présure, I'aptitude
a la synérese et I'aptitude a I'égouttage des gels. La coagulation était suivie a I'aide du formagraph
et d'un viscoélasticimétre, tandis que la synérése était suivie par un test de centrifugation et I'égout-
tage était étudié par une méthode proche d’une fabrication fromageére. Les résultats confirment ceux
de la littérature pour I'effet des facteurs pH et concentration en caséine sur la coagulation, la synérese
et I'égouttage. La réduction de la force ionique a entrainé une réduction du temps de prise et de
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raffermissement, une augmentation de la fermeté, de la synérese, de la vitesse d'égouttage, du poids
total de sérum égoutté, de I'extrait sec et de la dureté des caillés égouttés. L'effet de la force ionique
est apparu en interaction avec le facteur pH lors de la coagulation et en interaction avec la concentration
de caséines dans la synérese et I'égouttage. L'effet de la réduction de la force ionique est discuté.

coagulation présure / pH / concentration en caséine / force ionique / égouttage

1. INTRODUCTION be lower than in the case of milk, and it is
likely gel formation and syneresis probably
Many studies have been published on thwill proceed differently [30].

effect of factors such as concen_tration of Recent studies have reported the effect
milk, pH and heat treatment of milk on theqt reqycing the ionic strength of milk on ren-
rennet coagulation of skim milk and on theyet coagulation by the use of native micelles
drainage of the renneted milk gel [7, 29, 30prepared by microfiltration [8, 9, 21]. Rennet
33]. Very few of these take into accountcyagyiation time (R), firming time (k20) and
interactions between these factors by thge firmness at 30 min studied using the for-
use of an experimental design [18]. magraph are 14 min, 23 min and 2.8 mm,

It is well known that reducing the pH of respectively, for milk and changed at almost
milk from 6.7 to 5.8 leads to faster rennef ionic strength to 6.5 min, 10 min and
coagulation [7, 11] and faster syneresis [304.4 mm, respectively, at the same pH and
The effect on milk clotting times of concen-casein concentration. Addition of NaCl to
trating milk by ultrafiltration by a concen- milk in the range 17 to 117 mmbtlhas a
tration factor between 1 to 4, and at adjustedlight negative effect on syneresis [5], but
pH values was reviewed by Garnot [10]: nathe effect at higher concentrations is difficult
effect or a slight increase of rennet clottingo determine because rennet coagulation
time was reported. Concentrating milk bytakes a very long time, as in the manufacture
ultrafiltration reduces the rate of syneresi®of Domiati cheese [14]. There has been no
[20, 30]. In highly concentrated milk, the study on the effect of reducing ionic strength
degree of hydrolysis at the cutting time caron drainage of rennet gel.

List of abbreviationsalR, a2R: firmness calculated as the distance between the 2 arms df trace
of Formagraph at & and 3x the rennet coagulation time (mm); cfu: colony forming unit;
CN: concentration of casein-kg); Dy,,cr displacement at fracture (mm); G: dynamic modu-

lus (Pa); G, G": storage and loss moo‘tﬁus (Pa); G, extrapolated value of the dynamic mod-

ulus at infinite time from Scott-Blair and Burnett's expression (Pa); HT: heat treatment;
IS: ionic strength; k20: firming time calculated as the time to reach a distance of 20 mm between
the 2 arms of the trace of a Formagraph (g)kk., K. firming time from the Scott-Blair an
Burnett’s expression for G, G’ and G” (s); M: micelle diameter (nm); NCN: non-casein njtro-
gen (gkg~1); NPN: non-protein nitrogen g2); pH: pH factor; PR: type of process; R: rennet
coagulation time as the time of separation of the 2 arms of trace of Formagrafirdesre
mination coefficient; SG, 4 solids content of curd (kg™); SG,pe,; Solids content of whey
(gkg™); S hardness as maximum strength at end of compression (N); Si: initial syneresis (%);
Sf. final syneresis (%);:3. firmness as strength at fracture (N); TA: loss tang%ng%&:
gel time of G’ and G” in Scott-Blair and Burnett’s expression (s); TN: total nitrog&g (9,
W: weight of whey collected during time t (g);,WWveight of whey during drainage at the end
of phase 1 (g); W weight of whey during drainage at the end of phase 2 (g); Wtot: W1+W2 (g);
T, T, characteristic times of drainage during phase 1 and phase 2 (s).
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Milk heating hinders rennet clotting, but  The casein was concentrated by ultrafil-
this effect is reversible provided that notration. It is well known that ultrafiltration
denaturation op-lactoglobulin occurs [7]. leads to a concentration of both caseins and

The effects of four factors on the con-Whey proteins, but as caseins are the con-

struction of a gel network in renneted milk, Stitutive material for rennet gels, we used
on the drainage of the cut gel, and on th&aSein concentration as the main factor of
properties of the final drained curd werethe study, instead of the volume concentra-

studied. These factors were: concentrationdon factor.

of casein from 27 to 36kg2, milk pH from For curd drainage experiments, only the
6.40 to 6.00, reduction in the ionic strengtheffects of casein concentration and ionic
from 1 to 0.6 compared to that of unmodi-strength were studied on heat treated milk at
fied milk and a heat treatment at 72 °C foiits initial pH value of 6.67, thus four exper-
20 s. This paper is concerned firstly withiments. Lactic bacteria were used to reduce
rennet coagulation, with biochemical andthe pH of the milk; rennet coagulation time
rheological properties of renneted milk gelsyas measured at pH 6.40.

and secondly with drainage.

2.2. Biochemical analysis
2. MATERIALS AND METHODS
Total nitrogen (TN), non-casein nitrogen
(NCN) and non-protein nitrogen (NPN) in
milk were determined in duplicate using the
Kjeldahl method, with 6.38 as the conver-
sion factor from nitrogen to total protein
[23]. Correction factors for differences in
volumes between milk and filtrate for NCN
nd NPN were 0.998 and 0.987, respectively
%, 2]. Casein content was calculated as

2.1. Modified milk

Raw bulk skim milk was provided by a
local dairy. Ultrafiltration was carried out
at 52 °C using a pilot plant with ceramic
membranes (Membralox, pore size QU5
SCT, France). Milk was fractioned into
retentate and permeate fraction?. These fra
tions were mixed and a 50Lg- lactose N—NCN, and soluble protein as

solution was added to produce samples W'@CN—NPN. Minerals were measured in

the required casein concentration and ioni . . ) .
strength. The ionic strength of milk was uphcate on milk and on ultrafiltrate obtained

modified by dilution of the aqueous phaseusmg a CF 25 Centriflo unit (Amicon,

lonic strength calculation was based on thg rance) [15]. The concentrations of calcium

concentration of potassium in milk, assum—and potassium were determined by atomic

ing an initial ionic strength of milk of absorption spectrophot(_)met_ry [4] and that
80 mmolL~[31]. Heat treatment was per- of phosphorus by a colorimetric method [13].

formed on an Actijoule apparatus (Actini, Micelle diameter was determined in
Evian les Bains, France) at 72 °C for 20 sduplicate by a dynamic light scattering
pH adjustment was performed at 30 °C bymethod, using the Coulter NAMD instru-
the gradual addition of 0.1 N lactic acid dur-ment (Coultronics, France) at 20 °C after a
ing rapid stirring. Milk samples were pre- 1/300 dilution in Dalgleish buffer [6].
pared at two levels of casein (about 27 an®iluted milk was stabilised for 10 min in
36 gkg™), 2 levels of ionic strength (1 and the cell holder at 20 °C and light scattered at
0.6 compared to that of unmodified milk, 90° for 300 s was measured. The computed
i.e. 80 and 48 mmdl—1), 3 levels of pH auto-correlation function of scattered light is
(6.40, 6.20 and 6.00) and with or withoutrelated to the intensity-weighted average
heat treatment. Thus, there were 24 experdiffusion coefficient and to the diameter of
ments for the study of rennet coagulatiorthe particle assuming a log-Gaussian distri-
and syneresis. bution.
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The solids content of whey and curd werglaced at zero time in the gap and covered
determined by drying at 103 °C for 7 h.  with liquid paraffin. Measurements began
at the time of coagulation as measured by

The amount of water in drained curds he F hE . ¢
was estimated from the weight of curd an(i € rormagrapn. EXperiments were per-

the solid contents of the curd. The caseifc'Med in triplicate. G', G"and the loss tan-
ndent were measured. The moduli were fitted

content of curd was calculated from the co Using the Scott-Blair and Burnett model

centration of caseins in milk as follows: it )
: -[@4].

was assumed that no casein was lost i }

whey; a correction was made to take into G =G e*/(t-1)

accou_ntt;[he specitf)ic b(;eakdow_n of theyith G_ the value of the modulus extrapo-
K-casein by rennet (based ok-8asein CON- |ateq gt infinite time; k the firming time,
tent of 12% in total casein, with molecular,q the time to reach Ce: { the time for

. = ;
weights 191000 gnol™" of k-casein and 6 peginning of modulus increase, either
6 500 gmol™"of caseinomacropeptide) and,, G or G, The loss tangent at 3R from the
the general proteolysis of caseins that OCCUIS hneting time was deduced.

during drainage. The latter has been calcu-
lated on the basis of the increase in NPN in
whey during drainage as 2% of the casein. 2.4. Syneresis test
The increase in NPN was found in the last

fractions representing 15% of the total Two different syneresis tests were per-
weight of whey. Water content in curd wasformed on milk samples. Firstly, 30 mL of
expressed as g water per g casein. milk were placed into a 50 mL tube, ren-
neted (237ug-L~1 milk) and held undis-
. turbed in a water bath at 33 °C. After 3 R
2.3. Rennet coagulation from the time of rennet addition, the gel was
centrifuged at 1 00@ for 15 min. The
Milk was held at 33 °C for at least 1 hexpelled whey was poured off, weighed and
before renneting. A 520 rrg! solution expressed as g whey per 100 g milk (Si).
chymosin (SBI, Gand Gassiot) was freshlysecondly, the same procedure was per-
diluted with deionized water. Coagulationformed, except that the samples were cen-
was studied at a concentration of 287  trifuged at 6 R from the time of rennet addi-
chymosin per litre of milk. tion (Sf). Tests were done in duplicate for

Rennet coagulation was studied in dupli€ach milk sample.
cate using the Formagraph at 33 °C. The
values of R, k20, alR and a2R were calcu-
lated, where R is the rennet coagulation time,
k20 is a measure of the firming rate curd drai f d with heat-
expressed as the time to reach a distance of ~Ur¢ drainage was pertormed with hea
20 mm between the 2 arms of the trace, an eated milk under experimental conditions

a1R and a2R are the firmness values aft rglmllar to those used for cheesemaking and

X S e addition of either a mesophilic or a ther-
ﬂeglzk[aﬁr]]d triple the clotting time, rESpec'mophilic starter. Renneting and subsequent

curd drainage were performed at a constant
Rennet coagulation was also studiedemperature, 33 °C for mesophilic starter
using a Carri-med (CSL 50, Rhéo, FranceMM100 and 42 °C for the thermophilic
at 33 °C in the oscillation mode at 1% sheaBTBO05 starter (Texel, Dangé-Saint-Romain,
strain and 1 Hz. This was performed withFrance). The mesophilic or thermophilic
a 60 mm diameter, 3° 58’ angle acrylicstarters were added to 2 kg of milk at
cone-plate geometry. Renneted milk wag x 10° cfu-mL~1 or 3 x 106 cfu-mL-1,

2.5. Curd drainage
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respectively. When the milk reached 2.7. Calculations

pH 6.4, it was renneted with 0.912 mL of

520 mgL~! chymosin solution (23fg chy- In the coagulation study, the levels for
mosinL~ of milk). The gels were cut into each factor were coded from —1 to +1 and
20 mm cubes after 70 or 20 min and thefihe variables are listed in Table I. Micelle
moulded in a soft cheese mould (11 cndiameter, rennet coagulation properties and
internal diameter, with holes only at the bot-syneresis tests were studied using the lin-
tom, initial height 13.5 cm) after 30 min or ear regression model in Microsoft excel soft-
48 min, for the m_esophilic or thermqphilic ware. The factors were pH (pH), concen-
process, respectively. The mesophilic angration of casein (CN), ionic strength (IS)
thermophilic processes were performed omnd heat treatment (HT), the quadratic effect
the same milk on 2 consecutive days. Thgf pH centred on the mean pH squared
mould was placed on afilter plate laid on aa|culated as [p#+ mean value of pHland
funnel. The amount of whey expelled wasihe two-factor interactions (pk CN,
followed by weighing the whey drained off 1y x |5, ..). The other effects were pre-
at 1 min intervals for about 10 min, then alsymed to be insignificant and constituted
10 min intervals for 100 min and finally at the standard error. Thetest allowed can-
about 30 min intervals for 18 h or 5 h for cejjation of the insignificant factors at the
the mesophilic or the thermophilic process; o4, |evel. The final equation included sig-

respectively. nificant factors, with the factor pHas the
quadratic effect of pH.
2.6. Rheological characterisation In the drainage study, drained curd and
of the drained curd whey characterisation, only eight experi-

ments (2 casein, 2 ionic strength levels and

The drained curds were covered with alu2 types of processes, either mesophilic or
minium foil and stored before measurementghermophilic) were performed. The type of
at 13 °C for 2 h or overnight for the process was coded at PR = -1 for the
mesophilic or thermophilic process, respecmesophilic and PR = +1 for the thermophilic
tively. The rheological properties were deterone. No extra data were available for the
mined on the whole piece of drained curderror estimation. Effects such as CN, IS,
without preliminary sampling. A 2.5 cm CN x IS and the type of process (PR) were
diameter plate and a 100 N load cell werealculated, but cannot be discussed in terms
used with the 4 501 Instron Universal testof significance.
ing machine with Séries IX software
(Instron). The plate moved 15 mm or 7 mm
into the curd at a rate of 30 rmin, for 3. RESULTS
the mesophilic or the thermophilic process,
respectively, due to the different heights of  3.1. Milk composition
the drained curds. Four compression tests
were performed on each piece of curd. The The composition of the modified milk
maximum strength at the end of compreswas as expected with respect to the known
sion, §,,, (hardness), the strength at frac-effect of the ultrafiltration of milk, heat treat-
ture, §,(firmness) and the displacement atment and dilution of milk with a lactose
fracture, Q.. Were measured. As ther- solution. Mean total nitrogen content was
mopbhilic curd did not fracture, the maxi- increased from 34.3 to 45.&g by ultra-
mum strength was used. This maximunfiltration, and also the mean casein content
strength was obtained at different compres{26.8 to 35.9 &g1). NPN was reduced
sions for mesophilic and thermophilic typefrom 1.8 to 1.1 &g~1from the high to the
curds. low level of ionic strength, due to the
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Table I. Effect of concentration of casein (CN), ionic strength (IS), heat treatment (HT) and pH on
the rennet coagulation of milk and gel syneresis; linear regressions with significant factors at 1% level.

Tableau I. Effet de la concentration en caséine (CN), de la force ionique (IS), du traitement thermique
(HT) et du pH sur la coagulation présure du lait et la synérése des gels. Régressions linéaires avec les
facteurs significatifs au seuil 1 %.

Equation r2

M =190.68 — 2.13 CN + 2.27 IS — 2.39 pH + 1.55 (€I$) + 3.56 pH 0.7346

R =260.01 + 14.44 CN + 44.35 IS + 135.04 pH + 22.7%(#8l) + 60.36 pH 0.9823
k20 = 106.69 — 38.99 CN + 31.12 IS + 53.84 pH — 23.12%®N) + 24.86 (1< pH) + 32.34 pHd  0.9666
alR =41.15+9.34 CN 0.8503
a2R =52.24 + 9.24 CN - 2.10 IS — 0.23 HT — 1.47 (QH) 0.9291
G',=216.86 +81.72CN-28.79 IS 0.8109
kg =490.26 — 27.81 CN + 73.70 IS + 257.22 pH 0.9470
te = 269.59 +43.46 IS + 131.88 pH + 28.13 {IFH) + 81.00 pH 0.9687
G”,=62.00 +23.76 CN-8.36 IS 0.8220
kg =513.81—31.39 CN + 78.98 IS + 254.67 pH 0.9513
tge = 273.56 +41.70 IS + 133.17 pH + 31.95 ¢IBH) + 71.93 pH 0.9613

TA =0.27 — 0.0044 pH + 0.0071 BH 0.4691
Si=61.99 - 11.26 CN —5.60 IS — 12.10 pH — 7.66 {Q8) — 8.62 (CNx pH) 0.7525
Sf=68.39 - 8.67 CN — 3.40 IS — 8.65 pH — 7.10 ¢ARS) 0.5919

M: micelle diameter (nm); R: rennet coagulation time with Formagraph (s); k20: firming time (s); alR, a2R:
firmness at R and 2R after the coagulation time (mmy;,G” .: G’ and G” extrapolated to infinite time (Pa);

Kg » Kg» - firming times for G’ and G”'(s), &, ts»+ coagulation time for G’ and G” (s); TA: loss tangent at 2R after
coagulation time measured with Formagraph; Si: initial syneresis (%); Sf: final syneres® @éermination
coefficient.

M : diameétre des micelles (nm) ; R : temps de coagulation présure mesuré avec le Formagraph (s) ; k20 : temps
de raffermissement (s) ; alR, a2R : fermeté & R et 2R aprés le temps de coagulation (m@) ; GG’ et G”

extrapolés aux temps infinis (Pa)s kk. : temps de raffermissement pour G’ and G”(§) ,tt;. : temps de coa-

gulation pour G’ et G” (s) ; TA : tangente de I'angle de perte a 2R aprés le temps de coagulation mesuré au
Formagraph ; Si : synérése initiale (%) ; Sf : synérése finale (3)cpefficient de détermination.

dilution of the aqueous phase of milk by theepresented 28, 33 and 40% of total calcium
lactose solution. Whey proteins in heat-at pH 6.4, 6.2 and 6.0, whilst mean soluble
treated milk were reduced on average bphosphorus represented 39, 43 and 46% of
0.71 gkglcompared to raw milk. Whey total phosphorus at the same pH values,
proteins increased with the casein level froniespectively. The proportions of soluble cal-
6.35 to 8.40 &g for milk without ionic ~ cium and phosphorus were related to the
strength modification, and from 5.72 toconcentration of casein and the ionic

7.80 gkg~! for milk with reduced ionic Strength. At each pH value, the proportion of
strength. Thus, the concentration of Whe>;hese soluble minerals decreased when CN

proteins in milk modified by dilution with a &S increased and when the IS was reduced

lactose solution was lower than without |ac_(values not shown).

tose dilution, indicating that a small part of

whey proteins (less than 10%) was not 3.2. Micelle size

rejected by the membranghe reduction

of pH from 6.4 to 6.0 led to an increase in The micelle diameter decreased when
the soluble minerals. Mean soluble calciunCN was increased or when IS was reduced
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Figure 1. Micelle diameter measured with photon correlation spectroscopy with respect to milk pH.
Points are for experimental data at mean values given for concentration of casein and ionic strength.
Curves were calculated from regression equations. CN 24g21glS 48 mmolL—1 (-<--); CN

26.3 gkg L, IS 80 mmol—1 (—e—); CN 35.9 gkg L, IS 51 mmolL~1 (-{=-); CN 35.9 gkg}, IS

80 mmolL~! (m).

Figure 1. Le diamétre micellaire mesuré par spectroscopie de corrélation de photons en fonction
du pH du lait. Les points représentent les données expérimentales obtenues aux niveaux moyens de
CN et IS indiquées ci-dessous et les courbes sont calculées a partir des équations de régression. CN
27,2 gkgL, IS 48 mmolL=1 (--<>-) ; CN 26,3 gkgL, IS 80 mmoL~1 (—e-) ; CN 35,9 gkg?, IS

51 mmolL1({3-) ; CN 35,9 gkg L, IS 80 mmolL 2 (—w—).

and a minimum was observed at pH 6.3nent appeared on a2R, in interaction with
(Fig. 1). The determination coefficiem?] casein concentration.

for micelle diameter was low (Tab. I) and . .
e 0 Gel times (R,¢ and ;) decreased with
0,
only 73% of variations in diameter was reduction in pH (Fig. 2). Reducing CN

explained by the model. This poor adjust: nd the IS led to a reduction in the coagu-

ment could result from a high standard errof” .~ = ) ;
for the diameter measurement. The estiation ime, R (Fig. 2a), while only an effect
f reducing IS was noted fog tand ;.

mated differences between the lower and_,
the higher levels of the factors are in thdFi9s- 2b and 2c). For example, at pH 6.5,

range of accuracy of micelle size measuregl©" @ reduction in ionic strength to 0.6 com-
ment. pared to that of unmodified milk, the cal-

culated coagulation time was reduced by
about 100 s (Fig. 2a).

3.3. Rennet coagulation properties Firming time parameters g k. and
kg-) decreased with the reduction of the pH
Equations of linear regression (Tab. I)(Fig. 3), apart from k20 at the higher con-
showed that significant effects were obtainedentration of casein and the lower ionic
for CN, IS and pH factors. The effect of thestrength, where the quadratic effect was
studied heat treatment (HT) was insignifi-stronger than the linear effect of the pH,
cant, apart on a2R. The effect of heat treatesulting in no relationship between pH and
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k20. For these conditions, decreasing thparameter k20 which had lower values than
pH led to a reduction of the R parameterthe two other firming times, &k and l%
but the k20 parameter did not change. Thehowed a quadratic effect of pH. The

700
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300

200

Gelification time from formagraph, R (s)

100
700.00

6006.00
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Gelification time from G' increase, tg {s)

100.00
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Gelification time from G" increase, tg(s)
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Figure 2. Gelification times in s
with respect to milk pH. Points
are for experimental data at mean
values given for CN and IS.
Curves were calculated from
regression equations)(R from
Formagraph; symbols as in Fig-
ure 1, b) tg, from G’ increase;
IS 48 mmolL™! (—¢&—); IS
51 mmotL™1 (--{=7---); IS

80 mmolL-1 (—e—); (¢) tg»
from G” increase; symbof’s as

in b.

Figure 2. Le temps de gel en s
en fonction du pH du lait. Les
points représentent les données
expérimentales obtenues aux
niveaux moyens de CN et IS
indiqués ci-dessous et les courbes

{ sont calculées a partir des équa-

tions de régressiomYR mesuré
au Formagraph ; mémes sym-
boles que dans la figure 1h)(
ty. obtenu par l'augmenta-
tion de G’ ; IS 48 mmoL-1
(—&) ; 1S 51 mmoiL-?

(--{=--) ; 1S 80 mmoliL"1

(—e—) ; (c) tg» obtenu par

6.6 l'augmentation du G” mémes

symboles que dans b.
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increase in CN and the reduction of IS led talent on the concentration of casein and the
a decrease in the firming time parametergonic strength value.

The effects of CN and IS on k20 were pH The firmness parameters (a]_R, aZF%G G’
dependent, meaning that at pH 6.0, firmingand G”_) were dependent on CN. The final
time k20 was shorter and no more deperfirmness parameters, Gand G”_, were

400
a
350 ]
300
250
g 200
150
100
50 -
0 1 L L i 1 1
= :
2 800
g L
§ 700 |
g 600 b
o 500
Gy
S 400 |
=]
g 300
=}
g 200t
£ 100
Z 0
1000
c
— 900 f
& 800}
Figure 3.Firming time of rennet
gelification in s with respectto g 700 F
milk pH. (@) k20 from Forma- 5§  4q9 |
graph; b) kg from G’ increase; -8
(c) kg from G” increase; sym- ¢ 500 |
bols as in Figure 1. b= 400
Figure 3. Les temps de raffer- &
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(~-=—); (c) G',, in Pa, the infinite value of G’ extrapolated with the Scott-Blair and Burnett model, IS
50 mmolL~1 (-3-); IS 80 mmol.~! (-m—); (d) G”,,in Pa, the infinite value of G”, IS 48 mmiot!
¢4=19); 1S 51 mmol 1 (-¢-); IS 80 mmoiL~1 (——); (€) the loss tangent for any condition of the
design.

Figure 4. La valeur de la fermeté du gel présure en fonction de CN et la tangente de I'angle de
déphasage du gel en fonction du pH du lajtal R mesuré au Formagraph en mm pour toutes les con-
ditions du plan ;i) a2R, mesuré au Formagraph, en mm ; IS 50 rumloans traitement ther-
mique (&) ; IS 50 mmol~1 avec traitement thermiquerg-) ; IS 80 mmolL -1 sans traitement
thermique{#-) ; IS 80 mmoL -1 avec traitement thermiques-) ; (c) G’,, en Pa, la valeur infinie

de G’ extrapolée a I'aide du modeéle de Scott-Blair et Burnett ; IS 50 rarmd-3-) ;

IS 80 mmolL~! (—w—) ; (d) G”_ en Pa, la valeur infinie de G” en Pa, IS 48 mio! (-{=+-) ;

IS 51 mmolL~1 (&) ; IS 80 mmolL—1 (—e-) ; () la tangente de I'angle de perte pour toutes les con-
ditions du plan.

also dependent on IS (Fig. 4). Anincrease in 3.5. Curd drainage

casein concentration led to an increase in

gel firmness. This positive effect of CN on  Drainage curves for milk at 2 concentra-

a2R was less pronounced after the heat trediens of casein and 2 values of ionic strength

ment, as shown by the a2R results. Decreasgith the mesophilic and thermophilic pro-

ing IS led to an increase in firmness. cesses are shown in Figure 6. The weights of

whey were 1 200—1 400 g within a few min-

The loss tangent determined at 3R fromytes for the thermophilic process, while in

the renneting time was minimal at pH 6.3the mesophilic process, the increase in

(Fig. 4), but the data were dispersed aroundieight was more progressive. The curves

the tendency curve. The determination coefwere fitted to a 2 phase exponential equation

ficient for the loss tangent was low. describing the drainage in 2 successive
phases:
_ t t
3.4. Syneresis of curd W= W, (1_ exp(— E)) W (1_ EXF(_?Z))

Similar effects were observed for Si andvhere W is the whey weight collected dur-
Sf (Fig. 5). The difference between Si and Sihd the timet; W, and W, are the final whey
is that the value Sf was obtained after 4veights at the end of the successive phases 1
longer time, and is likely related to the total@nd 2;T; andt, are the characteristic times
syneresis and Si is likely to be related to th&f drainage during phases 1 and 2, respec-
initial syneresis. Syneresis increased as pfively. The characteristic times, andt,,
was reduced. For the initial syneresis, thiePresented the time to obtain 63% of W
pH effect is greater at a high concentratiod W, respectively. Table Il shows val-
of casein, while for the final syneresis, thisyes of W, W, and W, (W,+W,), and &,
effect of pH appeared to be independent oand 3,, which are the times needed to reach
the concentration of casein. Reducing 1S a¢2% of W, and W,
alow CN led to a slight reduction in synere-  The effects of the factors on the parame-
sis of 5%, while reducing IS at a higher CNters W1, W2, 8, and I, and their mean
led to an increase in syneresis of 20%. Thealues (constant of the linear model) were
determination coefficient for the syneresiscalculated (calculations are not shown). The
was lower than for the other variablesresults indicated a faster initial rate of
(Tab. 1), indicating a poor adjustment of thedrainage in the thermophilic process com-
model to experimental data. pared to the mesophilic, presumably due to
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the higher temperature [20, 30], with a smaltontent of water in ultrafiltered milk were
increase in the final weight of whey. In fact,not greatly different for the two concentra-
W1 (mean value 1 123 g) greatly increased itions of caseins.

the thermophilic process (effect = +243 g),

while W2 (mean value 607 g) greatly eqyction of 3, and &, in the thermophilic
decreased (effect = —196 g). When IS wagcess compared to the mesophilic one and

reduced, W increased (effect = =51 9), yith the ionic strength reduction, meaning a
W, decreased (effect = +36 g) and W faster drainage.

increased (effect = —15 g). These results

revealed faster drainage at a lower ionic

strength. The increase in the rate of drainage 3.6. Curd and whey characterisation
with the reduction of ionic strength was

more pronounced at a higher concentration The hardness of the curd, S (mean

of casein. The increase in concentration ofalue 74 N), was much greater in the ther-
casein led to a slight decrease in the totahophilic process compared to the mesophilic
drainage of —25 g (mean difference fop, W one (effect = + 9 N) (Fig. 7). Increasing the
If the ratios between the whey amount (JV ionic strength led to a reduction in curd hard-
and the water content of milk (1 000-dryness (effect = —14 N) and firmness (effect =
matter of milk) are calculated, these ratios-5 N for a mean value of 41 N) for the

that took into account the lesser availablenesophilic curd (Fig. 7). Increasing the

The effects were the same on the 8
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Figure 6. Drainage of ren-
net gels during time. Curves
were calculated using the
2 exponential equation for
drainage. Straight lines are
for final amount of whey at
the end of first step of
model. @) in mesophilic
process; lf) in thermophilic
process; CN 26.4kg2, IS
80 mmolL~! (—e—); CN

Whey weight (g)

36.7 gkg'L, 1S 80 mmoL 1
(—=); CN 275 kgL, IS
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=)

Figure 6. L’égouttage des 2060
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représentent la quantité 1400
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casein concentration led to an increase iffhis means that the solid content of
firmness (effect = +11 N). Effects on thethermophilic curd was higher than for the
displacement at fracture were very slight. mesophilic curd and decreased as CN was

The regression equation for the solidiecreased and with the increase in IS
content of curd as a function of the leveldFig- 8). Solids content of whey decreased as

of factors was:
SCourg=375.4+16.9CN-20.6 IS
— 6.7 (CNx IS) + 56.6 PR
while that of whey was:

SCyhey=67.0+2.6 CN+1.61S
— 1.5 (ISxCN) -1.1 PR

CN was decreased, as IS was decreased and
when the thermophilic process was applied
compared to the mesophilic one (Fig. 8).
The effect of the concentration of casein
appeared to be lower as ionic strength
increases (Fig. 8).

The water content of the curd, expressed

with PR at —1 and +1 for the mesophilic andn g per g casein (Tab. Il), decreased with the
the thermophilic processes, respectivelyreduction of IS, with the increase in CN and



410 C. Daviau et al.

Table Il. Parameters of drainage equation and water retention of rennet curd. Whey was expelled from
the gel obtained by rennet coagulation of 2 kg of milk in mesophilic or thermophilic processes.
Whey weights were adjusted with the following equation:

W=Ww, (1— exp( _:T)) W, (1‘ eXF( _%))

with W the whey weight collected during time t; \ahd W, the final amounts of expelled whey at

the end of successive phase 1 ang andt, the characteristic times of drainage during phase 1 and

2. W,;, W, and W, (W;+W,) are shown in the table, together with 8nd 3,, which are the times

taken to reach 95% o]f flnal amounts of expelled whey of each phase. Water content of drained curd
is calculated in g per g casein.

Tableau Il. Paramétres de I'équation d’égouttage. Les poids de sérum sont expulsés du coagulum
obtenu par coagulation présure de 2 kg de lait avec les procédés mésophile ou thermophile. Ces
poids ont été ajustés par I'équation :

W=W, (1— exp( _:T)) W, (1‘ ex[( _%))

avec W, le poids de sérum recueilli au cours du temps ard/\W,, les poids finaux des phases suc-
cessives 1 et 2r; andt,, les temps caractéristiques des phases 1 et 2. Dans le tableau sont présen-
tes W, W, et W, (W;+W,), et I, and 32 les temps pour obtenir 95 % du poids final de chaque
phase. Les teneurs en eau des callles egouttés sont calculées en g par g de caséine.

CN -1 +1

IS -1 +1 -1 +1

Mesophilic
W, (9) 893 868 934 816
W, (9) 827 810 757 827
W, (9) 1720 1678 1691 1643
31, () 53 518 93 182
31, (10%s) 10.25 13.58 10.11 9.40
g water/g casein 2.67 3.02 2.35 2.96

Thermophilic
W, (9) 1403 1305 1443 1304
W, (g) 381 482 333 453
W, (9) 1784 1787 1776 1757
31, (s) 16 56 31 36
31,(16%s) 5.58 6.90 6.32 8.41
g water/g casein 1.55 1.88 1.47 1.70

with the thermophilic drainage comparedor on curd drainage. In the present study,

to the mesophilic one. interactions between factors were quanti-
fied, in addition to the effects of the indi-
vidual factors.

4. DISCUSSION For example, the effect of pH on the gel

time, on the gelification rate and on the
Many studies have already reported theyneresis of rennet gels was pointed out and
effect of factors such as concentration ofigreed very well with previous results.
casein or pH of milk on rennet coagulationDecreasing pH in the range studied resulted
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Figure 7.Rheology of drained curd with respect to milk §.l{ardness of drained curd as maximum
strength, 5, (N) in a compression test; mesophilic curd, CN 2&k@9(-3); CN 36.5 kgL (w);
thermophilic curd, CN 26.9-kg~1 (-E3-); CN 36.5 gkg~! (—m—); (b) firmness of mesophilic drained
curd as fracture strength, S (N) in a compression test; CN 26.8@™ ¢ 3-), CN 36.5 &g ).

Figure 7. Rhéologie du caillé égoutté en fonction de la force ionique dudaiugeté du caillé ou
force maximale, §,. (N) dans le test de compression ; caillé mésophile, CN 2699'¢-=-) ; CN
36,5 gkg™! (—=—) ; caillé thermophile, CN 26,9kg™ (-£+-) ; CN 36,5 gkg! (m—) ; (b) fermeté
du caillé mésophile ou force a la rupturg, N) dans le test de compression ; CN 269 (- 3-) ;
CN 36,5 gkg’l ).

in a reduction of the coagulation time andtion of casein led also to a decrease in

of the firming time, in accordance with syneresis, according to previous results [30].

previous results [22] and in an increase in

syneresis [16, 19, 25, 30, 32). Concerning drainage, increasing the con-
Although it has been reported that thecentration of casein from 27 to &g

concentration of casein had no effect on th&d t0 a reduction in the final weight of whey

coagulation time [33], increasing the con-(mean reduction of 25 g), as generally

centration of casein in the current study ledeported. But, this can result from the reduc-
to a small reduction in R, of about 29 stion in water content of concentrated milk.

while no effect ong and t,, was observed. The increase in the concentration of casein
The k20, k, and k;. were reduced and the was also reported to increase the rate of
rennet gel firmness increased with thesyneresis [32], but we observed no effect
increase in the concentration of casein, asf the concentration in casein on the rate of
widely reported. Increasing the concentradrainage (Fig. 6). The low ultrafiltration
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Figure 8. Solid content of drained cur@)(and of drained wheyb} with respect to milk ionic
strength; symbols as Figure 7.

Figure 8. Extrait sec du caillé égoutté)(et du sérum d'égouttage)(en fonction de la force ionique
du lait ; méme symboles que dans la figure 7.

volume concentration factox (L.33) in the The differences in the composition of milk
current study could explain why no effectcan explain a part of the differences in the
of the concentration of casein appeared ofinal weight of whey obtained by drainage.
the rate of drainage. According to vanit seems that other factors intervened, such
Hooydonk et al. [27], the hydration of para-as different structures of gel obtained at dif-
casein is 1.2 g of watgrl at pH 4.6. On ferent concentrations of caseins.

this basis, the theoretical weight of sub-

stances not retained in the curd would be The increase in concentration of casein
943 g for 27 &g casein (calculated as led to an increase in the solids content of the
1 000 — 27 0.96 (1 + 1.2)) and 924 g for drained curd (mean increase of 25keg),

36 gkglcasein (calculated as 1 000 —86 which can explain the increase in the firm-
0.96 (1 + 1.2)), with the factor 0.96 takingness of the mesophilic curd with the higher
into account the removal of CMP. This leadsoncentration of casein. Calculation of the
to a difference of 38 g for 2 kg of milk. This water content per g of casein enabled a com-
value compares with the 25 g differenceparison of curds at different concentrations
obtained between the amounts of whey atf casein. It revealed that para-casein
the low and high concentration of caseinretained less water in the curd when milk
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was concentrated slightly. The gel with a2 or 3 min when IS was reduced at pH 6.5,
higher concentration of casein was firmewhile this reduction is less than 30 s at
and the curd grains presumably have lesgH 6.0. This indicated that electrostatic inter-
deformability. Thus, the whey channels inactions together with steric repulsions, which
the curd could stay more open. In a softeare changing during the coagulation pro-
curd, the channels became more tortuousess, played complementary roles in the
and closer, thus reducing the flow. A harddestabilisation of the system.

gel could lead to increased loss of water per The reduction in ionic strength led to an

g casein. Such an hypothesis needs furth?“rﬁcrease in firmness parameters a2R, G’
investigations to be confirmed. and G’ (Fig. 4). This was a rather surpris-
The effect of reducing the ionic strengthing result, as micelles in suspensions of
on rennet coagulation has not been studie@gduced ionic strength appeared more com-
extensively and its effect on drainage is nopact and less hydrated than in higher ionic
known. A reduction in the rennet coagula-strength in the range of pH between 6.6 and
tion time of milk and in the firming time 6.0 [9]. These characteristics of micelles in
was observed when the ionic strength waacidified suspensions do not promote an
reduced. This result confirmed previousincrease in rennet gel firmness although the
studies [9, 21]. The increase in ionic strengtltharacteristics of paracasein micelles in this
of milk by addition of NaCl has been pre-pH range are not known.
viously reported to increase the rennet coag-

ulation time [8, 12, 26]. The effect of adding trenath w bserved on svneresis. Aaain
NaCl to a concentration between 10 and-c"d as observed on Syneresis. Again,

110 mmolL L has been confirmed on model '€ Study showed that ionic strength acted in
éteractlon with the concentration of casein.

The main effect of reducing the ionic

substrates by Visser et al. [28]. The increas educing ionic strength at a high concen-

in ionic strength leads to a screening of th ation of casein areatly increased the gel
negative charge on the chymosin and of th . 9 y Inc 9
Syneresis as reflected by Si and Sf.

positive charge on the-casein cluster,
which hampers enzyme-substrate attraction The effect of ionic strength was con-
[28]. Addition of anions inhibited both the firmed by the drainage behaviour. Reduc-
breakdown ok-casein by chymosin and the ing the ionic strength gave higher final whey
aggregation of para-casein micelles [3]weight and higher initial rate of drainage,
Anions bind to cationic sites aitcasein as can be seen on the drainage curves
and this confirmed the role of these sites irfFig. 6). As for the syneresis results, an inter-
rennet coagulation. Rennet coagulation haaction between ionic strength and concen-
been studied on casein micelles dispersetation of casein was observed. Reducing
in water or NaCl solutions [8, 9]. The ratesthe ionic strength led to an increase in W1,
of enzymatic and aggregation steps werand this increase is much higher when it
both reduced by the increase in the concerwas performed at a high CN. The effects
tration of NaCl in micelle dispersions [8]. were opposite for W2, which decreased as
Differences between voluminosity of reducing IS. The higher the concentration
micelles with different soluble phases wereof casein, the greater the decrease of W2
suggested to explain differences in the ratevith the reduction of ionic strength. This
of the aggregation phase, while the rate ahteraction probably results from the fact
the enzymatic phase could be related to thiéhat the effect of changing ionic strength
screening of charges on the enzyme and itbepends strongly on the absolute value of
substrate. Anyway, in the current study, theonic strength. Indeed, milk at the higher con-
effect of IS appeared alone and also in strongentration of casein had a higher ionic
interaction with the pH factor. This inter- strength than un-concentrated milk as the pH
action resulted in a reduction of gel time bydecreased. This suggested that diafiltration
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could be a potential solution for modified [6]
milk showing low rates of syneresis or
drainage.

The effect of reducing the ionic strength[7]
was obvious on Wand W, either with the
mesophilic or thermophilic process. This
can be explained by the fact that the reduc-
tion in ionic strength leads to an increase irg)
the isoelectric pH value of casein, to a reduc-
tion in the negative charge of caseins from
pH 6.6 to 5.0 and to a reduction in the affin-
ity of casein for water. This increase in[g]
syneresis led to an increase in the solids
content of drained curds, and in curd hard-
ness and firmness.
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