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Abstract: Particle size is not only important for the sensory perception of fat-free fermented con-
centrated milk products, but also for processing operations because of the direct relationship with
apparent viscosity. The aim of this study was to apply inline particle size analysis using focused
beam reflectance measurement (FBRM) to obtain real-time information regarding the particle size of
a fat-free fermented concentrated milk product, namely, fresh cheese. By comparing inline particle
size data to offline particle size, apparent viscosity, protein content and processing information, the
potential to use inline particle size analysis as a process monitoring and control option during fresh
cheese production was assessed. Evaluation of inline particle size after fermentation and before
further processing, e.g., after a buffering tank, shows promise as a means to control variance of
product entering downstream processing and, thus, improve final product consistency over time.
Measurement of inline particle size directly before filling could allow for precise control of final prod-
uct characteristics by the use of mechanical or mixing devices placed before the inline measurement.
However, attention should be given to the requirements of the inline measurement technology for
accurate measurement, such as product flow rate and pressure.
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1. Introduction

Fat-free fermented concentrated milk products, such as fresh cheese, quark and high-
protein yoghurt, have similar structures [1]. The basic structure is composed of protein
aggregates containing large amounts of serum and can thereby be referred to as fat-free
fermented concentrated milk protein-based (MPb) microgel particles [2]. Microgel particles
can swell or shrink in response to changes in environmental and serum conditions, e.g.,
mechanical input and temperature, which results in gain or loss of serum from the microgel
particles [3,4].

The main step in the processing of fat-free fermented concentrated MPb microgel
dispersions is fermentation, where a gel network is formed by the aggregation of milk
proteins, mainly caseins [5]. Upon stirring and pumping, the (macro)gel network is broken
down into smaller (micro)gel particles, which are suspended in the dispersion medium.
Additional steps, such as heat treatments and concentration steps, may be carried out
upstream or downstream from fermentation. Modifying the parameters at each stage of
processing alters the micro- and macrostructure, which is directly related to the texture [2].

The texture of fat-free fermented concentrated MPb microgel dispersions should be
creamy, smooth, free of lumps and grainy particles, and have no apparent syneresis [2,6].
More specifically, particle size is a main factor that affects the sensory perception of fer-
mented milk products [7]. Previously, a threshold of 40 um (volume-weighted diameter
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d(75,3) evaluated using static light scattering (SLS)) was defined for the in-mouth graini-
ness of fresh cheese [8]. Furthermore, particle size is important for processing operations
because of the direct relationship with rheological parameters, e.g., apparent viscosity [4].

The relationships that upstream, fermentation and downstream processing parameters
have with particle size in fat-free fermented concentrated MPb microgel dispersions have
recently been reviewed [2]. Downstream processing parameters are of particular interest,
since microgel particle aggregation and breakdown can be tailored based on the applied
conditions, such as tempering [8,9] and mechanical treatments [10-13], in order to control
rheological properties. However, how specific processes alter particle size in technical-scale
environments is not well understood, since process—structure-function relationships drawn
from lab- and pilot-scale experiments cannot easily be transferred. Thus, knowledge of
particle size at different stages during technical-scale processing, i.e., “live” and at final
scale, would be advantageous to be able to adjust both the aggregation of microgel particles
and the breakup of aggregated particle clusters during processing and to tailor final product
properties.

SLS is a method often applied to offline particle size analysis [14] and has been
successfully applied for the analysis of fat-free fermented concentrated MPb microgel
dispersions [15,16]. Particle size is evaluated as volume-based particle diameter, and
particles are assumed to be spherical in shape. Samples are procured, analyzed and the
data is viewed later, i.e., after sample production. SLS measurements require samples
with low volume concentrations (<1%); therefore, this technique is not commonly used
for inline particle size measurement. For offline evaluation using SLS, samples often must
be diluted to reach the required particle volume concentration and the dilution procedure
itself, e.g., mixing conditions and dispersion medium, must be optimized for repeatable
results. Despite this, SLS is the most popular particle size evaluation technique because of
its versatility, fast measurement, broad size range and high reproducibility [17].

To obtain a more accurate representation of the particle size at different stages during
processing, inline particle size analysis may be a beneficial tool. Inline usually means
that a sampler, disperser, and/or sensor are mounted in the processing line. Hence,
major advantages of inline analysis are, e.g., real-time analysis and subsequent corrective
actions, non-invasive and continuous measuring, higher product quality within narrower
specification limits, and decreased product losses [18,19].

A number of techniques can be used to evaluate particle size inline, e.g., focused beam
reflectance measurement (FBRM) and 3-fold dynamical optical reflectance measurement
(3D ORM) [16,20,21]. Both techniques employ a laser that focuses on one circular path in the
sample. The raw measurement signal data consists of pulse durations of reflected laser light
as the laser rotates at constant speed, after which these distances are converted to particle
size and reported as chord length. With this technique, it is possible to evaluate samples
with high solid concentrations [17]. FBRM has been applied successfully to yoghurt in order
to evaluate particle size inline [20]. Additionally, 3D ORM has been effectively used to
analyze inline particle size of fresh cheese, where results correlated well (R? = 0.8250) with
offline (SLS) particle size [16]. To our knowledge, there has been no study investigating the
use of inline particle size during the processing of fat-free fermented concentrated MPb
microgel dispersions at the technical scale.

The aim of this study was to evaluate particle size inline at different stages during the
processing of a fat-free fermented concentrated MPb microgel dispersion, namely, fresh
cheese. Inline particle size analysis using FBRM was adapted to a technical-scale processing
environment and compared with offline particle size analysis (SLS). The relationships
between processes, inline and offline particle size, rheology, and protein content were
examined to assess the potential of inline particle size analysis as a process monitoring and
control tool.
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2. Materials and Methods
2.1. Study Design

Inline measurements and offline sampling were conducted in a technical-scale fresh
cheese processing facility. For this reason, the formulation and more specific details of the
processing are not disclosed, as this is proprietary. A simplified overview of the processing
line is depicted in Figure 1.
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Figure 1. Simplified process flow diagram and common parameters according to Heck (2021) [2]

for processing of a fat-free fermented concentrated MPb microgel dispersion. Bold: combined
inline particle size analysis (FBRM) and sampling points for fresh cheese for offline analysis; italics:
processing conditions further discussed in this study.

In brief, (fat-free) process milk was acidified in a fermentation tank, followed by
pumping to a buffer tank. After storage in a buffer tank, the fat-free fermented gel was
pumped through a heat exchanger and pumped into a centrifuge for concentration. After
obtaining the desired protein content, the fat-free fermented concentrated MPb microgel
dispersion was pumped through a cooler, followed by a mixing pump, and lastly filled
into packages. It is important to note that although one processing line is shown, there
were, in fact, multiple processing lines that were interconnected, e.g., multiple buffer
tanks and separators interconnected. Four locations in the processing line were chosen
for investigation, namely, after a buffer tank (FBRM#1/BT), after a separator/before a
cooler (FBRM#2/SBC), after a separator/after a cooler (FBRM#3/SAC), and after a mixing
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pump/before a filler (FBRM#4/AM). These are referred to in the text as: (1) after the buffer
tank (BT); (2) after the separator/before the cooler (SBC); (3) after the separator/after the
cooler (SAC); and (4) after the mixer (AM). Offline samples were taken from the product
stream via sampling valves built into the processing line at the same locations. Samples
were cooled (6 °C) until further analysis. Preliminary work showed that storage times
between 6 days and 7 weeks did not impact results. Therefore, all analyses were conducted
between 6 and 18 days of storage. An additional offline sample type was defined as the end
product (END), where two packages of the final product were stored at 6 °C until further
analysis. Sampling for offline evaluation was performed at intervals between 3 and 6 h.
Since the offline sampling valves were at various physical locations within the processing
facility, a tolerance of +10 min was given for manual sample collection. For example, if
offline sampling was conducted at 4:00, all offline samples were collected between 4:00 and
4:10. Protein content (Section 2.5), offline particle size (Section 2.3), and apparent viscosity
(Section 2.4) were determined for the offline samples. Since only one FBRM probe was
available for this study, inline measurements at each location were collected at different
absolute times. Therefore, the inline particle size data cannot be directly compared between
inline measurement locations. Furthermore, since this study was conducted during real
processing in a technical-scale environment, several factors were out of our control. For
example, offline samples at all four sampling valves could not always be taken at each
sampling time, since cleaning at that sample valve location or processing at a different
processing line was being carried out.

Information on the processing conditions listed below was kindly provided by the
fresh cheese processor from the production protocol in order to facilitate drawing conclu-
sions between processing, inline and offline particle size, protein content, and apparent
viscosity. For the time frame of the experiment, details regarding fermentation (time and
final pH), buffer tank (batch numbers, fill level in the buffer tank, whether the material
in the buffer tank was being stirred quickly, slowly, or not at all), separator (bowl speed),
and mixing pump (when material was being mixed in at this pump and the speed of the
mixing) were shared by the fresh cheese producer.

2.2. Inline Particle Size Measurement
2.2.1. Measuring System

The particle size distributions of fresh cheese were measured inline using FBRM
technology. A detailed explanation of the measuring principle, data acquisition, and
numerical calculation of microgel particles is found in the literature [20]. In short, a laser
focuses on the sample in a circular path a few micrometers in front of the measurement
window at the end of the FBRM probe. When the focal point encounters a particle, the
laser light is reflected back and collected in the probe. Hence, the measurement raw signal
consists of pulse length distributions caused by different sized reflectors. Unlike laser
scattering and diffraction, reflectance intensity or angle will not be considered. Since the
focal point of the laser rotates through the measurement window in a circle at 2 m/s, much
faster than the speed of the particles passing by the measurement window, particles are
regarded as stationary in relation to the focal point. From the time of reflection on the
particle and the speed of the rotating laser, the chord length is obtained as a measure of
particle size, and each measured particle is counted. With a sufficient number of particles,
the so-called chord length distribution is obtained. The chord length distribution is initially
number-weighted. The distribution can be converted to other weighting, e.g., volume, by
assuming a spherical particle shape [20]. It should be noted that the evaluated length is not
necessarily the particle diameter, a spherical shape is assumed, and all reflective particles
are measured, independent of particle properties, e.g., refractive index [16].

2.2.2. Adaptation for Technical-Scale Process Line

Since the FBRM probe of the measuring instrument (ParticleTrack G600B, 19 mm
diameter sensor; Mettler Toledo, Columbus, OH, USA) is typically used for laboratory-
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scale experiments, where it is immersed in beakers or tanks, it was necessary to design:
(i) a mobile measurement setup; and (ii) an adapter in order to install the probe into the
pipelines of the technical-scale processing line (Figure 2). In addition to the FBRM probe
(cable length = 15 m), the mobile measurement setup consists of a mobile trolley with a
laptop tray. When designing the probe adapter, it was important to install the probe at an
angle of 15-60° to avoid product accumulation and fouling at the measurement window
(communication with Mettler Toledo). Clean-in-place and sterilize-in-place -compliant,
pressure-resistant Ingold weld-in adapters (bbi/biotech GmbH, Berlin, Germany) were
procured and modified for use in the processing line. These adapters can be used to
install the FBRM probe in processing lines with flowing media at pressures of up to
1 MPa (corresponding to the maximum permissible pressure of the probe). Adapters, with
accompanying sampling valves kindly provided by the fresh cheese producer, were built
into the processing line at each measuring location before the start of the experiment.

product flow

Figure 2. Mobile measurement setup for (a) the ParticleTrack G600B FBRM measuring device and a
cable length /distance from the control box of <15 m; (b) an Ingold weld-in spigot with a mounting
angle of 15° (relative to the pipe); and (c) an adapter set consisting of an Ingold insert (DN 25) made
up of a spacer with screw fitting and seals.

Before each set of inline particle size measurements, the probe was cleaned thoroughly
with ethanol and distilled water until the total counts (total measured number of particles)
in air measured less than 300 counts per 10 s. The probe was built into the processing line
via the adapter during a cleaning and sanitizing cycle at the inline measurement location.
Inline measurements were initiated and continued until the next cleaning and sanitizing
cycle at that inline measurement location, at which point the probe was removed and
inserted at the next measurement location.
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2.2.3. Data Acquisition

The iC FBRM Software V3 (Mettler Toledo, Columbus, OH, USA) was used to collect all
FBRM data. Data were collected at 10 s intervals with the stuck particle correction function
turned on. This function removes the data being collected from particles that appear with
the same size at the same position on the lens in two consecutive measurements, with a
maximum of 10% of the total particles. The particle sizes were calculated in MACRO mode,
meaning that there was low sensitivity to slight disturbances in the detected signal (as
opposed to PRIMARY mode, where there is high sensitivity to signal disturbances). For
example, loosely aggregated particles would be observed as one larger particle in MACRO
mode, whereas in PRIMARY mode, the loose aggregates would instead be observed as
many smaller particles very close together. The collected particle sizes were converted to
cube-weighted size distributions. Data smoothing was performed by calculating a moving
average with a window of 30 data points as outlined in Section 3. Representative cube-
weighted inline particle sizes (chord lengths) of .x10, .x50, .x75, and .x90 were collected,
representing the cube-weighted percentiles, e.g., x10 is the 10th percentile of the cube-
weighted chord length. The span (xspan) was calculated as .x90 minus .x10. For the purpose
of comparison, inline particle size values at the same time points as offline sampling were
evaluated, e.g., at 1 h. Since inline measurements are relatively fast (1 data point every
10 s) compared to taking offline samples (hourly), the recorded data was averaged for two
separate minutes for comparison with offline data. A first data point was calculated by
averaging the data points collected during the first minute that offline data were collected.
A second data point was calculated for the fifth minute, also averaging the data recorded
for a complete minute. For example, for an offline particle size sample collected at hour 5,
inline data points for 5:01 and 5:05 were calculated.

2.3. Offline Particle Size Measurement

SLS was used to evaluate the particle size of the offline samples. In this technique, a
laser beam is directed through the sample. As the laser beam passes through the sample,
the angular change of the scattered laser beam is used to calculate the size of the parti-
cles responsible for generating the scattering pattern. The particle sizes are given as the
volume-equivalent sphere diameter, from which the particle size distribution is calculated.
Representative particle sizes of .d10, .d50, .d75, and .d90 were evaluated, representing
the volume-weighted percentiles containing 10%, 50%, 75% and 90%, respectively, of all
particles being smaller than this size. The span (dspan) was calculated as .d90 minus .d10.

A Beckman Coulter LS 13 320, connected to a Universal Liquid Module and control
software v6.01 (Beckman Coulter Inc., Miami, FL, USA) was used to analyze the particle
size as described by Heck et al. [15]. The imaginary refractive indices (RI) for particles and
water were fixed at 0.00, since they are white or transparent materials [22]. The real RI of
the particles and water were set at 1.57 and 1.33, respectively.

Particle size analysis was conducted in duplicate for each offline sample.

2.4. Rheological Characterization

A stress-controlled rheometer AR 2000 (minimum torque: 9.1 nMm; TA Instruments
Inc., Eschborn, Germany) with a concentric cylinder cup and bob system (stator inner
radius = 15.0 mm, rotor outer radius = 14.0 mm) was used to evaluate flow curves of the
samples using the procedure described by Fysun et al. [23]. In brief, each sample was stirred
gently for 15 to 20 s with a plastic spoon before the measurement. A sample weighing 16 to
17 g was added to the cup, followed by equilibration at 10 °C for 7 min. Then, the shear
rate was increased from 7y = 0.001 to 1000 1/s over a period of 8 min with ten points per
decade. The apparent viscosity at a shear rate of 100 s~ (17,99 s-1), found to correlate with
in-mouth viscosity [24], was extracted from the flow curve. Each sample was measured in
duplicate.
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2.5. Protein Analysis

The protein content of each offline sample was evaluated using the method of Dumas
(IDF 185) using a nitrogen analyzer (Dumatherm DT; C. Gerhardt GmbH & Co. KG,
Koénigswinter, Germany). The total nitrogen content was multiplied by a conversion factor
of 6.38 to calculate the protein content. Samples were analyzed in triplicate.

2.6. Statistical Analysis

For inline and offline particle size, viscosity, and protein content, the statistics are
given in combination with a measurement location abbreviation and the measurement
abbreviation, e.g., for the buffer tank, the abbreviations would be BT.x75, BT.d75, BT.visc
and BT.pro, respectively. Arithmetic means and standard deviations for the evaluated
parameters are presented in Section 3.

To investigate the relationships between inline particle size, offline particle size, protein
content, and apparent viscosity, Pearson correlation coefficients were calculated. p-values
of <0.10 indicate significant correlations. All statistical analyses were performed using
SigmaPlot 12.5 (Systat Software Inc., San Jose, CA, USA).

3. Results and Discussion
3.1. Technical Considerations

Figures 3—6 show the inline .x75 and offline .d75 particle size, protein, and apparent
viscosity 77,y -1 data collected at all measurement locations. Inline .x75 and offline .d75
particle size were selected as representative particle size statistics, since Pearson correlation
coefficients between the x(chord length) and d(particle diameter) for the 10th, 50th, 75th
and 90th percentiles and span at each measurement location were the highest for inline .x75
and offline .d75 (BT: R = 0.78, p < 0.001; SBC: R = 0.41, p = 0.12; SAC: R = —0.88, p = 0.001;
AMR = 0.54, p = 0.003). It is noted that no correlation coefficients for the measurement
location SBC were significant (p > 0.10).

Figures 3-6 display the inline .x75 particle size data collected at a specific inline
measurement location, along with the offline data collected at the same time for all offline
sampling locations. As mentioned in Section 2, data for each offline sampling time are
not available for all the time ranges for which inline data were collected. For example, in
Figure 4, no samples are shown for AM or END, because this part of the processing line
was not in use at this time. Collection of inline particle size data began after insertion of the
probe into the processing line during the cleaning process. Data collection proceeded until
removal of the probe during the next cleaning cycle. As such, some cleaning cycles can be
observed in Figures 3-6, where particle sizes appear to increase dramatically. In fact, these
large and fast increases of inline particle size are artifacts and do not represent real “product”
inline particle sizes (Figure 3: Day 5, 5:00-9:00; Figure 4: Day 6, 15:30-16:00 and Day 7,
08:00-10:00; Figure 5: Day 5, 09:00-12:45 and Day 6, 05:30-06:30). There are two things to
consider about the material flowing past the FBRM measurement window from the start
of the cleaning and sanitization cycle until the next product flows through the processing
line. First, the material is of a different composition, e.g., decreasing protein content as
product is removed from the pipeline; second, the speed of flow past the measurement
window of the FBRM probe is variable and is even set at zero at some points in time. These
factors result in high variability between the collected inline particle size data points. Most
importantly, (very) low flow rates result in apparent particle sizes far larger than present
in the processing line, since multiple particles are evaluated as one larger particle by the
rotating FBRM laser and could not be omitted by digital signal processing. Those artifacts
should be excluded from further data processing for control purposes.
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Figure 3. Inline volume-weighted percentiles .x75 of the chord length distribution (blue line) evalu-
ated after the buffer tank and offline percentiles of the cubic-weighted .d75 particle size distribution
(blue circles), protein content .pro (squares), and apparent viscosity 719 ¢-1 .visc (triangles) at differ-
ent points during processing (BT: after buffer tank; SBC: after separator/before cooler; SAC: after
separator/after cooler; AM: after mixer; END: end product) of a fat-free fermented concentrated
MPb microgel dispersion. Inline measured values are presented as a moving average with a 30-value
window, where one value is recorded every 10 s. Offline measurements taken within a 10 min window
at the sampling valves or analysis of filled packages (i > 2; n > 1).
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Figure 4. Inline volume-weighted percentiles .x75 of the chord length distribution (blue line) evalu-
ated after the separator/before the cooler and offline percentiles of the cubic-weighted .d75 particle
size distribution (blue circles), protein content .pro (squares), and apparent viscosity 714 ¢-1 -Visc
(triangles) at different points during processing (BT: after buffer tank; SBC: after separator/before
cooler; SAC: after separator/after cooler; AM: after mixer; END: end product) of a fat-free fermented
concentrated MPb microgel dispersion. Inline measured values are presented as a moving average
with a 30-value window, where one value is recorded every 10 s. Offline measurements taken within
a 10 min window at the sampling valves or analysis of filled packages (i > 2; n > 1).
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Figure 5. Inline volume-weighted percentiles .x75 of the chord length distribution (blue line) evalu-
ated after the separator/after the cooler and offline percentiles of the cubic-weighted .d75 particle
size distribution (blue circles), protein content .pro (squares), and apparent viscosity 714 ¢-1 -Visc
(triangles) at different points during processing (BT: after buffer tank; SBC: after separator/before
cooler; SAC: after separator/after cooler; AM: after mixer; END: end product) of a fat-free fermented
concentrated MPb microgel dispersion. Inline measured values are presented as a moving average
with a 30-value window, where one value is recorded every 10 s. Offline measurements taken within
a 10 min window at the sampling valves or analysis of filled packages (i > 2; n > 1).
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Figure 6. Inline volume-weighted percentiles .x75 of the chord length distribution (blue line) evalu-
ated after the mixer and offline percentiles of the cubic-weighted .d75 particle size distribution (blue
circles), protein content .pro (squares), and apparent viscosity 7719y ¢-1 .visc (triangles) at different
points during processing (BT: after buffer tank; SBC: after separator/before cooler; SAC: after sepa-
rator/after cooler; AM: after mixer; END: end product) of a fat-free fermented concentrated MPb
microgel dispersion. Inline measured values are presented as a moving average with a 30-value
window, where one value is recorded every 10 s. Offline measurements taken within a 10 min window
at the sampling valves or analysis of filled packages (i > 2; n > 1).
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There are both advantages and disadvantages of the individual measuring locations
with respect to the relationships between inline and offline data, as well as the relationship
between the analytical result and actual product characteristics. Both aspects must be
considered when evaluating the measuring locations and the potential of inline particle
size analysis as a process monitoring tool during the production of fresh cheese.

3.2. Evaluating Measurement Locations in the Processing Line
3.2.1. After Fermentation, before Concentration: After Buffer Tank (BT)

The first location in the processing line where we evaluated inline and offline prod-
uct characteristics was the point after fermentation and before separation, namely, after
a BT and before further processing, e.g., heating and concentration via separator. The
particle size at this stage of processing is largely dependent on the upstream and fer-
mentation parameters [2]. For example, the particle size directly after fermentation is
influenced by any added components (e.g., increased protein content), upstream milk heat-
ing time/temperature, and the fermentation time/temperature. Additionally, downstream
mechanical energy input such as the unavoidable/inevitable pipe flow or any intended
shearing is a significant factor affecting particle size and rheological characteristics of stirred
fermented milk products [13], e.g., breaking up the gel after fermentation. Properties of
the raw material tend to be measurable in the final product, while the influences of the
processing parameters can be reduced or eliminated by further downstream processing
of the fat-free fermented concentrated MPb microgel dispersion. This could be a suitable
place for inline measurement of particle size and process control when different products
are made or when fermentation and successive agitation (i.e., stirring after fermentation)
times vary during and between productions (feed forward control).

In Figure 3, the BT.x75 values are displayed. The offline particle size, protein content,
and apparent viscosity are also shown for the same absolute time frame at all measurement
locations. BT.x75 values ranged between 175 and 250 um before cleaning began at 20 h,
while BT.d75 values ranged between 17 and 30 um (Figure 3). The particle size was slightly
larger directly after concentration when evaluated inline (SBC.x75 = 175-320 um), whereas
offline particle size (SBC.d75 = 20-31 pm) was comparable to measurements after the buffer
tank (Figures 3 and 4). After concentration, particle size tended to reduce with added
processing steps (Figures 3—6). This is in line with previous observations on the impact of
mechanical input during downstream processing on the characteristics of fermented milk
products [13].

The offline sampling procedure after the buffer tank could have an influence on
the evaluated offline particle size values of the samples: Immediately after fermentation
(before concentration), the gel is weak and the particles are soft, the extent of which being
dependent on upstream and fermentation processing, e.g., milk heating and mechanism of
gelation [1]. The product is mechanically stressed (sheared) at the holding temperature from
the buffer tank (similar to fermentation temperatures; typically between 20 and 34 °C for
fresh cheese [2]) when it is taken using the offline sampling valve, likely resulting in reduced
particle size and increased product homogeneity when evaluated at a later time [13]. A
phenomenon referred to as “rebodying”, where viscosity and firmness increase during
storage (from sampling until analysis), likely occurred in these samples [13]; however, little
is known regarding changes of particle size during rebodying [13]. BT.x75 and BT.d75
values (Figure 3) correlate strongly with each other, with R = 0.78 (Figure 7). Therefore,
despite any effect of the sampling valve and procedure on the BT.d75 values, directional
differences are still identifiable.
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Figure 7. Correlation matrix of all measurement locations (BT, SBC, SAC, END) and variables’
inline particle size (.x75), offline particle size (.d75), viscosity (.visc), and protein content (.pro);
right-hand side: circle plot of correlations after striking insignificant values (n.s.; p > 0.05), area
of circles corresponds to the value of the coefficient with either negative (red) or positive impact
(blue); left-hand side: complete set of Pearson coefficients of correlation determined by pairwise
linear regression; dash: no correlation and significance calculated from less than four complete data
pairs; bold face: correlations with inline measured volume-weighted percentiles (.x75) of the chord
length distribution.

During the time frame shown in Figure 3, the BT.x75 values initially decreased until 8 h,
followed by an increase until 12 h, then a slight decrease until 16 h, after which there was an
increase. It was found that BT.x75 was negatively correlated with AM.d75 (R = —0.57) and
END.d75 (R = —0.83). Furthermore, BT.d75 correlated negatively with AM.d75 (R = —0.34;
Figure 7). It is hypothesized that the larger the particles are in the buffer tank, the more
unstable they are to mechanical treatment; as such, the larger particles are broken down
and are even smaller later in processing.

BT.x75 correlated negatively with AM.pro (R = —0.86) and AM.visc (R = —0.78).
Similarly, BT.d75 correlated negatively with AM.pro (R = —0.37), though the correlation
was weaker than that for inline particle size (Figure 7). In addition, BT.x75 correlated
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negatively with END.pro (R = —0.84) and END.visc (R = —0.86). Likewise, BT.d75 correlated
negatively with END.pro (R = —0.63) and END.visc (R = —0.78; Figure 7). A potential
explanation for these correlations is the relationship between particle size and centrifugation
during the separation process: Larger particles at the same protein content are more
difficult to separate than smaller particles because the density difference is smaller. This
indicates that inline particle size information could be used to set the separator parameters
(e.g., bowl speed) in order to achieve desired protein contents (feed forward process control).
Another explanation relates to the mechanical stability of the particles, which depends on a
variety of factors, including fermentation time and temperature [2]. The formation of large
“soft” protein aggregates can be induced by vibrations during fermentation, which are
transferred to the fermentation tanks via pipelines, e.g., those from pumps, homogenizers
and switching valves [25]. These aggregates are easily broken down by mechanical input,
such as that during the separation process [26]. In addition to this, longer separation times,
resulting in higher protein contents, lead to smaller particle sizes [26].

There were moderate positive correlations between BT.d75 and SAC.d75 (R = 0.44),
as well as between BT.pro and SBC.pro (R = 0.33), and BT.pro and SAC.pro (R = 0.39;
Figure 7). Considering that there were no significant correlations between BT.pro and
AM.pro or END.pro, the results suggest that both BT.x75 and BT.d75 are potential in-
dicators of apparent viscosity of the fat-free fermented MPb microgel dispersion after
concentration. However, further information concerning the volume fraction, which pro-
vides more information about the microstructure and serum-binding, is necessary to make
further conclusions, as this is an essential piece of information to describe the textural
properties of fat-free fermented concentrated milk products [22].

3.2.2. After Concentration: After Separator and before Cooler (SBC) or after Cooler (SAC)

Concentration via separation is accompanied by high mechanical energy input, which
would be expected to reduce particle size in comparison to the particle size directly after
the buffer tank. Any change in size at this stage in processing would be dependent on
upstream parameters, e.g., milk heating and fermentation parameters, since these will
define the response of the microgel particles to further downstream parameters. Down-
stream parameters affecting the microgel dispersion between the buffer tank and after the
separator include the separator and separator settings. It is also noted that the processing
line includes a heat exchanger between the buffer tank and the separator (Figure 1) and
that pre-concentration heating results in larger particle sizes in the final product when com-
pared without pre-concentration heating [27]. Thus, this would be a suitable measurement
location for inline particle size in order to map the influences of pre-concentration heating
and the separation process on product characteristics, and to implement a strategy to take
these into account to achieve the desired final product characteristics. Some examples
based on the following correlations are given in Section 3.2.2.

The SBC.x75 values ranged between 175 and 320 um for times when product was
being processed (values during cleaning procedure omitted), while SBC.d75 values in
the same time frame ranged from 20 to 31 um (Figure 4). While the offline particle size
was similar to that evaluated offline after the buffer tank, the inline particle size was
slightly higher than that evaluated after the buffer tank (Figures 3 and 4). An increase in
particle size from after fermentation to after separation is attributed to the pre-concentration
heating step [15,27]. No correlation was found between SBC.x75 and SBC.d75 (R = 0.41;
Figure 7) and a visual plot of the data did not show any trends. In contrast, there were some
significant correlations between other product characteristics and particle size evaluated
after the separator. For example, SBC.x75 was strongly correlated with SAC.pro (R = 0.70;
Figure 7), while SBC.d75 correlated weakly with SBC.pro (R = 0.28) and SAC.pro (R = 0.38;
Figure 7). Furthermore, SBC.pro and SBC.visc correlated moderately with each other
(R =0.57; Figure 7). Since the bulk protein content does not change during this processing
step (from after separator and before cooler to after separator and after cooler), this is likely
a spurious correlation. However, one hypothesis is that the larger particles mean there are
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fewer fines left in the separated whey, resulting in a relationship between higher protein
content and larger particles. No significant correlations were found between product
characteristics after the separator/before the cooler and later stages of processing, i.e., after
the mixer and the final product.

The SAC.x75 values ranged from 140 to 150 um for times when product was being
processed (values during cleaning procedure omitted), whereas SAC.d75 in the same
measurement time ranged from 20 to 38 um (Figure 5). The range of SAC.x75 values was
smaller than for BT.x75 (Figure 3) and SBC.x75 (Figure 4). The inline particle size is smaller
after the cooler than previous measurement locations; however, the offline particle size is
similar to previous measurement locations (Figures 3-5). It was found that SAC.x75 was
strongly negatively correlated with SAC.d75 (R = —0.88) and strongly positively correlated
with AM.d75, AM.pro and AM.visc, with correlation coefficients of R = 0.87 R = 0.98 and
R =0.96, respectively (Figure 7). There is no clear explanation for the inverse relationship
between inline and offline particle sizes at this measuring location. However, the offline
procedure via a sampling valve and handling until evaluation are important to mention at
this point.

Sampling after a separator could have an influence on the state of the sample, which
would explain the higher variability of the offline results. Possible influencing factors
include storage and sampling temperatures, as well as mechanical stress from the sampling
valve. The sampling valve acts in a similar way to a needle valve [28] because of the
high pressures in the product pipeline during sampling. Since the sampling procedure
changes the state of the sample, offline product characteristics after the separator may not
represent actual product characteristics. Despite this, a number of significant correlations
were found between SBC.d75 and other data, namely, with values after the mixer (AM.x75:
R =0.69; AM.d75: R = 0.40; and AM.pro: R = —0.38) and with the end product (END.d75:
R =0.60; END.pro: R = —0.85; and END.visc: R = —0.83; Figure 7). Since SAC.x75 and
SAC.d75 are strongly negatively correlated (R = —0.88; Figure 7), these findings indicate
that, with higher inline particle size after the separator, product after the mixer and in the
final packages could be expected to have higher protein content, higher apparent viscosities
and smaller particles. Further data is required to confirm this theory.

3.2.3. After Post-Processing: After Mixer (AM)

A number of downstream processing options can be carried out for fat-free fermented
concentrated MPb microgel dispersions, e.g., mechanical treatments, thermal treatments
and standardization by adding different components [2]. In the processing line in this
study, inline and offline sampling were conducted after a mixing pump, referred to as a
mixer (Figure 1). The particle size after mixing will depend on the previous treatments
during upstream, fermentation, and downstream processing and mixing conditions, e.g.,
added/dosed ingredients and mixing rate. This would be a suitable place to measure the
inline particle size to monitor the particle size of the final (near) packaged product or to
derive a prediction on the product properties.

To interpret the inline measurement results after the mixer, it was ascertained that
the product volume flow (pump speed) must be considered. For example, extremely large
particles were evaluated during the times when the pump speed was set at zero. Since
product flow is required for accurate particle sizing by way of FBRM, such data must be
eliminated to avoid erroneous conclusions. A statistic referred to in the FBRM software as
“fouling” indicates the similarity between two successive measurements and the degree to
which the result has not changed. High values mean that: 1) material is adhering to the
measurement window; and/or 2) the particles are optically the same or very similar. From
observing the complete data set of inline particle size measurements, fouling values of
<80% were determined to be acceptable for the range of flow velocities in this processing
line. Values of >80% fouling were observed when the mixing pump speed was set to zero.
Therefore, the large particles recorded at times of high fouling are likely to be false readings,
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as particles will accumulate on the measurement window when product flow is reduced.
Thus, the data was processed to eliminate “artificially erroneously” detected large particles.

Figure 6 shows such pre-processed data where AM.x75 values at times with fouling
>80% have been removed. The data points for the subsequent 1 min after fouling returned
to <80% were also removed to ensure that the product was flowing at sufficiently high
rates before data was included in analysis. The AM.x75 values ranged between 145 and
210 pm, though the largest particles (around Day 2, 5:00) are hypothesized to be artifacts
based on the very short time over which large particles were detected (Figure 6). Omitting
the particles at around 9 h, the size range for AM.x75 is reduced to 15 um, ranging between
145 and 160 pm. The AM.d75 values ranged between 15 and 26 pm during the same time
period (Figure 6). Similar to the sampling valves after the separator, high pressures in
the product pipeline result in high shear as the sample is taken [28], causing a change in
the state of the sample. Therefore, offline product characteristics after the mixing pump
may not represent actual product characteristics. On the other hand, AM.d75 correlated
positively with END.d75 (R = 0.72; Figure 7), suggesting that offline particle size after
the mixing pump is able to predict final product particle size. Sampling bias might apply
in the same fashion at both sampling valves. Furthermore, strong positive correlations
were found between AM.pro and AM.visc (R = 0.85), AM.pro and END.pro (R = 0.92),
AM.pro and END.visc (R = 0.83), AM.visc and END.visc (R = 0.83), and END.pro and
END.visc (R = 0.82; Figure 7), indicating not only the expected conclusion that apparent
viscosity is higher for higher protein contents, but also that the offline product characteristic
of apparent viscosity after the mixer is a good indicator of the apparent viscosity in the
final packaged product. Furthermore, END.d75 and END.pro were negatively correlated
(R = —0.53; Figure 7), signifying that the processing and /or composition of higher protein
products in this processing line is related to smaller particle sizes in the final packaged
product.

3.3. Relationships with Process Conditions
3.3.1. Processing before Concentration

While the fat-free fermented milk gel is in the buffer tank, it is either not stirred, or
stirred at one of two different set speeds, representing fast and slow stirring. The fresh
cheese producer indicated that the stirrer is typically fixed to stir quickly when the tank is
full, whereas the speed is reduced to “slow” when the tank is being emptied and, finally,
stirring is stopped when the tank is almost empty, mainly to avoid bringing air into the
product. This was also confirmed by a positive correlation of the buffer tank fill level and
the stirring speed (R = 0.82, p < 0.001).

There was a very weak negative correlation between BT.x75 and the fill level in the
buffer tank (R = —0.20, p < 0.05). These changes are likely due to the mechanical energy
input caused by agitation in the buffer tank [13] such that faster stirring would cause
particles to break down more than slower stirring and therefore have smaller particle sizes.
In the future, a larger data set should be collected where time is evaluated in relation to the
fill level and material composition, e.g., fermentation tank and pH, since the mechanical
stability of fat-free fermented MPb microgel particles is related to the physico-chemical
composition [2]. That being said, it is hypothesized that the larger particle sizes observed
after the buffer tank when the fill level is low and the stir speed is slow or zero are also
a result of temperature-driven aggregation that is related to the holding time [8,29] and
the omission of mechanical input to break down these aggregates. Since BT.x75 was
strongly negatively correlated with AM.visc and END.visc (Section 3.2), it is theorized that
the stirring intensity in the buffer tank can be used to control the final viscosity and be
monitored via evaluation of BT.x75 during processing. To support this theory, a pilot-scale
experiment could be carried out in which the stirring of the fat-free fermented MPb gel is
varied in time and intensity.

In contrast to inline particle size after the buffer tank, AM.x75 correlated significantly
with the fill level of the buffer tank (R = 0.54, p < 0.001) and the stir speed of the buffer
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tank (R = 0.28, p < 0.001). However, since we were unable to find any correlations between
AM.x75 and product characteristics other than AM.d75 (negative correlation) (Section 3.2.3),
links with processes cannot be defined.

Correlations were also found between the pH of the fermentation material entering
the buffer tank and BT.x75 (R = 0.26, p < 0.001) and SAC.x75 (R = 0.13, p < 0.001). In
contrast, Kérzendorfer & Hinrichs [30] concluded that higher final fermentation pH (pH 4.8
or 5.0) of concentrated yoghurt gels resulted in less grainy gels compared to a lower
final pH of 4.6. The differing conclusions are likely due to the different ranges of pH
values, with the pH ranging from 4.39 to 4.59 in the current study. It is also noted that
the current study was conducted on gels containing approximately 4.5% protein that
were concentrated downstream, in contrast to the high protein (10% protein) gels without
downstream concentration in the previous study [25]. These authors also found that gels
fermented to a higher final pH were softer and had lower apparent viscosities than when
fermented to a lower final pH of 4.6, which is the isoelectric point of caseins [7].

3.3.2. Processing during and after Concentration

The speed of the separator was negatively correlated with SAC.x75 (R = —0.88,
p < 0.001) but not with SBC.x75 (R = 0.07, p < 0.001). Since significant positive corre-
lations were identified between SAC.x75 and AM.visc, as well as AM.visc and END.visc
(Section 3.2.2), the following links are drawn: Higher centrifugation speeds lead to smaller
particle sizes that are identifiable after centrifugation and in the final product. As particles
are broken down during centrifugation, serum is released, which results in lower apparent
viscosities measurable in the final product. These findings are supported by the results
of Korolczuk & Mahaut [31], where higher concentration factors, and thereby mechanical
input, resulted in lower apparent viscosities, even after controlling for protein content.

No correlation could be identified between when material was being mixed into the
processing line at the mixing pump and any product characteristic after the mixer or in
the end product. This has two likely explanations. First, FBRM measurements may not
be sensitive enough to quantify the differences attributed to small amount of components
differing in particle size. Second, the materials may have similar particle sizes to the
product particle size and therefore show no apparent difference when evaluated using
this technique. Furthermore, it is likely that not one constant material is mixed in at this
point. A number of different ingredients can be added to fat-free fermented concentrated
MPb microgel dispersions during downstream standardization, e.g., acidified skim milk,
concentrated acidified skim milk, and re-work [2].

Depending on the microgel particle characteristics of the added ingredient, there can be
different outcomes. For example, different size ratios can increase or decrease the apparent
viscosity of concentrated systems, based on the Farris effect [32]. The standardization step
in the processing of fat-free fermented concentrated MPb microgel dispersions has the
potential to be used to maximize viscosity with minimal protein content or vice versa, e.g.,
by selectively adjusting particle size distributions and volume ratios by mixing different
product streams [33]. It is proposed that an inline particle size measurement, optionally
supplemented by process elements for mixing and shearing/mechanical treatment at
the end of the line, could be used for defined control of product characteristics. Further
investigations should be conducted to explore this aspect. Since inline measurements allow
for time-accurate monitoring, this inline measurement is the ideal addition to the data that
could be collected during the processing of fresh cheese and, with the help of artificial
intelligence (AI), could be used to control the process with regard to the optimal texture.
This optimized processing line with inline sensors, and an integrated approach to data
collection and use, would minimize quality deviations and the production of defective
products, ultimately reducing food waste.
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4. Conclusions

Measuring particle size inline has the advantage that changes are already visible
during processing, making it possible to monitor the manufacturing process and adjust the
desired product properties in situ. For the processing line in this study, measuring inline
particle size directly after the buffer tank and after the mixing pump (after concentration
and before filling) show potential for use as process controls.

The impact of stirring procedures in the buffer tank were observable in the inline
particle size evaluated after the buffer tank. As such, inline data collected after the buffer
tank could allow for adjustment of the product before it enters further processing, such as
tailored stirring procedures resulting in precise control of the product characteristics when
exiting the buffer tank (feed forward control). Thus, the variance of product entering the
remaining downstream processing would be reduced, also minimizing the variance in the
final product. Inline particle size after the mixer was related to final product particle size
and viscosity. Therefore, this measurement location should be investigated further to define
the potential to control final product properties by adjusting the particle size distribution
directly before filling, e.g., using added material or mechanical treatment. Inline particle
size measurement after the mixing pump would allow for precise control of these processes
at the end of the processing line (closed loop control). Proper selection of locations in the
processing line for inline measurement is required for collection of quality data; consistent
product flow rate and pressure are essential.

The inline measurement proved to be a suitable tool to reveal processing-dependent
differences in particle sizes, which would not have been detected using an offline measure-
ment. To further clarify whether the FBRM technology has potential as a tool for process
control, it is recommended to include an analysis of final product syneresis and sensory
properties in future studies.
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