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ABSTRACT

MAURICIO, Erica Felipe, D.Sc., Universidade Federal de Vigosa, October, 2021. The
effect of sugar addition on the physical properties of milk concentrates and the
fouling of equipment — Investigations at lab and pilot-scales. Advisor: italo Tuler
Perrone. Co-advisors: Anténio Fernandes de Carvalho and Rodrigo Stephani.

Dairy products are highly consumed due to their high nutritional value and pleasant
taste. One of the processes that milk can undergo is concentration, which provides
some benefits, such as an increase in shelf life and a reduction in transport costs. In
addition, the addition of sugar to milk is intended to create a new product, for example,
dulce de leche and condensed milk, also increases the product's added value. The
addition of sugar to milk generates significant processing changes for the product when
compared to pure milk. These differences range from physicochemical properties to
the formation of deposits in the heat exchanger. These changes must be considered
in the development of new products, especially with the growing consumer demand for
products with lower sugar content. According to recent studies, it was possible to
observe through methods such as energy dispersive spectroscopy, Raman
spectroscopy and scanning electronic microscopy that the reduction of sugar in dulce
de leche leads to significant changes in the quantity and composition of deposits
formed over the dulce de leche manufacture period using the atmospheric pressure
concentration process. This factor directly affects the aspect of industrial cleaning,
requiring more attention in terms of time and specific products. Vacuum concentration
is usually studied in large evaporators that consume large volumes of milk, being an
impediment to research and development tests. Therefore, in this study, two different
scales were used — pilot and laboratory, for the manufacture of two dairy products
(without addition of sucrose and with the addition of 20% (m-m-") of sucrose). And the
formed products were analyzed in relation to the parameters of viscosity, density and
surface tension. By observing these three parameters, it was possible to verify that
there was no significant difference between the manufacturing scales. Therefore, the
products manufactured in them are similar and possible to be studied on a smaller
scale. This favors not only the cost reduction aspect for the industry, but also the
reduction of environmental impacts, since it reduces water consumption and disposal

of organic matter, for example.
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RESUMO

MAURICIO, Erica Felipe, D.Sc., Universidade Federal de Vigosa, outubro de 2021. O
efeito da adicao de agucar nas propriedades fisicas dos concentrados de leite e
na incrustagao do equipamento - Investigagées em escalas laboratorial e piloto.
Orientador: italo Tuler Perrone. Coorientadores: Antdnio Fernandes de Carvalho e
Rodrigo Stephani.

Os produtos lacteos sdo muito consumidos devido ao seu alto valor nutritivo e sabor
agradavel. Um dos processos pelos quais o leite pode passar € a concentragao, que
traz alguns beneficios, tais como o aumento do tempo de conservagéo e a redugao
dos custos de transporte. Além disso, a adi¢ao de agucar ao leite tem como propdsito
a formagdao de um novo produto, como exemplo temos o doce de leite e o leite
condensado, que faz com que aumente o seu valor agregado. A adigao de agucar ao
leite gera mudangas significativas no processamento do produto quando comparado
ao leite puro. Essas diferencgas variam desde propriedades fisico-quimicas a formacgéao
de depdsitos no trocador de calor. Essas mudangas devem ser levadas em
consideragao no desenvolvimento de novos produtos, principalmente com a crescente
demanda dos consumidores por produtos com menor teor de agucar. De acordo com
os recentes estudos foi possivel observar por meio de métodos como espectroscopia
de energia dispersiva, espectroscopia Raman e microscopia eletrénica de varredura
que a diminuicao de acucar em doce de leite leva a mudancgas significativas da
quantidade e da composi¢ao dos depdsitos formados ao longo da fabricagao de doce
de leite utilizando o processo de concentracdo a pressao atmosférica. Este fator
implica diretamente no aspecto da limpeza industrial, exigindo mais atengdo em tempo
e produtos especificos. A concentracdo a vacuo, normalmente, é estudada em
grandes evaporadores que consomem grandes volumes de leite, sendo um empecilho
para testes de pesquisa e desenvolvido. Portanto, neste estudo foram empregadas
duas escalas distintas — piloto e laboratorial, para a fabricagdo de dois produtos
lacteos (sem adigdo de sacarose e com adigdo de 20 % (m-m-') de sacarose). E os
produtos formados foram analisados em relacdo aos parametros de viscosidade,
densidade e tensdo superficial. Ao observar esses trés parametros, foi possivel
constatar que nao houve diferenga significativa entre as escalas de fabricagao.
Portanto, os produtos fabricados nelas sdo semelhantes e possiveis de seres

estudados em escala menor. O que favorece ndao s6 o aspecto de diminuicdo de



custos para a industria, como também a diminuicao de impactos ambientais, uma vez

que diminui o consumo de agua e descarte de matéria orgéanica, por exemplo.

Palavras-chave: Doce de leite. Leite concentrado. Leite condensado.
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1. GENERAL INTRODUCTION

One of the methods used to preserve milk is concentration. This technique
consists of partial removal of water from the raw material. Decreasing the product's
water activity lengthens product shelf life and thus reduces the growth of
microorganisms. In addition, the concentration enables the manufacture of different
products, such as dulce de leche and sweetened condensed milk (Carvalho et al.,
2013).

Dulce de leche, according to the Brazilian Legislation, Ordinance No. 354,
September 4, 1997 (BRASIL, 1997), is the product with or without the addition of other
food substances, obtained by concentration and heat action at normal or reduced
pressure of milk or reconstituted milk, with or without addition of milk solids and/or
cream added with sucrose (partially substituted or not by monosaccharides and/or
other disaccharides). In Brazilian industries, atmospheric pressure pans are normally
used (Perrone, Stephani e Neves, 2011). This process requires higher temperatures,
which favor the browning of the sugar due to the Maillard reaction. This reaction occurs
between an amino acid (in milk, for example lysine) and a reducing sugar (in milk, for
example lactose) that generates melanoidins responsible for the formation of color,
aroma and flavor (Tamime, 2009).

Concentration in pans is done in a batch process, that is, the syrup (milk +
sucrose) is already prepared directly in the equipment in an established quantity
according to the pan’s capacity. The pan has a double wall (Figure 1) through which
the steam responsible for heating the product circulates. This heating occurs gradually
and under continuous agitation until the desired concentration is reached, at which

point it leaves the equipment (Perrone, Stephani e Neves, 2011).
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Figure 1 - Pan layout for making dulce de leche (Perrone, Stephani e Neves, 2011). Where 1- manometer, 2- trap, 3- agitator
shaft, 4- reduction box, 5- steam double wall, 6- safety valve, 7- pressure reducing valve, 8- exhaust and 9- cover.

Sweetened condensed milk, in accordance with Normative Instruction No. 47,
October 26, 2018 (BRASIL, 2018), is the product resulting from the partial dehydration
of milk, concentrated milk or reconstituted milk, with the addition of sugar, and may
have its fat and protein contents adjusted only to maintain the product's characteristics.
For the production of this type of product, a falling film evaporator at reduced pressure
is normally used (Renhe, Perrone e Silva, 2011). This modification of the evaporation
process in relation to dulce de leche is done mainly to alter the characteristic color of
the final product. When using the vacuum evaporation process, the evaporation
temperature becomes lower, thus reducing not only the Maillard reaction but also the
protein denaturation. This is also the most commonly used process for concentrating
pure milk.

The concentration of pure milk is made in order to reduce the volume of milk
and reduce packaging, transport and storage costs of the final product (Silveira et al.,
2015). But it can also be used as an intermediate step for the drying process (producing
powdered milk) (Gourdon e Mura, 2017). Thus, the study of the concentration process
is also important to establish the best concentration parameters (Madoumier et al.,

2015) and to have the lowest possible processing losses.



12

The vacuum concentration process in the falling film evaporator (equipment
used for the production of sweetened condensed milk and concentrated milk) is
composed of 3 main steps: evaporation, separation and condensation (Figure 2). The
product to be concentrated is pumped to the top of the concentration tube and spread
over a distribution plate (Figure 3). This distribution is intended to ensure the uniform
division of the product and the formation of a very thin film. As the product flows by
gravity through the heated wall, it evaporates the water and concentrates the dry matter
(Tanguy, 2018).
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Figure 2 - Layout of a single-effect falling-film evaporator (Jeantet, Brulé e Delaplace, 2011).
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Figure 3 - A distribution plate transfers milk to the tube sheet through holes, where it spreads on the tube sheet and forms a
falling film on the inside of the evaporator tubes (Broome, 2005).
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In addition, consumers are increasingly looking for healthier products and this
leads to the search for foods with a lower sugar content and this demand is also seen
in the products covered in this work (dulce de leche and sweetened condensed milk).
Therefore, there is a constant search for improvements and innovations that require
new formulations. And, regardless of the type of evaporation used, when modifying the
formulation of a product, it directly impacts the concentration process. Furthermore,
the scientific literature lacks studies that determine the effect of the addition of sucrose
on the properties of dulce de leche and sweetened condensed milk, as well as on the
formation of deposits in pans and evaporators.

The effect of some modifications are more evident such as: evaporation rate,
evaporation time, viscosity increase, film thickness difference and wetting rate
(Madoumier et al., 2015). All these factors directly impact the productivity and
performance of concentration equipment. Changes to these parameters can generate
problems with equipment fouling, which directly impact heat exchange, value efficiency
and cleaning frequency (Tanguy et al., 2016).

The addition of sucrose in the production of dulce de leche and sweetened
condensed milk constitutes the main processing difference in relation to unsweetened
concentrated milk. Sucrose is a non-reducing sugar that is preferably hydrated (Desu
e Narishetty, 2013). This causes a layer of water (hydration zone) to form around the
proteins (McClements, 2002). This layer protects the proteins and therefore they suffer
less from heat treatment (Baier e McClements, 2003). Therefore, for globular proteins
this is important, as it will favor their native state, thus decreasing their denaturation
(Zhang, Lu e Huang, 2018). By decreasing the denaturation of proteins, there is less
exposure of the sulfhydryl groups, which directly impacts the formation of
agglomerates and deposition on the heat exchange surface.

In view of the above considerations, the thesis aimed to analyze and meet two

current demands of two different papers:

¢ Increased demand for products with lower sucrose content and the impact this has
on the dulce de leche industry. PAPER 1: Influence of sucrose reduction on fouling

during the production of dulce de leche.
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Need to increase the number of analyses in research and development, while
requiring the reduction of environmental impact. PAPER 2: Comparison of

experimental setups for the production of milk concentrates and subsequent

characterization.

** The papers presented below are in the format requested by the different journals in

which the works were published.
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Abstract

This Research Communication combines dulce de leche (DL), a popular product from
Latin America, with the food industry’s broad tendency to decrease sugar content in
food products and examines the influence of sucrose reduction on the detrimental
deposits formed during the production process. The method used to identify the impact
produced directly on the heat exchanger during the production of this product with low
sucrose content required varying the quantity of sucrose in the milk. Different

percentages of sucrose, 20, 15, 10, 5 and 0 % (w-w') were submitted to the DL
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concentration process in a process simulator. After concentration, the quantification of
the deposits formed in each was carried out and these deposits were characterized
according to their composition. Methods such as Kjeldahl, Pregl-Dumas and SEM-EDS
were used. Thus, the work highlights the need to change the product manufacturing
process due to changes in the formulation that directly impact the formation of deposits
in the equipment used (fouling). This deposit changes significantly in relation to its
quantity as well as in relation to the composition and chemical characteristics as the
gradual reduction of the sucrose content in the production takes place. Therefore,
these impacts must be considered in order to maintain better manufacturing and
ensure efficient cleaning of equipment.

Keywords: concentration, dulce de leche (DL), reduced sugar and fouling

The development of products with low sugar content or without sugar has been a
strategy currently adopted by the food industries (chocolates, jams, fruit jams, yogurts)
(Bels¢ak-Cvitanovi¢ et al., 2015; Moore et al., 2020).

Dulce de leche (DL) is a very popular dairy product due to its sweetness. It is produced
from milk (fresh or reconstituted) with the addition of sucrose up to 30 g-100 mL"" per
volume of milk (BRASIL, 1997). However, the current trend is the reduction of this
sucrose content in the product mainly for health reasons.

Its manufacture can be done by two types of evaporators: pan (atmospheric pressure)
and vacuum evaporator (below atmospheric pressure). Pans are, in the traditional
manufacturing process, the most commonly used. The production of DL starts with the
addition of the syrup (milk + sugar) inside the pan with gradual heating under
continuous agitation (Perrone et al., 2019; Stephani et at., 2019).

By decreasing the sugar content in the DL, there may be an increase in fouling,
typically found in the heat treatment of milk, that causes problems throughout
production (Tanguy et al., 2019).

The production of DL for research generates an economical expense in relation to
energy and raw materials, in addition to longer manufacturing times when compared
with industrial scale production lines. To avoid these problems, a process simulator as
characterized in the literature was used in the laboratory resulting in quick and
economical production of DL within the parameters of legislation (Stephani et al.,
2017). The representative results found by Francisquini et al. (2019) for hydrolyzed DL
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was considered the objective of the current work to verify the impact of the reduction

of sugar in the production of DL in relation to the formation of incrustations.

Material & Methods

Pasteurized milk was added with different levels of sucrose (20, 15, 10, 5 and 0 %
w-w"), and each syrup went through the process simulator for 1.5 h at approximately
125 °C (each concentration was done in triplicate). After the concentration period, the
respective resulting deposits were removed for analysis.

The total protein analysis for each deposit was performed in duplicate using the micro
Kjeldahl method (Wang, Pampati, McCormick, & Bhattacharyya, 2016). The elemental
composition (carbon, hydrogen and nitrogen) of each deposit was also analyzed in
triplicate using the Pregl-Dumas method (Patterson, 1973). Further, their anions were
quantified to determine calcium and phosphorus with semiquantitative analysis using
SEM-EDS and quantitative analysis using the AOAC methodology (2012). The
morphological analysis was performed using scanning electron microscopy with 500x
magnification and Raman spectroscopy and followed the methodology proposed by
(Rodrigues Junior et al., 2016) and was performed in duplicate.

Regarding statistical analyses, Pearson's correlation coefficient was calculated
according to the formula in Microsoft Excel. And for Tukey's analysis, the data obtained
from the analysis of the deposits an ANOVA was performed. If the F value indicated a
difference between the means, the normality and homogeneity of the data was
analyzed using the Shapiro-Wilk and Bartlett tests, respectively, and both tests at 5 %
significance. Finally, Tukey's analysis was used to identify group differences.

More detailed information about material and methods is described in the

supplementary file.

Results and discussion

This section will specifically deal with the deposits formed during the production of DL,
as these are related to the frequency of use and cleaning of the equipment, which
directly impacts production capacity. Thus, the quantitative and morphological
observations of the deposits (Figure 1) and the main results (Table 1) obtained through

the analyses described in the previous section will be discussed.
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Concentration of Milk
After the end of the concentration, the increase in the formation of deposits is visually

noticeable with decreased sugar content (Figure 1A).

Physical-chemical characterization of deposits

By keeping the amount of milk at 1000 g for all samples, it is possible to infer that the
amount of milk components is the same for all samples; however, the addition of
sucrose causes a dilution effect of these constituents. In the manufacture of traditional
DL with 20% (m-m-") of sucrose, this dilution factor comes to 16.67. By decreasing the
sucrose content, this factor also gradually decreases to 13.04, 9.09, 4.76 and 1.00 for
the levels of 15%, 10%, 5% and 0%, respectively (Table 1).

In addition to this factor, there is also an increase in the evaporative capacity of the
samples in line with a decrease in the addition of sugar, from 58.02 + 1.55% (m-m") of
evaporated water for traditional DL to 72.88 + 0.67% (m-m™") for milk without added
sugar (Table 1), leading to an increase of evaporation 1.26 times. Therefore, the
production requires a shorter evaporation time to achieve the desired characteristics.
This fact is corroborated by the concentration factor that increases by 1.67 times.
However, despite this benefit, when concentrating the product with low sucrose
content, there is an increase in the content of deposits formed that can reach up to
approximately 13 times (ratio between the %deposit (w-w!) — 20%sucrose:0%sucrose)
more than in the traditional product. In addition, the composition of the deposits
changes, moving from a deposit with greater dry extract (81.57 % m-m') to a deposit
with greater moisture content (54.23 % m-m') as sugar is decreased. This factor is
linked to its composition because when the sucrose content decreases, the deposits
start to have a higher protein content. This is responsible for greater water retention
and thereby increasing the moisture content of the collected deposits. This factor is
corroborated by correlating the levels of total protein and protein in the dry base with
the moisture content in which Pearson correlations of r(3) = .987, p = .002 and r(3) =
997, p < .001 are obtained, respectively, clearly showing the relationship between
these parameters in the samples.

When analyzing the chemical composition of the deposits (Table 1), once again, a
change in the composition of the deposit is observed. The decrease in sugar content
from 20 to 0 % implies an increasing portion of proteins in the samples, from 12.94 +
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1.79 to 31.31 + 2.66% (m.m") on dry basis respectively, and a subsequent greater
water retention (Table 1). Upon the analysis of minerals (calcium and phosphorus), the
semiquantitative analysis by EDS shows a behavior with increasing (3.99 + 0.01 to
10.61 = 0.02, for calcium and 2.58 £ 0.01 to 6.61 + 0.12, for phosphorus — Table 1)
statistical significance by the Tukey test (p < 0.05) of the contents of these minerals
when reducing sucrose. The same behavior is observed when performing the
quantitative analysis by means of atomic absorption spectroscopy obtaining the
following values: for calcium 371, 580, 837, 1060, 1117 mg-100 g-' and for phosphorus
288, 410, 571, 709 and 786 mg-100 g' for samples with sucrose addition of 20, 15,
10, 5 and 0 % (m-m™"), respectively. This occurs since the concentration causes a
destabilization in the casein micelles and then once the high temperature causes
calcium phosphate to precipitate and, therefore, increases the probability of these salts

adhering to the surface wall (Mekmene, Le Graét & Gaucheron, 2009).

Scanning electron microscopy (SEM)

Figure 1B showed the surface aspect of the deposits. In the production of traditional
DL we observed a deposit, in its non-freeze-dried form (B1), compact and smooth;
when removing water from it utilizing freeze-drying (B2), some crystals were present.
With the total removal of sucrose, the concentration of milk forms more rough deposits
when observed in its non-lyophilized form (B3) and when lyophilizing it (B4), we can

observe a spongy structure characteristic of proteins (Hagsten et al., 2016).

Raman spectroscopy

Deposits formed during the concentration of milks at 0% and 20% (m.m™)
sucrose were analyzed using Raman spectroscopy. The spectra obtained
(respectively C1 and C2 in Figure 2C) showed they have a similar overall shape, which
is due to the same milk-based composition. However, the C2 spectrum shows bands
with smaller FWHM values (full width at half maximum) that were not observed in C1;
such band forms are characteristic of crystalline structures, as seen in Figure 1B (B2).
In the same way, commercial sucrose was also analyzed using Raman spectroscopy
(spectrum C3 in Figure 1C) and according to (Brizuela et al., 2012), the specific bands
attributed to sucrose characteristic vibrational modes are visible at 850, 642, 526 and

403 cm™'. These bands are visible on both spectra C3 and C2, which confirms that the



22

crystals observed in Figure B2 are made from sucrose. It is interesting to note that
due to its lower concentration of proteins and sucrose in its composition, and being
highly soluble in water, such deposits tend to be easily removed from the surface,

unlike milk protein-rich systems (Hagsten et al., 2016).

Scientific articles corroborating the results and more detailed information about results

and discussion are in the supplementary file.

Conclusions

With the reduction of the sugar content in the manufacture of DL, attention must be
paid to the concentration-time, since it will occur faster due to the increase in the
evaporative capacity. As to the cleaning intervals of the equipment, it will require more
frequent cleaning cycles due to the possible shorter usage cycle time of the equipment
and the need for a more rigorous cleaning regimen to remove proteins adhered to the

heat exchange surface (Hagsten et al., 2016).
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Figure legends:

Figure 1:

A) Deposits formed after the manufacture of DL according to the sucrose content
added to the milk, where: (A1) Empty, (A2) 20% (m-m-') sucrose — DL, (A3) 15%
(m-m") sucrose, (A4) 10% (m-m') sucrose, (A5) 5% (m-m-') sucrose and (A6) 0%
(m-m") sucrose.

B) SEM analysis of the samples with 500x magnification. Where (B1) 20% (m-m-")
sucrose non-freeze-dried, (B2) 20% (m-m-') sucrose freeze-dried, (B3) 0% (m-m-")
sucrose non-freeze-dried and (B4) 0% (m-m-') sucrose freeze-dried.

C) FT-Raman spectroscopy analysis. Being (C1) 0% (m-m') sucrose freeze-dried,

(C2) 20% (m-m") sucrose freeze-dried and (C3) commercial sucrose.
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Table legend:

Table 1: Composition and chemical characterization of the deposits formed on the equipment in relation to the sucrose content

added to whole milk.

Sucrose added (% w-w1)

Parameters
20 15 10 5 0
Dilution factor 16.67 + 0.01 13.04 + 0.01 9.09 + 0.01 4.76 + 0.00 1.00 + 0.00
Evaporated water (% w-w™) 58.02 + 1.55 59.14 + 0.58 59.91 +2.09 68.62 + 4.38 72.88 + 0.67
Evaporation Ratio 2.39 + 0.09 2.46 +0.03 252 +0.13 3.33 £ 0.50 4.00 + 0.08
Deposit (% w-w™) 0.16 + 0.032 0.18 + 0.032 0.39 + 0.032 1.39+0.15° 2.15+0.19°
Total Protein (% w-w™) 10.55+1.462  11.22+276% 14.14+1.16% 13.87+1.358  14.33+1.222
Protein on dry basis (% w-w™) 12.94 +1.792 1465+3.60° 26.05+2.13%  27.07 +2.64>  31.31+2.66°
g H20:g protein™’ 1.75 + 0.25° 2.09 + 0.512 3.23 +0.262 3.51 +0.362 3.78 £ 0.332
Carbon (%) 4177 £+0.36¢  49.04+0.062  46.47 +0.26° 47.96 + 1.002>  47.24 + 0.15b°
Hydrogen (%) 6.81 + 0.01¢ 7.89 + 0.022 7.61+0.02°¢  7.74 £ 0.022 7.48 +0.20°
Nitrogen (%) 1.47 +0.022 3.14 +0.02P 3.35+ 0.09° 3.73 +£0.01¢ 4.99 + 0.07¢
Calcium (norm. wt. %) * 3.99 + 0.012 7.30 + 0.03P 6.81 + 0.02¢ 8.67 +0.01¢ 10.61 + 0.02¢
Phosphorus (norm. wt. %) * 2.58 + 0.012 3.76 + 0.01P 3.90 + 0.01° 4.58 +0.07¢ 6.61 +0.12¢
Ca-P"! 1.55 + 0.012 1.94 +0.012 1.75+0.012 1.89 + 0.032 1.61+0.032

" Semiquantitative analysis performed by EDS.

“Same letters on the same line do not show significant difference by Tukey's test (p < 0.05).
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2.1. Supplementary file of paper 1

Influence of sucrose reduction on fouling during the production of dulce de

leche

Erica F. Mauricio’, Julia D. A. Francisquini’, Igor L. de Paula?, José de C. C. Junior,
Luiz F. C. de Oliveira?, Rodrigo Stephani?, Anténio F. de Carvalho' and italo T.

Perrone?'.

Introduction

Products with low sugar content are justified by recent studies correlating the decrease
in dietary sugar (mainly sucrose) with the prevention, combat and recovery of a series
of pathologies such as diabetes, hypertension, obesity, cardiovascular diseases,
metabolic syndrome, dementia , depression, anxiety, cancer, dental problems, ulcers,
hiatal hernia, Crohn's disease, irritable bowel syndrome, dermatitis, liver disease
(Chow, 2017; Della Corte et al., 2018; Khan & Sievenpiper, 2016; Lenne & Mann,
2020). These products with low content or without sugar meet the demand for healthy
foods, however they can present different functional, rheological, sweetness, stability,
particle size distribution and texture when compared to traditional products, thus
needing to use other compounds that provide body, texture and sweetness to it
(BelScak-Cvitanovi¢ et al., 2015).

In order to avoid the problems associated with excessive sugar intake and to meet the
growing demand of consumers for a healthier lifestyle, the dairy industries have made
use of these new standards and concerns to manufacture products such as dulce de
leche, chocolate, ice cream and yogurt with low sugar content (Castanheira, 2012;
McCain et al., 2018; Moore et al., 2020). Nutritionally, dulce de leche (DL) has high
energy value and high concentration of proteins, minerals, fats and carbohydrates
(BRASIL, 1997; Francisquini et al., 2018; Stephani et al., 2019). Normally, the pans for
the production of DL are simple to operate and maintain, being made of stainless steel
with a double wall through which the steam circulates and an agitator shaft. This has
the purpose of preventing the portion of the liquid in direct contact with the equipment
walls from burning (modifying the sensory characteristic of the product) or forming
incrustations (fouling) along the concentration in addition to causing the temperature

to be homogenous thus facilitating the evaporation of water. Upon reaching the desired
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point the product must be cooled and packaged (Perrone et al., 2019; Stephani et al.,
2019).

With the heat treatment of milk, two types of inlays can occur in the pan: type A (formed
mostly by proteins with a soft, white appearance) and type B (formed mostly from
minerals, being more compact and grayer) (Bansal & Chen, 2006). As they differ in
composition, it is necessary to use different cleaning processes to efficiently remove
each type of deposit (Fickak et al., 2011; Goode et al., 2013; Jeurnink & Brinkman,
1994; Morison & Thorpe, 2002). When adding sugar to milk, in the manufacture of DL,
there is a reduction in the occurrence of these incrustations, since there is an increase
in the surface tension of water and in the chemical potential of proteins, favoring the
state of lower surface of the proteins (native protein). Moreover, the addition of sugar
causes rheological and kinetic changes that interfere with protein-protein interactions
(Baier et al., 2004; Kendrick et al., 1997). Thus, the traditional DL industry does not
present considerably many cases of encrustation, but when it comes to dulce de leche
with low sugar content, changes in the product occur and they can lead to the formation
of deposits on the equipment. These fouling can result in loss of productivity, in loss of
the thermal exchange efficiency, in pressure drop in the equipment and in increase of
additional costs related to cleaning products and energy (Gandhi et al., 2017; Tanguy
et al., 2019; 2016).

Material & methods

Deposit formation

Pasteurized whole milk used was purchased in the local market (Vigosa, Brazil). The
temperature of the inlet product was 4 °C and added with different sucrose contents
(0%, 5%, 10%, 15% and 20% (w-w")). This process ensured the same protein content
of all blends since for all the mixtures the same amount of milk was weighed and only
then added the sucrose according to the desired percentages. The samples were
concentrated in a laboratory scale atmospheric pressure evaporator (process
simulator) (Vorwerk Thermomix TM5) nearly at 125 °C for 90 min with 1 g (centrifugal
force) of rotation. The deposits formed were collected after the end of the concentration

by scraping the surface of the equipment - mass of deposit - and weighed in analytical



29

balance (BEL engineering® Mark 214). For the characterization of the deposits, was
performed dehydration using the freeze-drying method (Labconco - Freezone 2.5 Plus)
with temperature -88 °C and pressure 0.014 mbar. This method was used to

standardize the samples.

Characterization of deposits

Total protein

Total nitrogen from each deposit formed from the different samples was determined by
using the micro Kjeldahl method, according the AOAC 982.38 method, it is an indirect
methodology because when considering a conversion factor of 6.38 it is possible to
estimate the protein contents (Wang et al., 2016), the results were expressed in % dry

basis.

Moisture and dry matter

The moisture content was measured by using 1.90 + 0.05 g of each deposit and a
thermogravimetric balance (Sartorius® MA150). The total solids content was obtained
by percentage difference of the moisture content found and with this percentage is

possible to calculate the dry extract.

Carbon, Hydrogen and Nitrogen

The Elemental Analysis was performed by means of an elemental analyzer (Perkin
Elmer 2400 series ii) to determine the percentages of carbon, hydrogen, and nitrogen
of the samples of the deposits formed in the evaporator. This analysis is based on the
Pregl-Dumas method whose samples are subjected to combustion in an atmosphere
of pure oxygen and the gases resulting from this combustion are quantified in a TCD

detector (thermal conductivity detector).

Calcium and Phosphorus

For the analysis of the trend of calcium and phosphorus content in the deposits it has
been used a semi-quantitative analysis by energy dispersive spectrophotometer — EDS
(HITACHI® TM3000).
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And for quantitative analysis, the methods used were carried out according to the
methodology of AOAC (2012), as official methods 985.35 using flame atomic
absorption spectroscopy (FAAS) and 984.27 using inductively coupled plasma-atomic
emission spectrometry (ICP-AES) for the calcium and phosphorus analyzes,

respectively.

Scanning electron microscopy
Samples of deposits were analyzed by scanning electron microscopy — SEM
(HITACHI® TM3000) with increase of 500x.

FT-Raman spectroscopy

Fourier-transform Raman spectrometer (Bruker, RFS 100/S) with a germanium
detector using liquid nitrogen as coolant and with 1064 nm excitation from a Nd:YAG
laser was used to characterize the deposits according to their dispersive ability. A few
milligrams of the sample were placed into a small aluminum sample cup, the laser light
with a power of 20 mW was introduced and focused on the sample, then the scattered
radiation was collected at 180°. For each spectrum an average of 512 scans were
performed at a resolution of 4 cm™, over the 4000-50 cm™' range. The OPUS 6.0
(Bruker Optik, Ettlingen, Germany) software program was used for Raman data
acquisition (Almeida, Oliveira, Stephani & De Oliveira, 2011; Rodrigues Junior et al.,
2016).

Results and discussion

Concentration of Milk

Corroborating with Figure 1, the same is seen after weighing the deposits, which goes
from 1.9 g to 21.5 g in the mix with 20% m-m-! of sucrose and without added sucrose,

respectively, which represents an increase of more than 11 times in incrustation.

Physical-chemical characterization of deposits
When calculating the water-protein ratio of the deposits, it has been observed that with

the decrease in the sucrose content there is a greater water retention by the proteins
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reaching approximately 4 g H20-g proteina' corroborating with the literature (Walstra,
Wouters, & Geurts, 2006).

It is still possible to say that the relationship between the lower content of deposits in
the production of traditional DL is not only related to the dilution of milk constituents by
the addition of sucrose, since the increase in deposits does not evolve in the same
proportion as the decrease of the dilution factor, thus indicating the protective effect of
sucrose amidst the concentration of the product (de Jong et al., 1992).

Regarding the low content of calcium and phosphorus in the deposit resulting from the
product with greater sucrose addition, it corroborates with the previous results and
indicates that sucrose stabilizes milk proteins (Lee & Timasheff, 1981). As the
relationship between calcium and phosphorus (Ca-P-') remains around 1.75, with no
statistically significant difference by the Tukey test (p < 0.05) for different sucrose
levels, this indicates that despite the increase in minerals in the deposit, these are
precipitated in the same proportion, therefore, the phosphate ester groups of the
caseins together with the bound calcium are assumed not to be part of the calcium
phosphate matrix, thus being of the tricalcium phosphate type (Gaucheron, 2005).
Pearson's correlation was used in order to observe whether the interactions between
the analyzes performed and the variables of the experiment (added sucrose content,
dilution factors and concentration) were significant. Based on Table S1, it is possible
to observe that the relationship between calcium and phosphorus does not present a
statistically significant correlation to the analyzed parameters. However, all other
variables are statistically significant in relation to the added sucrose content and to the
dilution factor. But when analyzing in relation to the concentration factor, it is observed
that the percentage of total protein is not significant as it is in relation to the dilution
factor, therefore it is possible to conclude that the concentration, despite influencing
proteins, the addition of sugar ends up generating a protective effect on them that is

removed by completely eliminating sucrose from milk.

Scanning Electron Microscopy

The deposit observed in Figure A1 indicates Type A deposits (Burton, 1968), that is,
with high protein content, which goes with the other analyzes carried out and that show
the relationship between the decrease in sucrose and the increase in proteins (from

12.94 to 31.31% (w-w") of protein on a dry basis for deposits with the addition of 20
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and 0% (w-w') of sucrose, respectively) and also to the increase in moisture present
in this type of deposit (going from 18.43 to 54.23% humidity for deposits with addition
of 20 and 0% (w-w') sucrose, respectively), once the rough structure is able to retain
more water than the compact structure of the deposit formed in production of traditional
DL. A change in the quantity and structure of the deposits with the addition of sucrose
is also observed by Zhang et al. (2018). Besides, this structure shows that the adopted
cleaning procedures must be different, since the protein deposit requires specific
cleaning and specific chemical products in a certain sequence: first the alkaline
solution for the removal of the protein layer (top) and then the acidic solution for the

removal of the innermost layer - minerals (Jeurnink & Brinkman, 1994).

Raman spectroscopy

In C2 (dulce de leche) and C3 (sucrose) spectra it is possible to perceive some of the
main marking bands of sucrose, such as the band observed at 850 cm™' referring to
the vibrational deformation mode of CHz, the bands at 642 and 523 cm™, referring to
the deformation modes of the glucofuran ring, and the 403 cm™' band, referring to a
coupled mode to the sum of the deformation modes of the 039-C32-C31 bond and
to the deformation of the C37-C31-0O27 group of the glucopyran ring (Brizuela et al.,
2012).
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Table 1: Pearson correlations between the analyzed parameters and the sucrose

content, dilution factor and evaporation rate in the manufacture of DL.

Sucrose added Dilution Evaporation

(% w-w) Factor Ratio
Deposit (% w-w) -0.942 -0.948 0.997
Moisture (% w-w") -0.953 -0.952 0.793
Total protein (% w-w') -0.901 -0.897 0.687
Protein on dry basis (% w-w) -0.957 -0.956 0.815
Nitrogen (%) -0.953 -0.945 0.846
Calcium (norm. Wt. %) -0.920 -0.926 0.997
Phosphorus (norm. Wt. %) -0.902 -0.906 0.987
Ca-P1 -0.062 -0.053 -0.157
Calcium (mg-100g") -0.984 -0.984 0.855
Phosphorus (mg-100g-") -0.994 -0.995 0.887
Ca-P’ -0.691 -0.683 0.386
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ABSTRACT

Vacuum concentration is an intermediary step in the dairy powder production and an
essential step in the process scheme for the production of sweetened concentrated
milk, a product widely popular and produced in Brazil. As any food product, it is subject
to research and development in order to improve the original recipe and propose new
derivatives, whether in academic or industrial environments. The tests required for the
development of products may be costly in relation to the supply in raw material and
cleaning agents, energy and water consumptions as well as water treatment after the
cleaning of the equipment. As part of the reduction of production costs and
environmental impact, the present work aims to evaluate the possibility of using smaller
equipment for concentration as well as to produce relevant data on the processing of
SCM. Two types of vacuum evaporators were used for this work: a pilot scale falling
film evaporator and a lab scale rotary evaporator. Based on the observed results, it
was possible to evidence the similarity of the data obtained for the concentrates (with
and without sucrose addition) in both equipment for the measurements of density,
viscosity and surface tension with deviations less than 10 %.

Keywords: Concentrate milk, sweetened concentrated milk, falling film evaporator,

rotary evaporator, vacuum concentration

1. Introduction
Vacuum concentration is used mainly for the production of powders in the dairy

industry in order to preconcentrate products before spray drying. But it is used too for



39

the production of concentrates such as sweetened concentrated milk (SCM). SCM is
a widely popular product used mainly as ingredient in desserts. Brazilian people are
especially fond of this product and dairy manufacturers in Brazil are then the main
worldwide producers of SCM. The production is about 608 000 tons per year
(Zacarchenco, Dender, Van e Rego, 2017). The industrial manufacturing steps for the
production of SCM are successively fat standardization of skim milk, heat treatment of
standardized milk, sucrose addition, fat homogenization, concentration by vacuum
evaporation up to a dry matter content equal to 700-720 g/kg, seeding and lactose
crystallization, cooling and packaging (Nieuwenhuijse, 2016; Renhe et al., 2017).
Regarding to the Regulatory Instruction No. 47, October 26, 2018 — MAPA (BRASIL,
2018), the final product must have a dairy dry matter content equal to at least 280 g/kg
and a fat content ranging from 80 to 160 g/kg. The protein content in the non-fatty dairy
dry matter content must be equal to at least 340 g/kg.

In the dairy industry, concentration by vacuum evaporation is mainly carried out
in falling film evaporators. This type of evaporator has a shell and tube arrangement.
A thin film of liquid falls down on the internal surface of high vertical tubes whereas live
steam circulates on the shell side and provides energy to the liquid for water
evaporation. These evaporators are well adapted to heat sensitive products as they
can work under vacuum and operate between 45 °C and 70 °C for the concentration
of dairy products. Moreover, they have large heat transfer areas and short residence
times. Lastly, even if evaporation is known to be a highly energy-intensive
phenomenon, many efforts are made to reduce energy consumption through the reuse
of the vapor coming from the product as a heating medium and the implementation of
mechanical and thermal vapor recompression systems. Falling-film evaporators are
nowadays more energy efficient than spray-dryers in the process scheme for the
manufacture of powder. Concentration in evaporators is conducted to a concentrate
dry matter content as high as possible in order to reduce the overall energy
consumption of the process scheme, the limit of the operation being determined by the
concentrate viscosity (Anema, 2009; Anema e McKenna, 1996).

Conversely, the implementation of different energy recovery systems makes
tricky the configuration of evaporators and it is quite challenging to know the operating
conditions applied to the product when it passes through the evaporator. In the
meantime, the progressive concentration of all the components induces changes that

may be irreversible, such as denaturation of proteins and mineral destabilization, into
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the dairy concentrates and affects their biochemical and physical properties. As an
example, concentration leads to a pH decrease, an ionic strength increase, the transfer
of some calcium phosphate from the continuous phase to the dispersed phase as well
as more protein instability. These biochemical changes affect the physical properties
of product such as viscosity, surface tension and density. These properties influence
in turn film flow through the film thickness & (Equation 1) and the minimum wetting rate
I'min Of the evaporation tubes (Equation 2). Moreover, these values are required for
modelling and simulation of the evaporation process (Madoumier, Azzaro-Pantel,

Tanguy & Gésan-Guiziou, 2015).

o= (Equation 1)

where § is the film thickness (m), n is the product viscosity (Pa.s), p is the density
(kg/m?3), g is the gravitational constant equal to 9.81 m/s? and I the tube wetting rate

of evaporation tubes (kg/(s.m))

1

= 3
[in = 1.69 (%p)s (0(1 — cos 6?))E (Equation 2)

where I'min is the minimum wetting rate (kg/(m.s)), n is the product viscosity (Pa.s), p
is the density (kg/m?3), ¢ is the surface tension (N/m) and 0 is the advancing contact
angle of the liquid on the tube (rad). This equation was defined by Hartley & Murgatroyd
(1964).

To improve the control of the concentration process and better understand the
behavior of concentrates during concentration, experiments in falling-film evaporators
are required. However, the configuration of these equipment and their working under
vacuum makes this task tricky. It explains why there are few experimental studies on
falling-film evaporators and most of them are conducted at industrial scale (Bienvenue,
Jiménez-Flores, & Singh, 2003; Jeurnink, Walstra & Krutt, 1996; Jeurnink & Brinkman,
1994). Some lab and pilot scale set up were developed but they were dedicated for the
study of a specific feature of the operation. Gordon et al. (2017) used of a vertical tube
for studying the formation of the liquid film depending on the heat flux through the wall,

the viscosity of the product and the velocity of the film. Morison and Tie (2002) studied
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the behavior of proteins and minerals depending of the heat flux and the flow velocity
of the product in a set up without vacuum and concentration. Kessler (1986) studied
the fouling of falling-film evaporators using a pilot scale set-up made with a 2-meter
high tube. Tanguy et al. (2019) also used a single effect pilot-scale falling-film
evaporator for studying the behavior of acid whey during vacuum concentration.
However, the carrying out of experiments at pilot scale raises the questions of the initial
volume of product needed for the trials, the duration of the experiments and the
consumption of cleaning solutions. For example, the trials carrying out in (Tanguy et
al., 2019) to produce whey concentrate at 400 g/kg DM require at least 100 liters of
liquid whey at 60 g/kg DM, last about 8 hours (including more than 3 hours for the
cleaning before and after experiments). It consumes about 40 liters of both alkaline
and acid cleaning solutions. But, only 2 liters of concentrated acid whey are eventually
sampled for further analytical characterization. Therefore, it would be interesting to
carry out experiments at lab scale in order to get samples from a lower initial volume
of raw material, to reduce the duration of experiments and the quantities of cleaning
solutions. The rotary evaporator is a suitable alternative to the pilot scale falling film
evaporator as the working principle of both equipment are quite similar. Both are
working under vacuum and the vaporization energy is provided through an indirect heat
transfer between the product and the heat transfer medium (water and condensing
steam in rotary and falling-film evaporators respectively). The main difference is the
product does not flow in the form of a thin film in a rotary evaporator as it is held in a
flask. Even if the experimental conditions are not exactly the same, it could be
interesting when the outputs of the studies are to get data about the composition and
the functional properties of the concentrates.

The objective of this work is to establish if the data obtained at lab scale in a
rotary evaporator are representative to those obtained at pilot scale in a falling film
evaporator. The comparison was made for the production of sweetened concentrate
milk. Even if it is a widely consumed product, there are few data in the literature about
the physical properties of this product. Moreover, the behavior during concentration is
unknown, especially the evolution of density, viscosity and surface tension, some
physical properties useful to characterize film flow in evaporators.

2. Materials and Methods

2.1. Experimental procedure
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Concentrated milks were prepared at pilot scale in the Dairy Platform (STLO -
Science and Technology of Milk and Egg research unit, Rennes, France) following the
processing scheme described in Figure 1. Raw materials were cream and thermised
skim milk provided by a local commercial dairy manufacturer. A standardized milk at
320 g/kg DM was prepared with 36 kg of cream and 464 kg of thermised skim milk.
This mixture was heated to 40 °C using a heat exchanger (S14A, SONDEX, Saint-
Genis-Laval, France) and then passed through the homogenizer (LAB 16/50, RANNIE-
APV, Evreux, France) with pressure of 24 MPa (4 MPa in the 2" stage and 20 MPa in
the 1t stage). Supplementary step was added to the processing scheme related to
preparation of sweetened milk that is the addition of powdered sucrose at 200 g/kg of

standardized milk. The composition of both homogenized milks is given in Table 1.

Thermised skim milk

and cream
transport and storage at 6 °C
Thermised NSw - 490 kg i
skim milk ‘ Sw - 490 kg T
; Fat T Standardized and * N
164 ke | standardization 40°C| Homogenization |4°C homogenized Concentration Concentrated
; 20/4 MPa e at pilot scal milk
(320 g/kg fat) | @UiANTS) | milk a1 it il
- = T= 60 °C NSw - 155 kg
777 500ke Flow rate = 70 kg'h Sw- 191 ke
Heat treatment
(70 °C /30 min) NSw -2 kg
36ke r— R S Sw-2kg Concentration Concentrated
I Sucrose | at lab scale milk
100 kg I=60°C NSw—0.5kg
500 mL milk/trial Sw—0.5ke

Figure 1 — Process scheme for the preparation of non-sweetened (NSw) and
sweetened (Sw) milk concentrates. For the production of Sw milk concentrates, there
is a supplementary step (in gray) i.e. addition of 200 g/kg of powdered sucrose to

homogenized milk.

A small part of the milks was kept for further concentration at lab scale whereas
most of milks was concentrated using a pilot scale falling-film evaporator (GEA Process
Engineering, Montigny-Le-Bretonneux, France). This equipment is composed of three
evaporation tubes in series that are connected to the same indirect condenser (coil-
type heat-exchanger). It was well described and characterized by Silveira et al. (2013)
and Silveira et al. (2015). The evaporation rate of the equipment is about 27 kg/h at a

feed mass flowrate of 70 kg/h and a heating power of 25.2 kW.
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Table 1 — Composition of non-sweetened homogenized milks ABo and sweetened

homogenized milk CDo.

Analytical
Non-sweetened Sweetened milk method
milk ABo CDo described
in section
pH 6.75 + 0.02 6.74 £ 0.02 2.21
Sucrose (g/kg) 0 166.00 -
Dry Matter — DM (g/kg) 114.90 £ 0.10 255.99 + 0.01 222
Dairy Dry Matter — DDM (g/kg) 114.90* 89.99* -
Fat (g/kg) 3110 2710 2.2.3
Ash (g/kg) 6.89 + 0.08 5.79+0.04 224
TN (g/kg) 30.60 £ 0.03 26.83 £ 0.07
NCN (g/kg) 5.46 £ 042 5.35+0.00 225
NPN (g/kg) 1.47 £ 0.00 1.27 £ 0.00
Calcium (mg/kg) 1176 £ 16 944 + 1 026
Phosphate (mg/kg) 1880 £ 7 1545 £ 6

Ocalculated: (DM /iy = TDMgy g — Sucroseg i)

@AIl the measurements were done in duplicate.

The experimental setup was adapted from Tanguy et al. (2016). The experiments

were carried out at an absolute pressure of 0.02 MPa corresponding to an evaporation

temperature of 60 °C. The products were first preheated from 20 °C to 60 °C using a

tubular heat-exchanger and they were concentrated by passing through the pilot scale

falling-film evaporator at a mass feed flowrate of 70 kg/h. Several successive runs were

carried out to produce milk concentrates at increasing concentration factors (Figure 2).

The concentration factor is the ratio of the dry matter content of the concentrate at the

outlet of the evaporator over the dry matter content of the homogenized milk.

Evaporation temperature and feed mass flowrate were kept constant whatever the run

whereas the heating power was adjusted to modify the evaporation rate and produce

concentrates at specific dry matter contents.
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(a) non-sweetened milk

i Pilot-scale AB, I run Ar 20d pyn Ay 3" yun As 49 run As i
| evaporator  114.9 g/kg Concentrarion 18a.1 grke concentration 220.1 gkg concentration 376.9 glkg concentration I gke i
(1 trial) CF1 CF 1.6 CF2.6 ; CF3.3 ' CF43
AB, B, AB, B,
E 1149 g/kg  concentrarion, 198.4 g/kg 114.9 g/kg ~ comcenmration, 4018 glkg
i Lab-scale CF1 CF 1.7 CF 1 CF3.5
i evaporator
i (3 experiments) AB, _ B, ABy P Be
] 114.9 g/kg i bt 2025 g/kg 114.9 g/kg e, 491.3 g/‘kg
CF1 CF25 CF 1 CF4.3
(b) sweetened milk e
. Pilot-scale CD, 1 run G 2l oy G 3 yrun G |
E CVHle'ﬂtOF 2560 g/kg r‘nm‘pum.ﬂ.'m; 4 I 09 g/kg n';mmrmrfrﬂ: 565 ] g}‘kg r‘nm'mn‘nﬁn: 7080 g/kg E
t (1 trial) CF 1 CF 1.6 CF2.2 CF2.8 i
CD, D, CD, D,
% 256.0 g'kg  concenwaiion 4144 g/kg 256.0 g/kg  concentraton, 9961 gkg E
! Lab-scale CF1 CF 1.6 CF | CF2.8 :
! evaporator i
(3 experiments) CD, » D, !
E 2560 gfkg cancentr HNOM’ 5700 gfkg E
; CF 1 CF22 ’

Figure 2 — Experimental procedure for the production of (a) non-sweetened milk
concentrates and (b) sweetened milk concentrates at different DM contents using the
pilot scale evaporator and the lab scale evaporator. The same milk was used for
experiments at pilot scale and lab scale i.e. non-sweetened milk ABO (resp. sweetened
milk CDOQ) for the preparation of the non-sweetened milk concentrates (resp.
sweetened milk concentrates). In both cases, the maximal DM contents was defined
with respect to the maximal DM content achievable in industrial evaporators. The DM
contents of the concentrates produced at lab-scale were defined in function of the DM
contents of the concentrates produced at pilot-scale. DM = dry matter and CF =

concentration factor.

The concentrates were prepared at lab-scale using a rotary evaporator (Hei-VAP
Value Digital, Heidolph Instruments, Schwabach, Germany) at the same absolute
pressure and evaporation temperature used in the pilot (i.e. 0.02 MPa and 60 °C

respectively). The rotation speed of the 1-liter flask was 80 rpm. For each concentrate,
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the starting material was always 500 ml of homogenized milk and the vacuum
concentration was conducted up to the DM content reached at pilot-scale.

The DM content for the non-sweetened (ABo) and sweetened (CDo) milks were
114.9 and 256.0 g/kg. The method used for the determination of DM content is
described in section 2.2.2. To reach the maximum DM of non-sweetened and
sweetened concentrates usually achieved in industrial evaporators, it was necessary
to carry out 4 and 3 runs in the pilot scale evaporator respectively. Four concentrates
were produced from non-sweetened milk. The DM contents of the final concentrates
produced at pilot scale and lab scale, A4 and B4 respectively, were 494.9 + 0.1 and
491.3 + 0.1 g/kg. Three concentrates were produced from sweetened milk. The DM
contents of the final concentrates produced at pilot scale and lab scale, C3 and D3
respectively, were 708.0 £ 0.1 and 726.1 £ 0.1 g/kg (Figure 2).

2.2. Physico-chemical characterization

In order to perform easily analysis and avoid age-thickening of more concentrated
products, concentrates were diluted to the DM content of the corresponding
homogenized milk for the determination of the following parameters: dry matter,
nitrogen, ash and total ion contents.

The experimental values obtained for a biochemical parameter (nitrogen, ash and
total ion contents) of a concentrate were compared to the theoretical value. It
corresponds to the product of the experimental value in homogenized milk by the

concentration factor.

2.2.1. pH measurement
The pH values of homogenized milks and concentrates were determined using a
pH meter (HI 9024 microcomputer pH meter, Hanna Instruments, Lingolsheim, France)

with a pH electrode (HI 1230B, Hanna Instruments, Lingolsheim, France).

2.2.2. Dry matter content
The DM contents were determined as described by IDF standard 21B (ISO-IDF,
1987). Five grams of each homogenized milk and re-diluted concentrate were mixed
with sand in a capsule and were dried at 102 £ 2 °C in an oven for a period of 7 hours.
The weight loss of the capsule after drying was taken as the amount of water

evaporated during vacuum concentration.
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2.2.3. Fat content
The fat content of homogenized milks was determined using acid butyrometric
method (FIL-IDF, 1997)

2.2.4. Ash content
The ash contents were determined by incineration of 10 grams of each
homogenized milk and re-diluted concentrate at 550 °C for 5 h and weight of the
residue obtained (ISO-IDF, 1964).

2.2.5. Nitrogen contents
Total nitrogen (TN) contents of each homogenized milk and re-diluted
concentrate were determined using the Kjeldahl method as described by IDF standard
20B (ISO-IDF, 1993). A factor of 6.38 was applied to convert nitrogen into milk protein

content.

2.2.6. lon contents

The mineral composition of homogenized milks and concentrates was
determined using ion exchange chromatography (IEC-Dionex-500, Jouy-en-Josas,
France) (Gaucheron, Le Graet, Piot, & Boyaval, 1996) for anions and atomic
absorption spectrometry (AAS-220FS, Varian, Les Ulis, France) for cations (FIL-IDF,
1992). The experimental errors of both methods are £ 0.5 % and + 2.3 %, respectively.
The studied anions were inorganic phosphate, chloride and citrate and the studied
cations were calcium, sodium, potassium and magnesium.

Total and soluble ion contents of milks and concentrates were determined
according to Tanguy et al. (2019). The recovery of the soluble phase was carried out
according to a 2-step procedure: (1) ultracentrifugation of milks and concentrates for 1
h at 100,000 g and 40 °C in order to favor sedimentation of proteins (mainly caseins),
(2) ultrafiltration of supernatant using analytical membrane (molecular weight cut-off of
10 kDa, Vivaspin, Palaiseau, France) and centrifugation for 1 h at 1800 g and at room
temperature. This analytical procedure was performed in the same day that the

concentration trials.

2.2.7. Viscosity measurement
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The viscosity of concentrates was measured using a rotational viscometer type
coaxial cylinder (RM 100 Plus, Lamy Rheology, Champagne-au-Mont-d’Or, France).
Measurements were made at a controlled temperature of 60.0 £ 0.5 °C and at shear
rates ranging from 100 to 500 s™'. The experimental error was * 0.32 mPa-s. After data
collection, it is possible to make a graph and draw the trend line for each type of
evaporator used (pilot and lab scale) and from them to predict the viscosity value in a

certain desired dry matter value.

2.2.8. Density measurement
The density of milks and concentrates was measured using an oscillating density
meter (DM48, Anton-Paar, Les Ulis, France) at a controlled temperature of 60.0 °C.
The experimental error was + 0.1 kg/m3. After data collection, it is possible to make a
graph and draw the trend line for each type of evaporator used (pilot and lab scale)

and from them to predict the density value in a certain desired dry matter value.

2.2.9. Surface tension measurement
The surface tension of milks and concentrates was measured at 60 °C using a
pendant drop tensiometer (‘Tracker’, Teclis-Scientific, Civrieux-d’Azergues, France).
To evaluate the impact of gravity on droplet shape, the Bond number Bo (Equation 3)

was calculated for all the samples.

R?
Bo = 22—
14

(Equation 3)
where p is the droplet density (kg/m3), g the acceleration of gravity (m/s?), R the radius
of the droplet (m) and y stands for the droplet surface tension (N/m).

Drops with 8 uL and Bond number between 0.2 and 0.3 were formed at the tip of
a syringe containing the samples and the measurements were made immediately after
their formation. The drop profile was determined by image analysis using WDROP
Software (‘Tracker’, Teclis-Scientific, Civrieux-d’Azergues, France) from which the
surface tension was derived. Under mechanical equilibrium of capillary and gravity
forces, the Laplace equation relates the pressure difference across the interface
(liquid-air), the surface tension and the surface curvature. After data collection, it is

possible to make a graph and draw the trend line for each type of evaporator (pilot and
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lab scale) used and from them to predict the surface tension value in a certain desired

dry matter value.

2.2.10. Statistical analysis

The concentrations were done once and generated 4 products with different
concentration factors and analyzes made with each concentrate were performed in
duplicate. The statistical analysis was done using R software version 3.5.3 (R
Foundation for Statistical Computing, Vienna, Austria). With the results of density,
viscosity and surface tension for the concentrates obtained in the rotary evaporator
and in the pilot falling film evaporator an ANOVA was performed. If the F value
indicated a difference between the means, the normality and homogeneity of the data
was analyzed using the Shapiro-Wilk and Bartlett tests, respectively, and both tests at
5 % significance. Finally, Tukey's analysis was used to identify group differences.

Significance was defined as a P value <0.05.

3. Results and Discussion
3.1. Dry matter of concentrate

Four non-sweetened concentrates (A1 to A4) were prepared at pilot scale with DM
contents ranging between 185.1 and 494.9 g/kg (Figure 2). The DM content of the final
concentrate A4 is in the range of the maximum achievable values that can be obtained
at the outlet of the industrial falling film evaporators for such a product (Schuck, Dolivet
& Jeantet, 2012).

The addition of powdered sucrose leads to an increase of the DM content of
homogenized milk from 114.9 to 256.0 g/kg (ABo and CDo respectively). Three
concentrates (C1 to C3) were prepared at pilot scale at 410.9, 565.1 and 708.0 g/kg
(Figure 2). The DM content of the final concentrate Cs is the same that the one of a
commercial product (BRASIL, 2018; Renhe et al., 2017).

The non-sweetened and sweetened concentrates have a variance less < 1.8

when compared to the lab and pilot scales (Figure 2).

3.2.Behavior of non-sweetened and sweetened concentrates during concentration
3.21. pH
Sucrose addition does not change the pH of homogenized milks (6.75 and 6.74,

for ABo and CDo respectively). Then the pH of concentrates decreases during
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concentration in both cases probably due to (i) the increase in ionic strength that affects
the activity coefficients and the pKa values of the protonated species, (ii) the transfer
of some calcium and phosphate ions from the colloidal to the soluble phase, (iii) and
the precipitation of calcium phosphate (Anema, 2009).

The pH variation between the non-sweetened milk ABo and the concentrate A4 is
0.53 + 0.01. Likewise, it is equal to 0.55 between the sweetened milk CDo and the
concentrate Cs. However, the pH decreases at a given concentration factor is sharper
for the sweetened concentrates than for the non-sweetened concentrates (Figure 3a).
For example, at a concentration factor of 2.2, the pH of the sweetened concentrate is
6.31 whereas it is about 6.53 for the non-sweetened concentrate. This sharper
decrease in pH in the sweetened concentrates may be due to the addition of sucrose
to milk that induces a decrease in water activity and promotes the Maillard reaction.
Indeed, the Maillard reaction is strongly favored when the water activity decreases from
1 to 0.6-0.7. Even if the Maillard reaction is not intensified during vacuum
concentration, the first steps of this complex reaction may occur, leading to the
formation of formic acid and acetic acid which tends to lower the pH (Martins, Jongen
e Boekel, van, 2001).

3.2.2. Total nitrogen and ash contents
The total nitrogen and ash contents are equal to 30.60 and 6.89 g/kg in non-
sweetened milk whereas they are equal to 26.83 and 5.79 g/kg in sweetened milk.
These lower nitrogen and ash contents in sweetened milk are related to a dilution effect
induced by the addition of powdered sucrose.
As shown on Figures 3b and 3c, total nitrogen and ash contents increase linearly
with increasing concentration factors. It indicated that there are no losses of both

compounds in the equipment.
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3.2.3. Minerals

Concerning the mineral composition of products, Figure 4 highlights the
experimental values of total calcium, phosphate, citrate and magnesium in the non-
sweetened and sweetened concentrates are similar to the theoretical values, leading
to the belief that there were no losses of these ions during the concentration process,
more especially no ion deposit on the surface of evaporation tubes during
concentration. Based on the visual analysis of the tubes and, mainly, on the analysis
of minerals and proteins made in milks before concentration and throughout the
concentration in the concentrated products. In the meantime, it is possible to observe
that there is a difference between total and soluble ion contents and it increased with
concentration. This difference corresponds in one hand to the ions into the colloidal
phase that were mainly removed with caseins during the ultracentrifugation step, and
in the other hand to the insoluble salts that may have precipitated in the concentrate
during concentration. This latter part of insoluble ions was mainly removed during the
analytical ultrafiltration and centrifugation steps. The difference between the total and
soluble ion contents are all the more important with increasing concentration that there

is a transfer of some salts from the soluble to the colloidal phase due to concentration.
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3.2.4. Physical properties
Figure 5 shows the evolution of some physical properties (density, viscosity and
surface tension) of the concentrates throughout the concentration. In all cases, the

experimental variance is plotted, but it is too small to see on graphics.
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3.2.4.1. Density
The addition of 200 g/kg of powdered sucrose to milk induces an increase of milk
density from 1.0111 + 0.0002 for ABo to 1.0785 + 0.0001 g/cm for CDo®. The density
increases linearly with the concentration factor for both types of products. Density of
non-sweetened products increases from 1.0111 + 0.0002 g/cm? for ABo to 1.1137 +
0.0014 g/cm?®for A4 and B4 (average between the two concentrates). In the meantime,
density increases from 1.0785 + 0.000 g/cm? for CDo to 1.28 + 0.0001 g/cm? for C3 and

Ds (average between the two concentrates).

3.2.4.2. \Viscosity

The addition of 200 g/kg of powdered sucrose to milk leads to an increase of milk
viscosity. Milk viscosity measured at 60°C and 500 s increases from 1.33 + 0.14
mPa.s for ABo to 3.02 + 0.02 mPa.s for CDo. This is due to the addition of
supplementary dry matter to milk.

Viscosity increases exponentially with concentration. It is all the faster than the
dry matter of homogenized milk is high. The viscosity of non-sweetened products
increases from 1.33 + 0.14 mPa.s for ABo to 23.4 £ 1.24 for A4+ and B4 (average
between the two concentrates) whereas the viscosity of sweetened products increases
from 3.02 mPa.s for CDo to 100 mPa.s for C3 and D3 (average between the two

concentrates).

3.2.4.3. Surface tension

The addition of 200 g/kg of sucrose to milk induces an increase in surface tension
from 39.19 + 0.69 mN.m""! for ABo to 43.82 + 0.20 N.m"! for CDo. According to the
literature, sucrose (co-solvent) has a strong bond with water and this type of co-solvent
does not bind directly to the surface of the protein, leaving a space that is filled with
water making the protein hydrated, thus, this type of co-solvent is said to be
preferentially excluded. This hydration protects globular proteins and mainly favors the
native form of the protein, leaving it in its globular shape (Baier e McClements, 2003;
Desu e Narishetty, 2013; McClements, 2002; Timasheff, 1993). The increase in
surface tension observed in the analysis may occur due to three factors when adding
sucrose: (i) the increase in viscosity that increases th e stability of the product

(Docoslis, Giese e Oss, van, 2000), (ii) the decrease in lipid-protein interactions at the
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interface (concentrate-air), because the protein is folded, leaving fewer groups
exposed, like sulfhydryl groups, for interaction, with that the two constituents are on
the surface, but in their separate forms (Wilde et al., 1997) and (iii) the protein is
preferably adsorbed at the interface (concentrate-air) (Wouters et al., 2017).

The surface tension of both products at 60 °C has the same behavior during
concentration that is a decrease with concentration. The concentration of non-
sweetened milk from ABo to A4 and B4 (average between the two concentrates)
reduces the surface tension from 39.19 + 0.69 to 34.32 + 0.73 mN/m. In the meantime,
the surface tension of sweetened products decreases from 43.82 + 0.20 for CDo to
40.26 £ 0.33 mN/m for Cs and Ds (average between the two concentrates). Since
proteins, fat and free fatty acids are the main surfactants found in milk, there is an
increase in these constituents on the surface of the drop along the concentration,
leading to the observed decrease (Williams et al., 2005). With the dilution effect caused
by sucrose addition to milk, there is also the dilution of these surfactants, thus leading

to less variation in surface tension between non-sweetened and sweetened products.

3.2.5. Comparison of results at lab-scale and pilot-scale

As shown on Figure 5, the trend curves of the physical properties of concentrates
obtained at pilot and lab-scale are superimposed. However, some small deviations can
be observed for properties that are sensitive to the variation of dry matter content, such
as viscosity. In this case the variation of 18.2 g/kg DM between sweetened
concentrates at pilot and lab scale (Cs and D3 respectively) showed a variance of 16.84
mPa-s.

Statistical analysis of data from the following groups: surface tension, density and
viscosity detected through the F value of the ANOVA that there is some kind of
significant difference within the data of each group at 5 % significance. In order to
identify what the differences would be, the Tukey test was carried out at 5 %
significance, which indicated that the differences were found at each concentration
point and not between the samples of the two types of evaporators used. That is, when
increasing the concentration of total solids, these concentrates had their properties
significantly changed, but for the same concentration level in different equipment, a
statistically significant difference was not detected. When modifying the concentration
equipment there is no change in the product obtained at the same concentration level.

Except, for the sweetened concentrates D3 and Cs (produced at lab scale and pilot
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scale respectively), which did not have similar averages for DM content (708.0 £ 0.0
and 726.1 + 0.0 g/kg DM) and as a consequence, they have different viscosity values.
But, when applying the trend line equations to 700 g/kg DM for example, similar
viscosity values are obtained: 63.9 + 0.2 and 68.7 + 0.1 mPa-s for concentrates
prepared at lab-scale and pilot-scale respectively.

Density is a property highly dependent on the dry matter content and a variation
of 18.2 g/kg in DM content between the sweetened concentrates produced at lab-scale
and pilot-scale leads to a statistical differentiation between both concentrates.
However, as for viscosity values, when comparing the results determined at a same
DM content and using the trend lines, similar density values are obtained for
concentrates produced at lab-scale and pilot-scale.

These results showed that the values of density, viscosity and surface tension of
concentrates produced at lab-scale are representative of values obtained for
concentrates produced at pilot-scale. It is possible to change the falling film evaporator
to the rotary evaporator in order to provide data on the physical properties of the

concentrates.

3.2.6. Economic analysis

As both equipment used for this study allow producing concentrates at equivalent
physical properties, it is interesting to evaluate the economic and environmental
benefits of using smaller equipment.

The main difference between the rotavapor and the falling-film evaporator is the
size of the equipment and their resulting evaporation rate, 0.5 kg/h of evaporated water
and 27 kg/h respectively. It implies that the quantities of standardized milk required for
carrying out experiments are greatly different. As shown in Table 2, when using the
falling-film evaporator for the production of non-sweetened concentrate, at least 100
kg of standardized milk at 120 g/kg DM are necessary, which results in the production
of about 24 kg of concentrate at 500 g/kg DM. If the objective of the trial is to recover
some concentrate for further characterization such as biochemical composition and
physical properties, a large part of the concentrate produced is thrown into drains and

it generates unnecessary wastes.
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Table 2 — Comparison of the carrying out of experiments in a falling-film evaporator
and a rotavapor — Application to the concentration of non-sweetened milk at 120 g/kg
DM for the production of milk concentrate at 500 g/kg DM

Parameters Pilot scale Lab scale
Falling-film evaporator Rotavapor
Initial quantity of milk at 120 g/kg DM (kg) 100 2
Maximal evaporation rate of the
. 27 0.5
equipment (kg/h)
Quantity of concentrate at 500 g/kg DM 24 05
(kg)
Quantity of evaporated water (kg) 76 1.5
Duration of the concentration step (h) 4 2.8
Total duration of use of the equipment (")
6.8 3
(h)
Cleaning agents used acid and alkaline Bio
gag solutions detergent
40.44 L (alkaline
Volume of cleaning agents solution) ~10 mL

40.16 L (acid solution)

Total water consumption () (L) 2600 2.0 +8.0@

Total energy consumption (V) (kWh) 204.3 9.1

(1) including the concentration and the cleaning steps

(2) Reusable and/or recirculating water.

We estimated that for our studies, a quantity of about 0.5 kg is enough to carry
out microbiological and physicochemical analysis on the concentrated products. The
physicochemical analysis included the measurement of viscosity, density, surface
tension as well as the determination of the biochemical composition of the
concentrates. Some samples can also be used to prepare the subsequent drying step
in the production process of dairy powders using for example the desorption method
(Schuck et al., 1998; Schuck et al., 2009). This method allows to analyze the final
product's moisture and water activity. Another possibility is to spray dry the concentrate
obtained at lab scale in a small spray-dryer similar to the one used by Maury et al.
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(2005). From the combination of both equipment at lab-scale, it is possible to predict
the behavior of the product during drying and identify the more relevant operating
parameters for the drying stage at pilot and/or industrial scale. In addition, for both
products, microbiological tests can be performed, to determine for example the growth
rate and growth conditions of microorganisms and evaluate the evolution of the product
during storage and their shelf life.

Another drawback when using the pilot scale falling-film evaporator to produce
samples for product characterization is the use of larger volumes of cleaning agents.
Nitric acid and sodium hydroxide solutions are generally used for the cleaning of
evaporators (Goode, Asteriadou, Robbins & Fryer, 2013; Hagsten et al., 2016;
Jeurnink & Brinkman, 1994). For our trials, we used about 20 liters of alkaline solution
(20 mL/L) and 20 liters of acid solution (10 mL/L) to clean the equipment before
experiment and again 20 liters of alkaline solution (20 mL/L) and 20 liters of acid
solution (10 mL/L) after experiment. In comparison, the lab scale rotary evaporator
requires only ~10 milliliters of biodegradable detergent. As a consequence, it reduces
drastically the impact on the environment (Table 2).

The use of a rotary evaporator allows also reducing the experiment time.
Considering only the concentration step of the product, the equipment use time do not
differ too much, respectively 4.0 and 2.8 hours for the rotary and the falling-film
evaporators. However, if we consider the total duration of use of the equipment, the
falling film evaporator is greatly longer than the one of the rotary evaporator. Indeed,
the cleaning steps before and after concentration, the stabilization of operating
parameters before concentration and the cooling of the equipment after concentration
extend the duration of use of the equipment. A complete cleaning step lasts about 2
hours, the stabilization of the operating parameters and the cooling about 30 minutes
each (Table 2). At lab scale, these procedures are shorter (cleaning step and
stabilization of operating parameters) or are not applied (no cooling of the equipment
after concentration).

The energy consumption was calculated taking into account the electric power of
each pump (manufacturer's manual data) of the equipment and their time use. Thus,
for the pilot scale falling-film evaporator, 4 product pumps (0.75 kW each), 1
condensate pump (0.75 kW), 1 vacuum pump (1.1 kW) and 3 boilers (8.4 kW each)
were used during 6.8 hours, resulting in an electrical consumption equal to 204.3 kWh.
For the rotavapor, 1 cooler (0.14 kW), 1 rotavapor (1.4 kW), 1 thermostatic bath (1.3
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kW) and 1 vacuum pump (0.18 kW) were used during 3 h, resulting in a consumption
of 9.1 kWh (Table 2). The pilot scale thus shows a saving of 95.5 % in energy
consumption. The analysis of energy consumption within the production of dairy
products is very relevant, since evaporation alone consumes 12 % of electrical energy
and 39 % of thermal energy for the manufacture of powdered milk (Finnegan et al.,
2017). Therefore, it is extremely important when using an alternative equipment to do
a test screening.

Longer duration uses of equipment, higher volumes of product and cleaning
agents for the experiments at pilot scale impact greatly on the water and energy
consumptions. We estimated that a trial on the falling film evaporator consumes about
2,600 liters (Table 2). It should be noted that about 92 % of this volume is used at the
condenser to ensure the production of vacuum inside the evaporator. The facility is not
equipped with recovery systems and the installation of a closed-loop cooling system
would reduce drastically water consumption. At lab scale, only an 8-liter thermostatic
bath and a cooler with recirculating water are used. Therefore, the water effectively
consumed by this equipment is used to clean the evaporation flasks (approximately 2
L). Obviously, when using a recirculation method for the condenser water, this
consumption value would be reduced and the impact would already be less in relation
to the amount of water discharged. However, in the other parameters analyzed
throughout the work, this would not influence when having equipment with similar

characteristics such as evaporative capacity and flow.

4. Conclusions

In the process scheme for the production of sweetened concentrated milk, it is
known the addition of 200 g/kg of powdered sucrose to milk alters greatly the physico-
chemical properties of milk and the resulting concentrates produced using vacuum
concentration in falling-film evaporators. As an example, the maximum achievable dry
matter content at the outlet of the evaporator is 500 and 720 g/kg for non-sweetened
milk concentrates and sweetened milk concentrates. The experimental results of this
study provided more data on the physical properties of sweetened milk concentrates.

The non-sweetened and sweetened concentrates were prepared in parallel in a
lab-scale rotary evaporator and in a pilot scale falling-film evaporator. They were
characterized in particular in term of density, viscosity and surface tension. For these

parameters, low variance was observed between the products obtained in both
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concentration equipment. Furthermore, the sensitivity of the viscosity and density
parameters to a low variation in total solids between the last sweetened concentrate
of both concentration equipment was reaffirmed. It makes then possible to change the
concentration step for the production of sweetened and non-sweetened milk
concentrates from pilot to lab scale by using a rotary evaporator. It allows to reduce
the duration of trials, the volume of raw material, to save energy and water and
preserve environment. However, the change can be used when the aims of the trials

are to get samples for further characterization and when the volume required is low.
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5. GENERAL CONCLUSIONS AND PERSPECTIVES

With the regular increase in demand for new healthier products, the industry not
only has the need to review formulations, but also to pay attention to its industrial
process. As seen in PAPER 1, when reducing the sucrose content of a product already
widely known by the industry, it behavior changes. This happens simply by decreasing
the content of an ingredient. A significant increase in fouling can occur and therefore
requires further studies with different types of sweeteners, ingredients and/or additives
that can be used in the food industry in order to ensure the sweetness of the traditional
product and to verify if they will also present similar properties to those of sucrose,
especially in the rate of formation and in the composition of the deposits formed.

Within the research and development studies, it becomes possible to carry out
screening for preliminary evaluation of the products to be modified with a smaller
amount of raw material and expenses. This is possible from the research done in
PAPER 2, with the possibility of maintaining the physicochemical and also
compositional characteristics using laboratory scale equipment before going to more
specific tests in a falling film evaporator pilot. With this work, it was possible to establish
the representative of two products (pure milk and milk added with sucrose) in two
vacuum concentration evaporators with different principles, in laboratory scale in batch
and in pilot scale acting continuously. Based on this work, it is possible to validate other
concentrated products, such as whey, infant formula, and milk proteins. And also check
other sweetened concentrated products, such as sweetened condensed milk with
added whey. In addition, it is possible to carry out preliminary studies of parameters

that can directly impact the drying step of products, such as viscosity.



