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ABSTRACT

The effect of microfiltration (MF) on the composition
of Cheddar cheese, fat, crude protein (CP), calcium,
total solids recovery, and Cheddar cheese yield effi-
ciency (i.e., composition adjusted yield divided by theo-
retical yield) was determined. Raw skim milk was mi-
crofiltered twofold using a 0.1-μm ceramic membrane
at 50°C. Four vats of cheese were made in one day using
milk at 1×, 1.26×, 1.51×, and 1.82× concentration factor
(CF). An appropriate amount of cream was added to
achieve a constant casein (CN)-to-fat ratio across treat-
ments. Cheese manufacture was repeated on four differ-
ent days using a randomized complete block design. The
composition of the cheese was affected by MF. Moisture
content of the cheese decreased with increasing MF CF.
Standardization of milk to a constant CN-to-fat ratio
did not eliminate the effect of MF on cheese moisture
content. Fat recovery in cheese was not changed by
MF. Separation of cream prior to MF, followed by the
recombination of skim or MF retentate with cream re-
sulted in lower fat recovery in cheese for control and
all treatments and higher fat loss in whey when com-
pared to previous yield experiments, when control
Cheddar cheese was made from unseparated milk.
Crude protein, calcium, and total solids recovery in
cheese increased with increasing MF CF, due to partial
removal of these components prior to cheese making.
Calcium and calcium as a percentage of protein in-
creased in the cheese, suggesting an increase in calcium
retention in the cheese with increasing CF. While the
actual and composition adjusted cheese yields in-
creased with increasing MF CF, as expected, there was
no effect of MF CF on cheese yield efficiency.
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Abbreviation key: CF = concentration factor, FDB =
fat on a dry basis, HCF = high concentration factor,
LCF = low concentration factor, MCF = medium con-
centration factor, MF = microfiltration, MNFS = mois-
ture in the nonfat substance, PDB = protein on a dry
basis, SEF = solute exclusion factor, SM = standardized
milk, TN = total nitrogen.

INTRODUCTION

Three approaches may be taken for UF of milk prior
to cheese making: low concentration factor (LCF) UF,
medium concentration factor (MCF) UF, and high con-
centration factor (HCF) UF. A review of the history of
UF was reported by Horton (1997). Retention of serum
proteins in cheese increases with increasing UF concen-
tration factor (CF) (Green et al., 1981) and so does
cheese yield efficiency. Despite the observed increase
in cheese yield, MCF and HCF UF failed when used in
commercial production of Mozzarella (Swientek, 1984)
and Cheddar (Garrett, 1987) cheeses in the US because
cheese quality did not meet customer needs. The main
reason for this failure was the negative impact of the
retained, undenatured serum proteins (Creamer et al.,
1987) and other minor milk serum proteins (Lelievre
et al., 1990) on the normal proteolytic process during
the aging of these cheeses, resulting in cheese texture
and flavor development defects.

A relatively new membrane filtration technology, mi-
crofiltration (MF), may address the above limitations
of UF technology in the concentration of milk prior to
cheese making. While UF separates small molecules,
such as lactose from larger molecules such as proteins,
MF allows all the small molecules and smaller, unasso-
ciated proteins through the membrane. Consequently,
MF concentrates casein and calcium phosphate that is
the micellar form. In contrast to UF, MF is not expected
to increase the retention of serum proteins in the
cheese. MF concentrates the CN in the MF retentate.
The serum proteins pass through the membrane into
the MF permeate free of casein. Therefore, it has been
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hypothesized that concentration of milk by MF prior to
Cheddar cheese making would not produce the negative
impacts on cheese texture and flavor development
caused by UF. The MF approach would not be expected
to achieve increased cheese yield efficiency (i.e., more
cheese from the same amount of unconcentrated milk),
because no increase in retention of serum proteins in
the cheese produced from MF retentate is expected.

Very limited research has been done on MF of milk
before cheese making. One study by St-Gelais et al.
(1995) compared Cheddar cheese manufactured from
unconcentrated milk (control cheese) to Cheddar cheese
manufactured from MF concentrates of 1.22×, 1.43×,
and 1.66× CF. All milks were standardized to a constant
CP-to-fat ratio. St-Gelais et al. (1995) reported that
as CF increased, cheese CP content increased (25.6 to
27.5%), while moisture, fat on a dry basis (FDB), and
moisture in the nonfat substance (MNFS) of the cheese
decreased from 35.8 to 34.6, 52.3 to 49.0, and 53.7 to
50.9%, respectively. Calcium concentration was sig-
nificantly higher in the cheeses made from MF concen-
trate, compared to control cheese. There was no signifi-
cant trend in cheese fat recovery with increasing CF,
but CP recovery was higher in the cheeses made from
MF retentate. Both actual and moisture/salt-adjusted
cheese yields increased with increasing CF. This sug-
gests that using MF concentrate for cheese making can
improve manufacturing efficiency by spreading fixed
costs over more pounds of cheese produced per day,
provided that more milk is purchased by the factory
(Aplin et al., 1992).

However, in the study by St-Gelais et al. (1995), there
was no mass balance for CP, fat, calcium, or total solids
recovery in cheese, whey, and salt whey. Cheese yield
efficiency was not determined. By controlling the CN-
to-fat ratio (as suggested by St-Gelais et al., 1995)
rather than the CP-to-fat ratio, we attempted to make
the moisture content and other characteristics of the
cheese made from unconcentrated milk and cheese
made from MF retentate the same. A complete mass
balance for fat, CP, calcium, and total solids was per-
formed, and recoveries of each of these four components
were calculated. In addition, theoretical yields and
cheese yield efficiencies were calculated. The objective
of our study was to determine the effect of MF on Ched-
dar cheese composition, on fat, CP, calcium, and total
solids accountability and recovery, and Cheddar cheese
yield efficiency.

MATERIALS AND METHODS

Milk Microfiltration

Raw skim milk and cream were obtained from the
Cornell University dairy plant on the day before cheese

Journal of Dairy Science Vol. 85, No. 10, 2002

making. The cream was separated from skim milk at
4°C, using a cream separator (500 Series Air-Tight Cen-
trifuge, De Laval Separator Co., Denmark). The skim
milk was mixed thoroughly, sampled, and divided into
two portions. The larger portion of skim milk (400 kg)
was concentrated twofold (i.e., 2×) at 50°C using a pilot-
scale, uniform transmembrane pressure MF pilot scale
system (Tetra Alcross M7 Pilot Plant Type, Tetra Pak,
Denmark) equipped with a ceramic Membralox mem-
brane (pore diameter: 0.1 μm; surface area: 1.7 m2). At
a CF of 2×, both the retentate and the permeate flow
rates were 90 l/h, with a transmembrane pressure in
the range of 0.22 to 0.28 bar. The inlet pressure was
about 4.2 bar and the outlet pressure was about 2.3
bar. MF retentate (2×) was collected continuously and
cooled to 4°C as it was collected. The smaller portion
(200 kg) of raw skim milk was left unconcentrated for
use as a control treatment.

Standardized Milk Preparation and
Cheddar Cheese Manufacture

On the next day, four vats of full-fat, milled-curd
Cheddar cheese were manufactured (Lau et al., 1990).
Cheese making was replicated four different times
starting from four different batches of skim milk and
cream. The four treatments included the following tar-
get skim milk CF: 1× (control), 1.3×, 1.6×, and 2×. The
1× skim milk was not subjected to any MF, and the
2× skim milk consisted of MF retentate only. The two
remaining skim milk treatments were formulated by
addition of MF permeate to the 2× retentate to achieve
1.3× and 1.6× CF. Raw cream (approximately 40% fat)
was added to each of the four skim milks (1×, 1.3×, 1.6×,
and 2×) to standardize to a constant CN-to-fat ratio of
0.68 for all treatments. The actual CF of the standard-
ized milk (SM) that were achieved, after cream addi-
tion, were: 1× (control), 1.26×, 1.51×, and 1.82×. These
CF of the SM were slightly lower than the MF skim
CF, due to dilution of the skim retentate by the uncon-
centrated skim portion of the cream. Approximately
200, 165, 135, and 110 kg of SM were used for the 1×,
1.26×, 1.51×, and 1.82× CF cheese making, respectively.
The same weight of cheese, approximately 18 kg, was
obtained from each of the four SM. The order of cheese
making was randomized, with the first two vats of
cheese being manufactured simultaneously, followed by
the remaining two vats on the same day.

For each vat, the equivalent weight of unconcen-
trated, whole milk in the vat was calculated. Prior to
the cheese making trial, seven cans (360 ml/can) of
direct vat set starter culture were thawed, mixed in a
sterile flask, dispensed into 35-ml sterile plastic vials,
and frozen by immersion into liquid nitrogen. The vials
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were then stored at −80°C. This procedure provided
individual portions of starter culture that could be
thawed uniformly during the experiment to achieve
consistent starter performance and origin. A portion of
starter culture was thawed in 38°C water for 25 min,
and then was added directly to the vat. For all four CF,
0.24 ml of the culture that included Lactococcus lactis
ssp. Lactis and Lactococcus lactis ssp. cremoris (911
DVS, Chris Hansen, Inc., Milwaukee, WI), and 0.0033
ml of annato food color (AFC WOS 550, Rhone Poulenc,
Dairy Ingredients, Madison, WI) were added per kg of
the original weight of unconcentrated milk. Thus, the
amount of culture and color used per weight of cheese
produced was constant across the four CF. No CaCl2
was added during cheese making. Double strength chy-
mosin (Chy-Max, Chris Hansen, Inc., Milwaukee, WI)
was used at a rate of 0.099 ml/kg of unconcentrated SM
for the 1× (control) and 80, 60, and 33% of this rate
for the 1.26×, 1.51×, and 1.82× SM, respectively. The
reductions in the amounts of chymosin were based on
those reported in a previous study (St-Gelais et al.,
1995), our observations of curd firmness in preliminary
cheese making with MF retentates, and our estimate
of the potential retention of chymosin in the water
phase of the cheese.

Each cold SM was heated to 31°C, starter culture
was added, and the mixture was left to ripen for 45
min. At the end of ripening, the milk was coagulated
with chymosin for 30 min and then cut with a wire
knife. After 5 min of curd healing and 10 min of gentle
agitation, the temperature was gradually increased
from 31 to 33°C during the first 15 min and from 33 to
38°C during the second 15 min of cooking, and then
agitation was continued at 38°C until the pH of the
whey decreased to 6.40. At this point, the whey was
drained and the curd was piled in the center of the vat,
and cheddared. After 15 min, the mass of knitted curd
was cut into four slabs of the same size. Curd slabs
were turned every 15 min until the curd pH decreased
to 5.30. Next, the curd was milled, mixed, and salted
(total salting rate of 2.7%) in three equal portions at
10-min intervals with the curd temperature between
33 and 38°C before being placed in one 20-kg stainless
steel Wilson hoop per vat. After pressing for 5 h at
about 25°C (30 min at 10 psi followed by 4.5 h at 60
psi), the cheese was removed from the hoop, weighed,
vacuum packed, and stored for 24 h at 4°C before being
transferred to a 6°C aging room for 6 mo.

During cheese making, titratable acidity of the SM
and whey was determined using a 9-ml sample and no
dilution [(Marshall, 1992); method number 15.3.B]. The
pH of SM, whey, and cheese were measured with an
electrode that was standardized at pH 6.97 and 4.03 at
38°C and kept immersed in 3M KCl at 38°C between
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readings in order to keep its temperature equal to the
temperature of the buffers and samples. All samples
were at 35 to 38°C at the time of measurement.

Sampling and Sample Preparation

Prior to MF processing, the raw skim milk (4°C) was
mixed and sampled. The same sampling procedure was
followed for cream, MF retentate, and MF permeate.
Each SM was sampled from the cheese vat at 31°C prior
to starter culture addition. All whey from each vat was
collected from the beginning of whey draining to the
beginning of milling, placed in one container, warmed
to approximately 38°C, mixed to ensure that the fat
was uniformly dispersed, and then sampled. The salt
whey was collected in two separate portions that were
combined and mixed. The first portion was collected
from the beginning of milling to the end of salting, and
then refrigerated. The second portion of salt whey was
collected during the 5 h pressing of the cheese. To collect
the second portion, each hoop containing the milled
cheese curd was placed inside a large, 8-mm thick,
round-bottom drum liner (i.e., plastic bag; Uline, Day-
ton, NY), and all of the salt whey expelled during press-
ing was collected. At the end of pressing, the plastic
bag containing the salt whey was removed from around
the block and placed under hot tap water to disperse
any fat stuck to the inside surfaces. The two portions
of salt whey were combined and weighed. Immediately
before analysis, the salt whey was tempered to 38°C,
mixed, and analyzed. All analyses of liquid samples
(SM, whey, salt whey) were done on fresh samples.

Cheese was sampled at 3 d after manufacture. A 1-
cm thick, cross-sectional slice was removed from the
middle of the block of cheese, cut into chunks about 2
× 2 cm, and ground at low speed for about 5 s in a
blender (Model 31BL92, Waring, New Hartford, CT) to
a particle size of approximately 2 to 3 mm. All the
ground cheese particles were mixed and packed into
59-ml clear snap-lid, sample vials with no headspace,
and stored at 4°C until analysis. All analyses of cheese
samples were done on fresh samples.

Chemical Analyses

Skim milk, cream, retentate, and permeate com-
position. The fat content of both the skim milk [(Mar-
shall, 1992); method number 15.8.B] and the cream
[(AOAC, 2000); 33.3.18, method number 995.18] were
determined for CN-to-fat standardization. The fat con-
tent of the 2× MF retentate was expected to be twice
the fat content of the initial skim milk. The total nitro-
gen (TN) [(AOAC, 2000); 33.2.11, method number
991.20], and the noncasein nitrogen [(AOAC, 2000);
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33.2.64, method number 998.05] contents of skim milk,
cream, and retentate were also measured so that the
CN content for each liquid ingredient could be calcu-
lated. Under the MF conditions used in this study, the
MF permeate contained no detectable CN (by SDS-
PAGE, data not shown) or fat (by Mojonnier, data
not shown).

SM, whey, and salt whey composition. Total sol-
ids, fat, TN, NPN, and calcium in SM, whey, and salt
whey were determined in duplicate using forced air
oven drying [(AOAC, 2000; 33.2.44, method number
990.20], ether extraction [(AOAC, 2000); 33.2.26,
method number 989.05], Kjeldahl [(AOAC, 2000;
33.2.11, method number 991.20], Kjeldahl [(AOAC,
2000; 33.2.12, method number 991.21], and atomic ab-
sorption spectroscopy (Metzger et al., 2000), respec-
tively. For calcium analysis of SM, whey, and salt whey,
a 0.75-ml sample was blended with TCA solution as
described by Metzger et al. (2000). Five ml of SM and
salt whey TCA filtrate and 10 ml of whey TCA filtrate
were used for calcium analysis to keep the calcium con-
centrations within the working range of the standard
curve. The noncasein nitrogen [(AOAC, 2000); 33.2.64,
method number 998.05] and NPN [(AOAC, 2000);
33.2.12, method number 991.21] of SM were determined
in duplicate. Calculations for content of true protein
and CN content of the SM were (TN - NPN) × 6.38 and
(TN - noncasein nitrogen) × 6.38, respectively. The salt
content of the salt whey was determined in duplicate
using the Volhard procedure [(Marshall, 1992); method
number 15.5.B], using a 0.5- ml sample.

Cheese composition and pH. Cheese moisture con-
tent was determined gravimetrically by drying approxi-
mately 2 g of cheese at 100°C in a forced air-drying
oven (Model OV-490A-2, Blue M, Blue Island, IL) for
24 h [(AOAC, 2000); 33.2.44, method number 990.20].
Cheese fat, salt, and calcium content were determined
by the Babcock method [(Marshall, 1992); method num-
ber 15.8.2.D], the Volhard procedure [(Marshall, 1992);
method number 15.5.B], and the atomic absorption
spectroscopy (Metzger et al., 2000), respectively. CP
was measured by the Kjeldahl method [(AOAC, 2000);
33.2.11, method number 991.20], multiplying by 6.38.
Determination of the cheese pH was done using a Xero-
lyt electrode (Model HA405; Ingold Electrode,
Willmington, MA) on cheese samples tempered to 20°C.
Moisture was determined in quadruplicate, while dupli-
cate analyses were done for all other components.

Experimental Design and Statistical Analysis

A 4×4 complete randomized block design was used.
Cheese was made on 1 d in each of four different weeks.
In each week, a new set of milk ingredients were used.
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On each of the four different weeks of cheese manufac-
ture, four SM of four different CF (1×, 1.26×, 1.51×, and
1.82×) were used in 1 d to make Cheddar cheese. In the
ANOVA model, CF (i.e., treatment) was analyzed as a
continuous variable, while cheese making week (i.e.,
batch of milk) was blocked. The interaction term be-
tween CF and cheese making week was used as the
error term for treatment. The PROC GLM procedure
of SAS� was used for all data analyses (SAS User’s
Guide, 1990).

Fat, CP, Calcium, and Total Solids Recovery

A mass balance was done for each vat of cheese (Metz-
ger et al., 2000). The weights of all inputs (cream, skim
milk, retentate, permeate, salt) and outputs (whey, salt
whey, cheese) were determined to the nearest g (Model
PE 24, Mettler Instrument Co., Hightstone, NJ) during
the experiment. The balance was calibrated with refer-
ence weights at the beginning of each cheese making
day.

The actual percentage fat recovery in the whey, salt
whey, and cheese was calculated, as previously de-
scribed (Metzger et al., 2000) as the weight of fat pres-
ent in each one of these products, divided by the fat
present in the original SM, and multiplied by 100. The
total, actual fat recovery was the sum of the weight of
fat in the whey, salt whey, and cheese divided by the
weight of fat in the original SM. If there were no signifi-
cant differences in total actual fat recovery among the
four treatments for the full 4x4 cheese making trial,
then the actual fat recoveries were adjusted. The actual
recovery for each of the whey, salt whey, and cheese
was divided by the mean total actual fat recovery on
each cheese making day and then multiplied by 100,
as described previously (Rudan et al., 1998 and 1999).
These calculated values are called adjusted recoveries.
This brought the mean value for the cheese making
trial to 100%, thus allowing direct comparison of the
results of this trial with other trials and previous stud-
ies on Cheddar cheese yield. The same calculation pro-
cedure was performed for CP, calcium, and total sol-
ids recovery.

For total milk solids recovery, additional calculations
were done before the calculation of the actual recovery.
The salt whey and cheese samples contained added
NaCl, and the contribution of the salt to the total solids
content of the salt whey and cheese was subtracted.

Yield and Yield Efficiency

Actual, adjusted, and theoretical cheese yields, and
cheese yield efficiency were calculated using a proce-
dure similar to that used for Mozzarella by Metzger et
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al. (2000). Actual yield was calculated for each vat of
cheese as the weight of cheese (plus curd samples taken
during the cheese making process) divided by the
weight of original SM in the vat (minus the weight of
the milk samples removed from the vat before rennet
addition), multiplied by 100. Adjustment of the actual
cheese yields to a reference (target) cheese moisture
and salt content, in this case 37 and 1.5%, respectively,
was done to eliminate effects of variation in moisture
and salt content from vat to vat and among treatments
on the yield evaluation.

Theoretical cheese yields were calculated using the
Van Slyke and the Barbano cheese yield formulas. The
Van Slyke formula is as follows: Cheddar Cheese Yield
= [(0.93 × percent fat in the milk) + (percent CN in the
milk − 0.1)] × 1.09/[1 − (target cheese moisture/100)].

The Barbano cheese yield formula takes into consid-
eration the nonfat solids content of the separated whey
to estimate the amount of whey solids retained in the
water phase of the cheese (Barbano, 1996). This formula
is as follows: Yield = (A + B + C) / (1 − ((target cheese
moisture + target cheese salt)/100)), where, A is the
milk fat recovered in the cheese, B is the milk CN plus
calcium phosphate recovered in the cheese, and C is the
other milk solids recovered in the cheese (i.e., nonfat,
noncasein, nonbound calcium phosphate milk solids).

A = (0.93) × (percent fat in the milk)
B = (percent CN in the milk − 0.1) × (calcium phos-

phate retention factor)
C = [(((A + B) / (1-(actual cheese moisture percent /

100)) − (A + B)) × (separated whey solids percent / 100)]
× (solute exclusion factor)

The calcium phosphate retention factor used in the
formula was 1.092. A value for solute exclusion factor
(SEF) was calculated based on the observed retention
of nonfat, noncasein milk solids for the four control
vats of cheese in this study. Cheese yield efficiency was
calculated as the moisture and salt adjusted cheese
yield as a percentage of the theoretical yield, using each
theoretical yield formula.

RESULTS AND DISCUSSION

Retentate and Permeate Composition

CP, true protein, and CN content (mean ( SD) of skim
milk, MF permeate, and MF retentate were 3.14% ±
0.02, 2.91% ± 0.01, 2.39% ± 0.01, 0.76% ± 0.01, 0.53%
± 0.004, 0.00% ± 0.00, 5.54% ± 0.04, 5.31% ± 0.04, and
4.71% ± 0.04. The mean NPN content was the same for
all three materials. The skim milk CF achieved by the
MF system (averaged for the 4 wk) was 1.975× (± 0.01),
which is very close to the target value of 2×.
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SM, Whey, Salt Whey, and Cheese Composition

SM composition and microbiology. The SM com-
positions are shown in Table 1. The CP, true protein,
CN, serum protein, and fat content of the SM increased
(P < 0.01) with increasing CF. The CN as a percentage
of true protein increased with increasing CF because
milk serum protein was being removed with the MF
permeate. However, the fact that the serum protein
concentration increased (P < 0.01) would indicate that
some of the high molecular weight milk serum proteins,
such as α-macroglobulin, may not pass through the MF
membrane (Jost et al., 1999). The NPN content of the
SM, as well as the CN-to-fat ratio, was the same for all
CF. The CN to fat ratio did not change because it was
controlled at 0.68 among treatments by cream addition.
Total solids, as well as calcium content of SM increased
(P < 0.01) with increasing CF, but no difference (P >
0.05) in pH was detected.

The coliform, standard plate count, and SCC of the
raw SM are shown in Table 2. While the microbial
counts increased with increasing CF as would be ex-
pected because they do not pass through the membrane,
the overall microbiological and the SCC quality of the
raw SM was good.

Whey and salt whey composition. Significant in-
creases with increasing CF were observed (Table 1) in
CP, NPN, fat, and total solids content (P < 0.01) of
whey. No significant difference (P > 0.05) in calcium
content of whey with increasing CF was detected. Salt
whey composition was much more variable than whey
composition (Table 1). Only salt content significantly
increased (P < 0.05) with increasing CF. No difference
(P > 0.05) was detected in CP, NPN, fat, total solids,
and calcium content due to CF.

Cheese composition. Cheese composition for the
four CF is shown in Table 1. Even though no significant
difference in fat content was detected (P > 0.05), a small
decrease in the FDB with increasing CF was detected
(P < 0.05). CP content of the cheese increased with
increasing CF (P < 0.01), protein on a dry basis (PDB)
did not change, and the moisture content and the MNFS
of the cheese decreased (P < 0.01). No change (P > 0.05)
in salt, salt to moisture ratio, as well as cheese pH
with CF was detected. Both calcium and calcium as a
percentage of protein increased significantly with in-
creasing CF (P < 0.01).

The composition results agree to a great extent with
previous work performed by St-Gelais et al. (1995).
They found that as the protein concentration (or CF)
in the SM increased (CF used were 1.22×, 1.43×, and
1.66×), the cheese CP concentration increased, while
moisture, FDB, and MNFS of the cheese decreased sig-
nificantly. In the same study, it was also shown that



NEOCLEOUS ET AL.2420

Table 1. Mean (n = 4) standardized milk (SM), whey, salt whey, and cheese composition.

CF1

Component 1.0× 1.26× 1.51× 1.82× SEM P-value

SM2

CP,3% 3.02 3.65 4.23 4.96 0.007 <0.01
True protein,3% 2.80 3.43 4.01 4.74 0.007 <0.01
NPN,3% 0.22 0.22 0.22 0.22 0.003 0.57
CN,3% 2.28 2.88 3.45 4.15 0.004 <0.01
CN, % true protein3 81.43 83.97 86.03 87.55 0.273 <0.01
Serum protein, % 0.52 0.55 0.56 0.59 0.005 <0.01
Serum/CN 0.23 0.19 0.16 0.14 0.004 <0.01
Fat, % 3.33 4.21 5.05 6.11 0.014 <0.01
CN-to-fat ratio 0.68 0.68 0.68 0.68 . . . . . .
Total solids, % 11.86 13.34 14.77 16.48 0.013 <0.01
Calcium, % 0.1067 0.1273 0.1461 0.1717 0.001 <0.01
pH at 38°C 6.64 6.65 6.63 6.66 0.017 NS4

Whey
CP, % 0.93 0.99 1.04 1.10 0.004 <0.01
NPN, % 0.27 0.29 0.31 0.33 0.002 <0.01
Fat, % 0.28 0.32 0.39 0.59 0.025 <0.01
Total solids, % 6.84 6.94 7.09 7.35 0.023 <0.01
Calcium, % 0.0400 0.0405 0.0406 0.0418 0.0004 NS

Salt whey
CP, % 1.15 1.20 1.22 1.15 0.033 NS
NPN, % 0.40 0.42 0.43 0.43 0.010 NS
Fat, % 2.62 2.12 2.41 2.19 0.195 NS
Total solids, % 18.49 18.59 18.74 23.26 1.258 0.28
Calcium, % 0.1895 0.1912 0.1912 0.1862 0.005 0.42
Salt, % 9.07 9.52 9.48 10.90 0.283 0.02

Cheese
Fat, % 34.47 34.75 34.79 34.82 0.085 0.14
FDB,5% 53.23 53.09 53.06 52.58 0.100 0.02
CP, % 24.98 25.16 25.21 25.63 0.080 <0.01
PDB,6% 38.59 38.45 38.45 38.71 0.098 NS
Moisture, % 35.25 34.56 34.42 33.79 0.131 <0.01
MNFS,7% 53.80 52.96 52.79 51.84 0.164 <0.01
Salt, % 1.47 1.46 1.49 1.51 0.025 0.40
Salt-to-moisture 4.17 4.23 4.34 4.45 0.083 0.13
Calcium, % 0.7749 0.8126 0.8154 0.8528 0.007 <0.01
Calcium, % protein8 3.10 3.23 3.23 3.33 0.022 <0.01
pH 5.10 5.12 5.13 5.16 0.011 0.17

1CF = Concentration factor.
2SM = Standardized milk.
3CP = TN × 6.38; True protein = (TN-NPN) × 6.38; Nonprotein nitrogen = NPN × 6.38; CN = (TN-NCN)

× 6.38; CN % true protein = CN as a percentage of true protein.
4NS = Nonsignificant (F test for full statistical model P > 0.05.
5FDB = Fat on a dry basis.
6PDB = Protein on a dry basis ((crude protein)/(100-moisture)] × 100.
7MNFS = Moisture in nonfat substance.
8Calcium % protein = calcium as a percentage of protein.

calcium concentration was significantly lower in the
control cheese than in the MF cheeses. St-Gelais et al.
(1995) controlled the CP to fat ratio in the SM among
treatments. They recommended that to increase the
moisture and the FDB of the MF cheeses, control of the
CN-to-fat ratio of the SM would be required. In our
study, the CN-to-fat ratio was controlled to a constant
value of 0.68, but similar significant differences in the
moisture, CP, and MNFS between the control and MF
cheeses were still detected. As expected, the FDB con-
tent of the cheese in our work (Table 1) did not decrease
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as much with increasing CF (due to our control of the
CN-to-fat ratio in the milk) as that reported by St-
Gelais et al. (1995). Further modification of the cheese
making procedure will be needed when using MF reten-
tates, to increase cheese moisture content to a level
equal to a non-MF (control) cheese.

Fat, CP, Calcium, and Total Solids Recoveries

Fat recovery. The actual (i.e., as measured) mean
total fat recoveries were 99.73, 99.17, 99.29, and 98.96%
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Table 2. Mean (n = 4) and SD of coliform (cfu/ml), standard plate
count (cfu/ml), and SCC per ml of the raw standardized milks (SM).

CF1

Mean
SD 1.0× 1.26× 1.51× 1.82×

×103

Coliform X 0.8 1.3 2.2 1.8
SD 0.8 1.0 1.6 1.3

Standard
plate count X 6.7 22.3 21.5 38.9

SD 4.3 29.4 26.0 54.4
SCC X 87.0 59.0 72.0 81.0

SD 21.9 15.0 19.8 22.4

1CF = Concentration factor.

for the 1.0×, 1.26×, 1.51×, and 1.82× CF, respectively.
No significant difference (P > 0.05) in actual total fat
recovery among treatments was detected. Therefore,
the data were adjusted to an average value of 100%
recovery for the 4×4 cheese making trial (Table 3). No
significant effect (P > 0.05) of MF CF on fat recovery
in cheese, whey, and salt whey was detected.

The fat recovery in cheese, whey, and salt whey were
91.74, 7.59, and 1.12%, respectively, for the control
cheese making in the current study. The adjusted fat
recovery for the control cheese was slightly less (91.7%)
than the expected (93%) theoretical fat recovery. The
adjusted fat recoveries in the present study were com-
pared to the average adjusted fat recovery in the control
cheeses of three previous cheese yield studies per-
formed under similar conditions in our laboratory (Lau

Table 3. Adjusted mean (n = 4) fat, CP, calcium, and total solids recoveries in the cheese, whey, and salt
whey.

CF1

Component
recovery 1.0× 1.26× 1.51× 1.82× SEM P-value

Fat
Cheese 91.74 92.46 92.43 91.06 0.397 NS
Whey 7.59 6.57 6.64 7.94 0.412 NS
Salt whey 1.12 0.86 0.93 0.67 0.089 NS
Total 100.44 99.88 99.99 99.67 0.189 NS

CP
Cheese 72.43 76.08 78.88 81.43 0.294 <0.01
Whey 27.27 23.39 20.49 17.94 0.345 <0.01
Salt whey 0.54 0.55 0.56 0.43 0.035 NS
Total 100.24 100.02 99.94 99.81 0.110 NS

Calcium
Cheese 63.68 70.62 74.05 78.41 0.679 <0.01
Whey 33.28 27.44 23.19 19.74 0.627 <0.01
Salt whey 2.51 2.53 2.54 2.01 0.153 NS
Total 99.46 100.59 99.78 100.16 0.437 NS

Total solids
Cheese 47.19 53.55 58.09 62.51 0.512 <0.01
Whey 51.58 45.28 40.45 36.45 0.578 <0.01
Salt whey 1.13 1.16 1.22 1.39 0.123 NS
Total 99.91 99.99 99.75 100.35 0.204 NS

1CF = Concentration factor.
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et al., 1990; Barbano et al., 1991; Barbano and Rasmus-
sen, 1992). The average adjusted fat recovery values in
the cheese, whey, and salt whey for the control cheeses
in these three studies were 93.40, 5.54, and 1.06%, re-
spectively. We observed lower fat recovery in the control
cheese in the current study and consequently, higher
fat losses in the whey relative to the previous studies.
The key difference between the current study and the
previous studies in our laboratory was the separation
of whole milk (into cream and skim) prior to cheese
making and the recombination of skim milk and cream.
This was not done in any of the previous studies (Lau
et al., 1990; Barbano et al., 1991; Barbano and Rasmus-
sen, 1992). Even though determination of the effect of
separation of whole milk and recombination of skim
and cream on fat recovery was not the objective of the
present study, the observed differences between studies
are worth noting as a caution about the potential effects
of mechanical cream separation on fat recovery in
cheese making. Further study on the impact of cream
separation and damage to milk fat globules on fat recov-
ery is needed.

In the current study, there was no significant effect
of CF on fat recovery, but there was a lower fat recovery
(91.7%) in the control cheese compared to the theoreti-
cal value of 93%. A study on the use of MF retentate
in making Cheddar cheese by St-Gelais et al. (1995)
also reported fat recoveries in cheese. Cheeses from 1×
(control), 1.22×, 1.43×, and 1.66× SM were made, and
it was observed that fat recoveries were 88.5, 89.8, 89.0,
and 87.9%, respectively. The fat recovery of the control
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cheese was lower than the theoretical 93%, and this
agrees with our results. St-Gelais et al. (1995) also used
cream separation and recombination for their control
cheese. Therefore, it is possible that cream separation
and recombination lower the fat recovery in cheese
making, if there is damage to the milk fat globules.

CP recovery. In our study, the actual (i.e., as mea-
sured) CP recoveries were 100.98, 100.76, 100.68, and
100.54% for the 1×, 1.26×, 1.51×, and 1.82× CF, respec-
tively. No significant difference (P > 0.05) among treat-
ments was detected. Therefore, adjusted CP recoveries
were calculated and are shown in Table 3. Adjusted
CP recovery in the cheese increased (P < 0.01) with
increasing CF, decreased (P < 0.01) in the whey, and
did not change (P > 0.05) in the salt whey.

The adjusted CP recoveries in cheese, whey, and salt
whey (72.43, 27.27, and 0.54%, respectively) in the con-
trol cheese in the current study were compared with the
adjusted CP recoveries observed in three other studies
(Lau et al., 1990; Barbano et al., 1991; Barbano and
Rasmussen, 1992) conducted in our laboratory. For
these three previous studies, the average adjusted CP
recovery in the cheese, whey, and salt whey were 74.62,
24.66, and 0.72%, respectively. The adjusted CP recov-
ery in the cheese in the current study was lower than
these previous studies. This difference was due almost
completely to the difference between the NPN content
(expressed as NPN × 6.38) of the milk used in the cur-
rent study (NPN = 0.22%) and the milk used in the
other three studies (average NPN = 0.167%). The high
NPN content of the milk used in the current study was
due to a change in the feeding of the cows in the Cornell
dairy herd to increase milk production per cow. This
change in feeding also resulted in an increase of the
NPN content of milk.

A study on the use of MF retentate in making Ched-
dar cheese by St-Gelais et al. (1995) also reported CP
recoveries in cheese. Cheeses from 1×, 1.22×, 1.43×, and
1.66× SM were made, and it was observed that CP
recoveries were 75.9, 79.0, 80.9, and 82.8%, respec-
tively. These results can be compared to our cheese CP
recoveries (Table 3). The CP recoveries in our study
(Table 3) are lower than St-Gelais et al. (1995) due to
the higher NPN content of the milk in our study (0.22%)
compared to the milk used by St-Gelais et al. (1995),
which was 0.15%.

The observed trend of increasing CP recovery in
cheese with increasing CF for the current study (Table
3) agrees with the study by St-Gelais et al. (1995). This
trend was expected because some of the serum protein
that would have been lost in the whey during cheese
making had already been removed by MF prior to
cheese making. There was little or no difference due to
MF CF on CP recovery from the original unconcen-
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trated milk because PDB in the cheese (Table 1) did
not change significantly (P > 0.05) with CF. No effect
(P > 0.05) of CF on CP recovery in the salt whey was de-
tected.

Calcium recovery. Total actual (i.e., as measured)
calcium recovery was 99.97, 101.11, 100.30, and
100.69% for 1×, 1.26×, 1.51×, and 1.82× CF, respectively.
No significant difference in total actual calcium recov-
ery (P > 0.05) was observed among treatments and,
therefore, the data were adjusted, as described earlier.
Calcium recovery increased (P < 0.01) in the cheese and
decreased (P < 0.01) in the whey with increasing CF.
Part of the original milk calcium, instead of being lost
in the whey during cheese making, had already been
removed from the milk by the MF prior to cheese mak-
ing. Thus, a large increase in the percentage of calcium
recovery in the cheese was expected, as observed for
protein. However, because there was a significant in-
crease of calcium percentage in the cheese and calcium
as a percentage of protein in the cheese (Table 1), there
was a direct effect of CF that caused increased calcium
retention in cheese under the conditions of cheese mak-
ing in this study. No other data on calcium recovery in
MF cheese making could be found in the literature.

Total solids recovery. Total actual (i.e., as mea-
sured) total solids recovery was 99.48, 99.57, 99.33, and
99.93% for the 1×, 1.26×, 1.51×, and 1.82× CF, respec-
tively. No significant difference (P > 0.05) in total solids
among treatments was detected. Therefore, adjusted
total solids recoveries were calculated and are shown
in Table 3. Adjusted total solids recovery increased (P
< 0.01) in the cheese, decreased (P < 0.01) in the whey,
and did not change in the salt whey with increasing
CF. Part of the total solids in milk, instead of being lost
in the whey, had already been removed from the milk by
the MF prior to cheese making. Thus, a large increase in
the percentage of total solids recovery in the cheese
was expected.

Cheese Yield and Cheese Yield Efficiency

Calculation of the SEF. The Barbano theoretical
cheese yield formula requires the use of a SEF (Bar-
bano, 1996) to reflect the portion of the water phase of
the cheese that is available to act as a solvent for nonfat,
noncasein milk solids. In the present study, a SEF for
Cheddar cheese was derived from the data for the four
control vats. Using the actual milk composition data,
observed fat and protein recoveries, the actual cheese
moisture and salt content, 1.092 for the calcium phos-
phate retention factor, and the actual cheese yield for
each of the four control vats of cheese, one can solve
the yield equation for SEF. The mean SEF calculated
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Figure 1. Solute exclusion factor (SEF) for use in the Barbano
theoretical yield formula as a function of Cheddar cheese moisture
content.

from the data in the present study for Cheddar cheese
at 35.25% moisture is 0.670 ± 0.11.

The SEF for Cheddar cheese is expected to be differ-
ent for Cheddar cheese with different moisture content.
Using the data from the control cheeses in the present
study, the predicted SEF to be used in the Barbano
cheese yield formula was calculated for a range of mois-
ture contents (from 30 to 42% for Cheddar cheese; Fig-
ure 1). As cheese moisture increases, an increasing pro-
portion of the total cheese moisture is available to act
as a solvent for nonfat, noncasein milk solids. The SEF

Table 4. Mean (n = 4) actual, composition adjusted, theoretical (Van Slyke and Barbano) cheese yields, and
cheese yield efficiencies.

CF1

1.0× 1.26× 1.51× 1.82× SEM P-value

Yield
kg/100 kg SM2

Actual 8.81 11.12 13.33 15.86 0.050 <0.01
Composition adjusted3 9.06 11.57 13.89 16.68 0.038 <0.01
Theoretical4

Van Slyke 9.13 11.59 13.93 16.83 0.022 <0.01
Barbano5 9.13 11.58 13.92 16.81 0.022 <0.01

Cheese yield efficiency6

%
Van Slyke 99.23 99.83 99.71 99.11 0.255 NS
Barbano 99.28 99.93 99.80 99.23 0.251 NS

1CF = Concentration factor.
2SM = Standardized milk.
3Adjusted to 37% moisture and 1.5% salt.
4Using 93% fat recovery in cheese, target moisture 37%, and target salt of 1.5%.
5Using solute exclusion factor (SEF) of 0.6941 and calcium phosphate retention factor of 1.092.
6Cheese yield efficiency = composition adjusted yield divided by theoretical yield.
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for cheese moisture of 37% (target) was calculated as
0.6941. This SEF value was used for calculation of the
Barbano theoretical yields (Table 4).

Cheese yield and efficiency. The actual, adjusted
(to 37% moisture and 1.5% salt), and theoretical yields
(both the Van Slyke and the Barbano) increased (P <
0.01) significantly with increasing CF (Table 4). The
adjusted yields are always higher than the actual yields
in this study because actual moisture content of all
cheeses was always lower than the target moisture con-
tent (i.e., 37%). The composition adjustment also in-
cluded adjustment to a desired salt content of 1.5%,
which was very close to the observed salt content of the
cheeses (ranged from 1.46 to 1.51%). St-Gelais et al.
(1995) have shown that both the actual and the adjusted
(to 37% moisture and 1.7% salt) Cheddar cheese yields
increased significantly with increasing CF. Our results
agree with those of St-Gelais et al. (1995). This suggests
that milk enriched with MF retentate can greatly im-
prove manufacturing efficiency by spreading fixed
equipment, utility, and labor costs over more pounds
of cheese produced per day, if the amount of raw milk
purchased by a factory is increased, as reported pre-
viously for evaporation, reverse osmosis, and LCF UF
(Aplin et al., 1992).

Cheese yield efficiency is used to compare the compo-
sition-adjusted yield with the theoretical (predicted)
yields. In our study, no significant difference (P > 0.05)
in cheese yield efficiency due to MF was detected using
either the VanSlyke or the Barbano formula. Therefore,
the use of MF in the CF range up to 1.82× will not result
in any more cheese obtained from the same amount of
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original unconcentrated milk. However, as noted in the
discussion for the fat recovery, separation of whole milk
into skim and cream and recombination may cause
higher losses of fat in whey independent of MF.

CONCLUSIONS

Cheddar cheese moisture content decreased with in-
creasing MF CF. Standardization of milk to a constant
CN-to-fat ratio, as suggested by St-Gelais et al. (1995),
did not eliminate the effect of MF on cheese moisture
content. Further modifications of the cheese making
procedure when using MF concentrates will be required
to achieve moisture content comparable to cheese made
from unconcentrated milk.

Fat recovery in the cheese was not influenced by MF.
Fat recoveries in both control and MF Cheddar cheeses
were lower than the theoretical fat recovery (93%) and
lower than the fat recovery observed in previous studies
(Lau et al., 1990; Barbano et al., 1991; Barbano and
Rasmussen, 1992) in our laboratory. St-Gelais et al.
(1995) also reported fat recoveries for control and MF
cheeses that were lower than 93%. It appears that sepa-
ration of cream prior to MF, followed by the recombina-
tion of skim or MF retentate with cream resulted in
lower fat recovery in cheese and higher fat lost in whey.
Further work is needed on this issue.

CP, calcium, and total solids recovery from the SM
increased with increased CF, due to the removal of
some of these solids in the MF permeate prior to cheese
making. Calcium and calcium as a percentage of protein
increased in the cheese while PDB did not change. Thus,
it appears that there was a real increase in calcium
retention in the cheese due to MF CF. CP recovery in
the cheese in this study was lower for control Cheddar
cheeses compared to previous yield studies (Lau et al.,
1990; Barbano et al., 1991; Barbano and Rasmussen,
1992) and that of St-Gelais et al. (1995). This was pri-
marily due to a higher starting NPN concentration in
the milk in the current study.

As expected, the actual and composition adjusted
cheese yields increased with increasing MF CF. How-
ever, no effect of MF CF on cheese yield efficiency was
detected. Thus, over the range of CF used in this study,
a cheese maker would obtain the same amount of cheese
from the same amount of original milk.
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