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1  | INTRODUC TION

Milk is a nutritious material that contains valuable compounds includ-
ing vitamins, minerals, carbohydrates, fats, proteins, and bioactive 
peptides (Al- Hilphy et al., 2019). In addition, fresh milk is processed 
to improve shelf- life and safety or to produce other products. For ex-
ample, various evaporative operations are employed in the industry 
to concentrate the milk either to enhance the shelf- life of the prod-
uct (e.g., condensed milk production) or to prepare a suitable feed 
for further processes (e.g., production of milk powder and some type 
of cheese). On the other hand, color is an important consideration in 

the operation of concentration units and affects product acceptance 
(Faion et al., 2019; Fernández- Vázquez et al., 2018).

Conventional approaches of concentration have negative effects 
on milk color. Researchers apply the new technologies in concen-
trating the milk to obtain a high- quality product (Faion et al., 2019; 
Moejes et al., 2020; Parmar et al., 2018). Refractance Window (RW) 
is a novel food- processing technology, which is used for producing 
products with high quality, and it is utilized in food dehydration 
at the factories and laboratories (Bernaert et al., 2019; Raghavi 
et al., 2018). RW works via heating the circulated water which 
makes it emit infrared radiation, then the part of irradiated energy is 

 

Received:	8	January	2021  |  Revised:	10	May	2021  |  Accepted:	31	May	2021
DOI: 10.1111/jfpp.15702  

O R I G I N A L  A R T I C L E

Refractance window (RW) concentration of milk- Part II: 
Computer vision approach for optimizing microbial and sensory 
qualities

Asaad R. Al- Hilphy1  |   Haider I. Ali1 |   Sajedah A. Al- IEssa1 |   José M. Lorenzo2,3  |   
Francisco J. Barba4  |   Mohsen Gavahian5

1Department of Food Science, College of 
Agriculture, University of Basrah, Basrah, 
Iraq
2Centro Tecnológico de la Carne de Galicia, 
San Cibrao das Viñas, Spain
3Área de Tecnología de los Alimentos, 
Facultad de Ciencias de Ourense, 
Universidad de Vigo, Ourense, Spain
4Preventive Medicine and Public Health, 
Food Science, Toxicology and Forensic 
Medicine Department, Nutrition and Food 
Science Area, Universitat de València, 
València, Spain
5Department of Food Science, National 
Pingtung University of Science and 
Technology, Pingtung, Taiwan, ROC

Correspondence
Mohsen Gavahian, Department of 
Food Science, College of Agriculture, 
National Pingtung University of Science 
and Technology, 1, Shuefu Road, Neipu, 
Pingtung 91201, Taiwan, ROC.
Email: mohsengavahian@yahoo.com

Abstract
This study is the second part of ongoing research on developing a refractive window 
(RW) milk concentrator. The response surface methodology- computer vision approach 
provided a platform to maximize process productivity, minimize energy consumption, 
and optimize microbiological, sensory, and color parameters. The results were com-
pared with the conventional concentration (CC). Experimental conditions were tem-
peratures at 50, 60, and 70℃ and pressures of 0.4, 0.6, and 0.8 bar. According to the 
results, the RW product had a better sensory and microbiological characteristic than 
CC. The optimum process conditions in terms of shelf- life and sensory properties were 
the pressure of 0.45 bar and temperature of 66℃. The productivity of RW was higher 
than	that	of	CC	by	110%	(2.3	vs.	1.1	L/h).	Besides,	RW	products	got	a	higher	score	on	
sensory assessment in comparison with CC. Furthermore, RW significantly increased 
the shelf- life and decreased the peroxide value of concentrated milk. Results sug-
gested that RW has the potential to be implemented in dairy industry in the future.
Novelty impact statement: The response surface methodology- computer vision ap-
proach was found to be a useful platform for process optimization based on sensory 
and microbiological qualities; The pressure and temperature of 0.45 bar and 66℃ were 
optimal process conditions; refractive window improved the productivity, sensory 
scores, and reduced the peroxide value in comparison with the conventional method.
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transferred via Mylar transparent polyester film (as a window) to the 
thin layer of liquid food to heat it. Also, the conduction heat trans-
fer takes place between window and food. Another part of energy 
reflects the water (Abonyiet al., 2002; Zotarelli et al., 2015). There 
is limited information on the application of this technique to concen-
trate milk.

Besides, advanced color measurement systems can be inter-
esting for the industry. L* (luminosity), a* (redness/greenness), and 
b* (yellowness/blueness) are widely accepted parameters for color 
evaluation that are proposed by the Commission International 
d’Eclairage. In this regard, the possibility of using computer vision 
systems (CVS) to measure these color parameters has recently  
attracted the attention of researchers (Hadimani & Mittal, 2019; 
Minz	&	Saini,	2019;	Tomasević	et	al.,	2019).	Also	the	applications	of	
CVS, such as digital image processing, in combination with mathe-
matical models for the determination of other food properties (e.g., 
fat content and viscosity) can be considered as a future technology 
in the food processing industry, considering the potential benefits 
and	 recent	progress	 in	 this	 area	of	 the	 research	 (Lei	&	Sun,	2019;	
Taheri- Garavand et al., 2019). The current study aims to investigate 
the possibility of milk concentration by RW technology and to un-
derstand the effects of temperature and pressure of RW process on 
some physical properties of the product such as browning index (BI).

Besides, an online CVS- mathematical approach was developed 
to predict some quality parameters (e.g., fat content, viscosity, 
and pH) of the RW concentrated milk. The fitting of the proposed 
method was verified by comparing the experimental data and pre-
dicted data. In our previous study (Al- Hilphy et al., 2020), a new RW 
apparatus was designed for milk concentration, and its performance 
on some physicochemical characteristics of the milk was evaluated.

In the present study, the previously developed system and infor-
mation were used to assess the influence of the RW on the organo-
leptic and microbiological properties of the concentrated milk. These 

include qualitative attributes (e.g., color parameters and browning 
index), the mass of water removed from milk, productivity with op-
timization of parameters, microorganisms’ inactivation, acidity, per-
oxide value during the storage periods as well as sensory evaluation. 
The authors believed that these parameters are very important to 
evaluate RW- concentrated milk, which can help with the future pos-
sible commercial application of this emerging processing technology.

2  | MATERIAL S AND METHODS

2.1 | Fresh milk

Fresh bovine milk was provided from the station of Agriculture  
research, University of Basrah. The milk was preserved at a tempera-
ture of 5℃.	A	water	bath	(GFL	1,008,	German)	was	used	to	heat	the	
raw	milk	(4.721	kg,	4.11%	fat,	13.1%	TSS)	to	40℃ then 88 g of milk 
powder (Alsabah, Iran, 0.2% fat, 95% TSS) and 191 g of dairy cream 
(Barmezan,	 Iran	 30%	 fat)	 were	 added	 to	 the	 raw	milk	 to	 produce	
standardized milk (5 kg, 5.01% fat, 15.7% TSS). After that, concentra-
tion processes were performed using RW and conventional methods.

2.2 | Concentration of milk

RW concentrator manufactured by Al- Hilphy et al. (2020) was used 
to concentrate milk. The schematic diagram of RW concentrator op-
eration is illustrated in Figure 1. It consists of a concentration unit 
made	of	Pyrex,	a	heating	unit,	and	a	control	unit.	Briefly,	5	L	of	the	
standardized milk was placed in the RW concentrator and the tem-
perature was raised to 95℃. The experiments were carried out using 
partial vacuums at pressure values of 0.4 to 0.8 bar and temperature 
values of 50 to 70℃. The desired concentration was at 26% TSS.

F I G U R E  1   Operation layout of the 
Refractance window milk concentrator. 
1:	heat	exchanger;	2:	steam	hunter;	3:	
valves; 4: pipe; 5: vacuum pump; 6: milk 
pipe; 7: milk pump; 8: vacuum container; 
9: valve; 10: milk distributor; 11: hot water 
tank;	12:	Pyrex	cylinder;	13:	milk	layer;	14:	
hot water pump; 15: heater; 16: raw milk 
input; 17: valve; 18: milk outlet
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In	conventional	concentration	(CC)	(Figure	2),	5	L	of	standardized	
milk was placed in a pan made of stainless steel provided with a dou-
ble jacket and the space filled with water. Water was heated using 
a 2- kW power electric heater (Orbon, India). Milk was concentrated 
to 26% TSS by heat transfer from heated water to milk via the wall 
of	 pan.	A	digital	 gauge	 controller	 (LTR5/LEA	Electronic,	 Italy)	was	
used to monitor milk temperature. All experiments were executed 
by triplicates.

2.3 | Color assessment

The	CVS	in	the	current	study	consists	of	a	computer,	4	LED	lamps	
(LB13W,	Konnice	Co.,	China),	and	an	HD	camera	(IP67	Endoscope,	
Mileseey,	 China),	 as	 illustrated	 in	 Figure	 3.	 The	 color	 of	 raw	 and	
concentrated milk was determined using image processing. In this 
regard, the Image J program (National Institutes of Health, United 
States) has been used to measure values of L*, a*, b*. The color  
parameters were converted to standard values as shown in Equations 
1–	3	according	to	(Wasnik	et	al.,	2019;	Yam	&	Papadakis,	2004):

where L ∗
o
, a ∗

o
, and b ∗

o
 are the, luminous, redness- greenness, yellowness- 

blueness	of	raw	milk	(also	calculated	using	Equations	1–	3)	and	L*, a*, 
and b* for the concentrating milk.

Also, the color density (Chroma) and Hue angle (h) are given in 
Equations	4	and	5,	(Wasnik	et	al.,	2019;	Yam	&	Papadakis,	2004):

where ΔC is the Chroma, h is the hue angle (rad).
The BI was calculated according to Equations 6 and 7 to eval-

uate the effects of the concentration process on the degree of 
brown color development and is given in Equations 6 and 7 (Palou 
et al., 1999):

where BI is the Browning Index, a* is the redness- greenness, L* is the 
luminous value, and b* is the yellowness- blueness of samples.

2.4 | Productivity and thermo- physical properties

The productivity is given in Equation 8 as follows:

(1)L ∗ =
L

255
× 100

(2)a ∗ =
240a

255
− 120

(3)b ∗ =
240b

255
− 120

(4)ΔC =

√

(

a ∗
o
− a ∗

)2
+
(

b ∗
o
− b ∗

)2

(5)h = tan− 1

(

b ∗

a ∗

)

(6)BI =

[

100 (X − 0.31)
]

0.172

(7)X =
(a ∗ + 1.75L ∗ )

(5.645L ∗ + a ∗ − 3.1012b ∗ )

(8)Prod. =
Vm

t

F I G U R E  2   The schematic presentation of the conventional 
milk	concentration	system:	1:	motor;	2:	jacket	filled	with	water;	3:	
impeller, milk; 5: electrical heater

F I G U R E  3   The image acquisition system used in the present 
study: A: a schematic representation and the system components 
(1:	plastic	pipe;	2:	camera	cover;	3:	camera;	4:	wood	box;	5:	LED	
lamps; 6: sample)
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where Vm	is	the	volume	of	concentrated	milk	(L),	t	is	the	total	con-
centration time (h), “prod.” is the productivity of concentrated milk 
(L/h).

Total heating energy was calculated from Equation 9 (Darvishi 
et al., 2015):

where Q is the total heating energy used for heating the milk (kJ), Mm 
is the milk mass (kg), Cp is the specific heat (kJ/kg ℃), Tf is the final milk 
temperature (℃), Ti is the initial milk temperature (℃). Mw and Lh are 
the mass of evaporated water (kg) and the latent heat of vaporization 
of water (kJ/kg), respectively.

2.5 | Mass of evaporated water

Mass of evaporated water is given in Equation 10:

where TSSout is the outlet of concentrated milk, TSSin is the inlet of 
standardized milk, mpin is the mass flow rate of milk (kg/s), and t is the 
total time (s).

2.6 | LMTD

LMTD	is	given	by	Equation	11	(Silveira	et	al.,	2013):

where Tθ is the cold water temperature (℃), Tτ is the hot water tempera-
ture, Tμ is the cold milk temperature (℃), Tδ is the hot milk temperature 
(℃),	and	LMTD	is	the	logarithm	mean	temperature	differences	(℃).

2.7 | Titratable acidity

Titratable acidity was achieved according to the (A.O.A.C., 2016), 
by taking 10 ml of raw milk samples and concentrated milk, then 
adding it into a beaker. Three drops of phenolphthalein reagent 
at a concentration of 1% were added to it, then NaOH 0.1 nor-
mality was added by stirring until the pink color appeared. The 
percentage of acidity was calculated based on the lactic acid from 
Equation 12:

where N is the normality in the sample weight (ml).

2.8 | Microbiological tests

Microbiological tests were executed on RM, CC, and RW samples 
at	days	0,	30,	60,	and	90	of	refrigeration.	Microbiological	tests	were	
executed	according	to	a	protocol	described	in	the	literature	(Keyser	
et al., 2008). Briefly, under sterile conditions, 11 ml of milk sample 
was added to 99 ml of peptone water, which contains 0.1% pep-
tone. The sample was mixed well, and then the decimal dilutes were 
prepared to estimate the total count of bacteria, psychrophiles, col-
iforms, Staphylococcus aureus, yeasts, lipolytic bacteria, and proteo-
lytic bacteria. For the proteolytic and lipolytic bacteria counts, the 
method mentioned by Harrigan and Mccance (1976) was followed.

2.9 | Detection of the presence of the alkaline 
phosphatase

The enzymatic method mentioned by Belfield and Goldberg (1971) 
to detect the presence of the alkaline phosphatase in raw and con-
centrated milk samples using the commercial kit was provided by 
Egyptian Company Biotechnology.

2.10 | Peroxide number

The method mentioned in A.O.A.C. (2016) was followed to estimate 
the peroxide number of milk samples. A 5 ± 0.05 g of the milk sample 
was	weighed	and	placed	 in	a	conical	 flask,	and	30	ml	of	a	mixture	
consisting of chloroform and ice acetic acid was added at a ratio of 
3:2	volume	and	shaken	in	a	circular	motion	to	dissolve	the	samples.	
A solution of saturated potassium iodide (5 ml) was added, and con-
tinued	to	shake	for	a	minute,	and	it	was	stored	for	30	min	in	a	dark	
place.	Then	30	ml	of	distilled	water	was	added	to	wash	the	iodine,	
followed	by	3–	5	drops	of	a	guide	solution,	1%	starch,	and	the	mix-
ture was crushed with 0.01 g of sodium thiosulfate until the blue 
color disappeared. About 5 ml of distilled water was used to prepare 
a Blank solution instead of the milk sample by following the same 
previous	steps.	Peroxide	number	is	given	in	Equation	(13):

where PN is the peroxide number, A is sodium thiosulfate (mm), N is the 
normality, and W is the sample weight (g).

2.11 | Sensory assessment

The sensory evaluation was performed according to Clark et al. 
(2009). Ten trained panelists from the Department of Food Science, 
University of Basrah, Iraq, to assess concentrated milk by RW and 
CC	 via	 odors	 (40%),	 consistency	 and	 texture	 (30%),	 color	 (10%),	
taste (10%) and overall acceptability (10%). The training of panelists 

(9)Q = MmCp

(

Tf − Ti
)

+MwLh

(10)Mw = mpin

[

1 −
TSSin

TSSout

]

× t

(11)LMTD =

(

T� − T�
)

−
(

T� − T�
)

ln
[

T� − T�

T� − T�

]

(12)Acidity (%) =
NaOHvolume × N × 0.09

V

(13)PN =
A × N

W
× 1000
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included the assessment of various milk samples to describe and 
quantify odors, consistency, texture, color, taste, and overall accept-
ability attributes using descriptive terms and scale values of odors 
(40%),	consistency	and	texture	(30%),	color	(10%),	taste	(10%),	and	
overall acceptability (10%). This procedure was repeated until a rea-
sonable degree panel consensus was accomplished.

2.12 | Experimental design and statistical analysis

The preliminary experiments were executed to choose the range 
of independent variables (temperature 50, 60, and 70℃; pressure 
of 0.4, 0.6, and 0.8 bar) as given in Table 1. Moreover, temperature 
and pressure were optimized using RSM using the central composite 
design (CCD). Design Expert Software ver. 7 (Stat- Ease Inc., United 
States) was used. The independent variables were coded as +1, 0, 
and	−1,	which	represented	the	highest,	medium,	and	lowest	values,	
respectively. To predict the dependent variables (L*, b*, a*, h,	∆C, IB, 
total	heating	energy,	LMTD,	productivity,	 and	mass	of	evaporated	
water), the second order polynomial model was used according to 
Equation	14	(Khuri	&	Cornell,	2019):

where Y is the responses (L*, a*, b*, h,	∆C,	total	heating	energy,	LMTD,	
productivity, and mass of evaporated water), P is the pressure; α0, α1, 
α2, α12, α11, α22 are regression coefficients of constant; linear of P, T, and 
PT (interaction terms), quadratic of P2, and T2, respectively.

Numerical methods were used to optimize milk concentration 
conditions (0.4, 0.6, and 0.8 bar pressure, and 50, 60, and 70℃ tem-
perature) to produce concentrated milk with good color properties, 
that is similar to those described in the published papers (McDermott 

et al., 2016; Misawa et al., 2016; Scarso et al., 2017). In this regard, 
the minimum values of b*, a*, h, and IB, as well as the maximum val-
ues of L*	and	∆C were optimized using Design Expert software at 
different conditions of pressure and temperature.

For statistical analysis, The Design Expert software was used to sta-
tistical analyze data. To assess the differences among means, analysis 
of variance has been used at p- value level of .05 to assess parameters of 
the second- order models. All experiments were repeated three times. 
The results of the current study were mean ± standard deviation.

3  | RESULTS AND DISCUSSION

3.1 | Temperature profile

Figure 4 illustrated the heating curve of milk during RW and CC. In 
the RW process, the milk temperature was increased from 40 to 95℃ 
during the first 10 min, followed by a 10 min of holding time. According 
to the results, the time required to reach 95℃ was 11 and 160 min for 
RW and CC, respectively. This indicates a substantial reduction in the 
come- up time of the process using the innovative RW technique. RW 
reduced the come- up time because of a better heat transfer rate in a 
thin layer of milk on the heated Pyrex glass wall compared with that of 
CC where milk samples were placed in a container. In the RW process 
proposed in the present study, the concentrated milk was immediately 
cooled to 50– 70℃ by applying a vacuum of 0.4– 0.8 bar and reducing 
the temperature of heat exchange medium (water) to 20℃. Besides, 
the total time required to concentrate milk was 60 and 265 min, for 
RW and CC process, respectively. This indicated that replacement of 
CC with RW can save a substancial amount of the time required to 
concentrate the same amount of milk. In other world, RW required 
about	23%	of	processing	time	in	comparison	with	CC.

(14)Yi = �0 + �1P + �2T + �12PT + �11P
2 + �22T

2

TA B L E  1   Central composite design matrix for the effect of pressure and temperature on the dependent variables (Productivity, Heating 
energy) of the milk concentrated by the Refractance window

Run
Pressure 
(bar)

Temperature 
(℃)

Productivity 
(L/h)

Total heating energy 
(kJ)

Mass of evaporated water 
(kg) LMTD (℃)

1 0.40 50 2.58 ± 0.140 1.24 ± 0.001 1.88 ±	0.131 10.80 ± 0.011

2 0.80 50 0.75 ± 0.110 0.69 ± 0.011 0.76 ± 0. 202 10.82 ± 0.021

3 0.80 60 0.72 ± 0.211 0.87 ±	0.023 0.83	± 0.100 14.07 ± 0.012

4 0.80 70 0.88 ±	0.362 0.99 ± 0.052 0.79 ± 0.205 16.83	± 0.045

5 0.60 60 1.37	± 0.050 0.93	±	0.032 1.13	± 0.140 13.79	±	0.033

6 0.40 70 3	±	0.1330 1.44 ± 0.060 2.00 ±	0.230 16.83	± 0.020

7 0.40 60 2.61 ± 0.911 1.34	± 0.021 1.94 ± 0.141 13.85	± 0.062

8 0.60 60 1.33	± 0.160 0.95 ± 0.010 1.15 ± 0.211 13.80	± 0.042

9 0.60 60 1.24 ± 0.172 0.98 ±	0.030 1.20 ± 0.222 13.83	± 0.062

10 0.60 60 1.3	± 0.210 0.98 ± 0.080 1.20 ± 0.190 14.00 ±	0.032

11 0.60 70 1.28 ± 0.070 1.10 ± 0.044 1.25 ±	0.203 16.83	± 0.051

12 0.60 50 1.32	± 0.621 0.79 ± 0.090 1.06 ± 0.210 10.72 ± 0.062

13 0.60 60 1.25 ±	0.193 0.98 ±	0.003 1.20 ± 0.112 13.95	± 0.090

Abbreviation:	LMTD,	logarithmic	mean	temperature	difference.
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3.2 | Productivity and thermo- physical properties

3.2.1 | Productivity

Table 1 presented a matrix of CCD for the temperature (℃) and 
pressure (bar) and on the productivity of concentrated milk by RW. 
The productivity of the concentrated milk using RW ranged be-
tween	3	L/h	at	0.60	bar	pressure	and	80℃ temperature and 0.72 
L/h	 using	 a	 pressure	 of	 0.80	 bar	 and	 a	 temperature	 of	 60℃. In 
addition, productivity raised significantly (p < .05) as temperature 
and pressure increased. This is due to the increase of the vacuum 
pressure, which decreased the boiling point and increased the 
evaporation rate.

Table 2 indicated that the mathematical model, pressure, and 
squared pressure have a significant effect (p < .05) on productivity. 
By	contrast,	there	is	no	significant	effect	of	Lack	of	Fit.	The	statistical	
parameters	for	R-	Squared	was	0.9904,	Adj	R-	Squared	was	0.9835,	
Pred	R-	Squared	was	0.9254,	Adeq	Precision	was	33.785,	 and	Std.	
Dev. was 0.095, and these parameters showed that the RCM can be 
used for predicting productivity, as given in Equation 15:

Figure 5 drawn by the RSM for pressure and temperature. At a 
temperature of 50℃ and a pressure of 0.40 bar, the productivity of 
concentrated	milk	by	RW	was	2.59	L/h	and	decreased	to	0.79	L/h	
using a 0.80 bar pressure and 50℃ temperature. Moreover, produc-
tivity	reached	3	L/h	using	0.40	bar	pressure	and	70℃ temperature. 

This observation might be due to an increase in the amount of evap-
orated water with reducing the pressure and increasing temperature 
(Morison et al., 2006).

3.2.2 | Total	heating	energy

Table 1 shows the matrix of the CCD for the influence of both tem-
perature and pressure on the energy (Q) needed to heat the concen-
trated milk by the RW. The results indicated that the Q values ranged 
from 0.69 kJ at pressure of 0.80 bar and 50℃ to 1.44 kJ at 0.40 bar 
pressure and 70℃ temperature. This is due to the high temperature 
that increases the sensible heat, where the difference in the temper-
atures between the surrounding and the processed milk increased 
(Silveira et al., 2015; Tanguy et al., 2019).

Table 2 disclosed that there was a significant effect (p < .05) for the 
mathematical model and the independent variables, the squared pres-
sure, the overlap between them did not show a significant effect of the 
temperature squared, in addition to that, the statistical analyses showed 
no significant (p >	.05)	effect	of	Lack	of	Fit.	R-	Squared	was	0.9936,	ad-
justed R- Squared was 0.9890, adequate Precision was 50.412, and Std. 
Dev. was 0.022. These depicted that the nonlinear multimathematical 
model can be used to predict the energy required for heating:

As for the interfere between the independent variables, as clari-
fied	in	3D	Figure	5b	drawn	by	the	RSM,	the	value	of	Q was 1.227 kJ 

(15)
Prod. = +8.66622−15.58371P−0.050005T−0.036866PT

+10.77469P
2+6. 7016810

−4
T
2

(16)
Q= +2.14685−6.35328P+0.022735T+0.014442PT

+3.55594P
2−1.48913×10

−4
T
2

F I G U R E  4   Temperature profile of milk and water samples. CC, conventional concentration; RW, refractance windows
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TA B L E  2   ANOVA for response surface quadratic and reduced quadratic models for independent variables (color components)

Source

Productivity (L/h) Total heating energy (kJ) Mass of evaporated water (kg) LMTD

SS p- value SS p- value SS p- value SS p- value

Model 6.430 <.0001 0.531 <.0001 2.120 <.0001 54.981 <.0001

P 5.680 <.0001 0.360 <.0001 1.971 <.0001 9.473E-	003 .309

T 0.041 .0687 0.113 <.0001 0.019 .010 54.930 <.0001

P × T 0.022 .1628 3.337E-	003 .035 1.992E-	003 .290 1.021E- 004 .912

P2 0.511 .0001 0.056 <.0001 0.120 <.0001 0.012 .252

T2 0.012 .2773 6.125E- 004 .300 1.637E-	003 .334 0.039 .062

Residual 0.063 – 3.433E-	003 – 0.011 – 0.055 – 

Lack	of	fit 0.050 .0688 1.746E-	003 .370 6.145E-	003 .284 0.018 .616

Pure error 0.012 – 1.687E-	003 – 4.510E-	003 – 0.037 – 

Cor total 6.490 – 0.530 – 2.130 – 55.030 – 

Std. Dev. 0.095 – 0.022 – 0.039 – 0.089 – 

R2 0.990 – 0.993 – 0.995 – 0.999 – 

Adj R2 0.983 – 0.989 – 0.991 – 0.998 – 

Adeq 
precision

168.280 – 50.412 – 47.409 – 101.981 – 

Abbreviations:	LMTD,	logarithm	mean	temperature	differences;	SS,	sum	of	squares.

F I G U R E  5  Response	surface	plot	of	(a):	productivity,	(b):	total	energy,	(c):	mass	of	evaporated	water,	(d):	LMTD,	as	a	function	of	process	
temperature and pressure
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when using 0.40 bar pressure and a temperature of 50℃, and de-
creased to 0.682 kJ at 0.80 bar pressure and temperature of 50℃. 
The value of Q decreased from 1.44 kJ at 0.40 bar pressure and 
70℃ temperature to 1.01 kJ at a pressure of 0.80 bar and 70℃ tem-
perature. We concluded from this that the value of Q is affected 
by the interference as it increases with increasing temperature and 
decreasing pressure (Pehlivan & Özdemir, 2012).

3.2.3 | The	mass	of	evaporated	water

Table 1 presents the matrix of the CCD for the influence of both 
temperature and pressure on the mass of evaporated water from the 
concentrated milk using RW. The results indicated that the values of 
the mass of the evaporated water ranged between 0.76 kg at a pres-
sure of 0.80 bar and a temperature of 50℃ and 2.00 kg at a pressure 
of 0.40 bar and a temperature of 70℃. Here, vacuum pressure and 
high temperature had significant effects in increasing the amount 
of evaporated water. An increase in temperature increases the rate 
of evaporation, as well as decreasing pressure led to an increase in 
moisture withdrawal. The evaporation rate depends on the operat-
ing conditions such as the heat distribution system, and the prod-
uct properties such as surface tension and viscosity (Paramalingam 
et al., 2000; Pehlivan & Özdemir, 2012).

Table 2 disclosed that the mathematical model, the two inde-
pendent factors, and the squared pressure had significant effects 
(p < .05). By contrast, there is no significant effect for the interfer-
ence and the squared temperature on the mass of evaporated water. 
The statistical parameters illustrated that R- Squared was 0.9950, 
Adjusted R- Squared was 0.9914, adequate Precision was 47.409, and 
Std.	Dev.	was	0.039.	These	statistical	 indicators	disclosed	that	it	 is	
possible to adopt the nonlinear equation with multiple correlations 
in predicting the mass of evaporated water:

The overlap between independent variables as clarified in the 
3D	Figure	5c	drawn	by	the	RSM,	the	mass	of	evaporated	water	was	
1.85 kg using 0.4 bar pressure and a temperature of 50℃, and it de-
creased to 0.75 kg at pressure of 0.8 bar and 50℃ temperature, and 
it reached 2.01 kg when the pressure reached 0.4 bar and tempera-
ture was 70℃. Mass of evaporated water was decreased to 0.82 kg 
at 0.8 bar and 70℃. This is due to the reduction of pressure which 
results in an increase in the amount of evaporated water (Silveira 
et	 al.,	 2013).	 da	 Silva	 et	 al.	 (2014)	 showed	 that	 the	 latent	 heat	 of	
water vaporization increases with increasing temperature.

3.2.4 | LMTD

Table 1 presents the matrix of the CCD for the impact of independent 
variables	on	the	LMTD	(℃) of concentrated milk by RW. The results 

revealed	that	the	minimum	LMTD	value	was	10.80℃ at 0.40 bar pres-
sure and 50℃	temperature,	and	the	maximum	value	reached	16.83℃ 
at a pressure of 0.60 bar and a temperature of 70℃. This was due to 
the	increase	in	milk	temperature.	Yanniotis	(2007)	showed	that	the	dif-
ference in total temperature in the multi- effect evaporator increased 
with an increase in pressure in the last effect, which enhanced the final 
product concentration. Moreover, direct variation in the temperatures 
of the heat transfer medium allows the transfer of solutes to improve 
the	quality	of	the	processed	food	(Konovalov	et	al.,	2004).

The ANOVA in Table 2 shows that there was a significant 
(p < .05) influence for the mathematical model and temperature, 
while pressure, factors squares, and interactions were not significant 
(p >	.05).	In	addition,	the	Lack	of	Fit	was	insignificant.	R-	Squared	was	
0.9990,	 Adjusted	 R-	Squared	was	 0.9983,	 Adequate	 Precision	was	
101.981 and Std. Dev. was 0.089. Statistical parameters disclosed 
that	the	mathematical	model	can	be	used	to	predict	LMTD	as	given	
in Equation 18:

As for the interaction between independent variables, as clar-
ified	 in	 the	3D	Figure	5d	drawn	by	 the	RSM.	The	 value	of	 LMTD	
reached 10.75 m when using 0.4 bar pressure and 50℃ temperature, 
and it raised to 10.84℃ at 0.8 bar pressure and 50℃ temperature. 
It is also noted from the three- dimensional figure that the impact of 
temperature is higher than the impact of pressure, as temperature is 
a	significant	factor	affecting	LMTD	at	all	pressure	values.

3.3 | Color parameters of samples as affected by 
concentration processes

3.3.1 | Lightness

Table	 3	 illustrated	 that	 the	 measured	 L* values ranged between 
69.22 at 0.8 bar pressure and 50℃	temperature	and	75.30	at	0.6	bar	
pressure and 60℃ temperature (run 10). According to the results, 
L* values were increased as temperature increases, and pressure 
decreased. This observation indicates that a decrease in pressure 
(vacuum) can improve the color of concentrated milk. Similar to the 
present study, Rossi et al. (2018) declared that the L* the value of 
milk was 66.7. Another study also reported disclosed that the L* the 
value of a milk sample was 81.06 (Ávila et al., 2017).

Table 4 illustrated that the reduced cubic model (RCM) and the 
interaction between temperature and pressure have a significant 
effect (p < .05) on the L* value of samples. On the other hand, the 
temperature, pressure, squared pressure, squared temperature, the 
overlap between squared pressure and temperature, and interaction 
between pressure and squared temperature have insignificant im-
pacts on the L*	value,	as	well	as	the	effect	of	Lack	of	Fit	was	insignif-
icant. The statistical parameters illustrated that R- Squared, adjusted 
R- Squared, Adequate Precision, and Standard deviation for the RCM 
of L*	were	0.8877,	0.7304,	8.861,	and	0.87,	 respectively	 (Table	4).	

(17)
M= +3.15221−8.42483P+0.041474T−0.011159PT

+5.19264P
2−2.43455×10

−4
T
2

(18)LMTD = - 8. 15297 − 1.64829P + 0.44636T − 2.52660 × 10
− 3

PT
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These statistical parameters indicated that the RCM can be used for 
predicting L* value of concentrated milk at various process condi-
tions (pressure and temperature). The RCM is given in Equation 19:

The response surface graph of L* is presented in Figure 6a. The high-
est value for L*	was	75.63	at	0.80	bar	pressure	and	70℃ temperature, 
which decreased to 69.54 when temperature and pressure reached 
50℃ and 0.80 bar, respectively. Increasing the process pressure re-
duced the evaporation rate, resulted in a longer process duration, and 
negatively affected the L* value. Also, L* value reached 75.61 when tem-
perature and pressure were 70℃ and 0.4 bar, respectively. Besides, L* 
value was insignificantly (p <	.05)	increased	from	75.13	to	75.61	when	(19)

L
∗ = +132.87958+22.50961P−3.17594T+4.13764PT - 263. 01303P

2

+0.035301T
2+4.11109P

2
T−0.069765PT

2

TA B L E  3   Results of color parameters for the concentrated milk using Refractance window measured under different process conditions

Run P T L* a* b* ∆C h (rad) IB

1 0.40 50 74.80 ± 1.20 −2.59	± 0.20 8.94 ± 0.29 7.59 ± 0.20 −1.29	± 0.10 9.72 ±	0.13

2 0.80 50 69.22 ± 1.27 −3.29	±	0.03 8.71 ±	0.36 5.00 ±	0.30 −1.21	±	0.03 9.43	± 0.24

3 0.80 60 75.29 ± 0.90 −0.71	± 0.04 10.35	± 0.26 7.54 ± 0.45 1.19 ± 0.04 13.58	± 0.12

4 0.80 70 75.25 ±	1.33 −4.71	± 0.01 11.53	± 0.88 7.6 ± 0.70 −1.18	± 0.01 11.34	±	0.83

5 0.60 60 75.29 ± 1.07 −2.59	± 0.10 8.24 ± 0.65 7.03	± 0.11 −1.27	± 0.01 8.63	± 0.29

6 0.40 70 75.27 ± 2.10 −1.41	± 0.02 7.06 ± 0.25 9.01 ± 0.28 −1.37	± 0.05 8.12 ± 0.76

7 0.40 60 75.29 ± 1.70 −3.76	± 0.22 10.59 ± 0.60 7.54 ±	0.43 −1.23	±	0.03 10.88 ± 0.77

8 0.60 60 75.25 ± 2.21 −2.59	± 0.19 8.24 ± 0.67 4.01 ± 0.56 −1.27	± 0.05 8.63	± 0.86

9 0.60 60 75.00 ± 2.28 −2.00	±	0.03 9.30	±	0.34 6.93	±	0.23 −1.36	±	0.03 11.25 ± 0.98

10 0.60 60 75.30	±	3.01 −2.59	±	0.13 8.23	± 0.22 7.00 ± 0.99 −1.27	± 0.04 8.62 ± 0.99

11 0.60 70 75.29 ±	1.73 −2.82	± 0.12 8.71 ± 0.65 7.54 ± 0.55 −1.26	± 0.01 9.08 ±	1.03

12 0.60 50 75.28 ± 0.99 −2.35	± 0.22 8.24 ±	0.33 7.49 ±	0.23 −1.30	± 0.01 8.86 ± 0.98

13 0.60 60 75.29 −2.59	± 0.26 8.24 ± 0.28 6.85 ± 0.46 −1.27	± 0.02 8.63	± 0.78

Abbreviations: a*, redness- greenness; b*,	blueness-	yellowness;	∆C, color density; h, hue angel (rad); L*, lightness; P, pressure (bar); T, temperature (℃).

TA B L E  4   ANOVA for response surface quadratic and reduced quadratic models for independent variables (color components)

Source

L* a* b* ∆C h IB

SS p- value SS p- value SS p- value SS p- value SS p- value SS p- value

Model 30.210 .037 11.17 .005 2.670 .044 18.400 .0007 2.791 .335 20.272 .330

P 4.653E-	007 .999 4.682 .001 0.330 .080 3.380 .0013 1.203 .127 3.621 .225

T 2.533E-	005 .995 0.110 .368 5.542 .494 0.164 .2158 3.360E-	005 .993 0.022 .917

P × T 7.820 .024 1.670 .012 4.741 .021 6.420 .0003 2.936E-	003 .934 3.080 .258

P2 1.180 .269 0.016 .721 1.310 .029 2.121 .0036 1.202 .128 10.170 .068

T2 1.1912 .267 0.510 .087 4.470 .194 0.056 .4414 0.981 .162 4.971 .166

P2× T 3.610 .082 0.042 .571 3.191 ‒	 0.012 .7161 2.821 – 0.001 .982

P × T2 2.601 .124 8.531 .0003 1.2830 ‒	 8.530 .0001 2.801 ‒	 0.504 .628

Residual 3.820 – 0.573 – 17.870 – 0.402 – 7.150E-	003 – 9.465 – 

Lack	of	fit 2.510 .050 0.290 .110 2.673 .138 0.1810 .1453 5.610 <.0001 3.970 .164

Pure error 1.322 – 0.280 – 0.331 – 0.223 – – – 5.501 – 

Cor total 34.030 – 11.740 – 5.540 – 18.801 – – – 29.730 – 

Std. Dev. 0.871 – 0.341 – 0.800 – 0.280 – 0.630 – 1.382 – 

R2 0.887 – 0.951 – 0.749 – 0.978 – 0.497 – 0.681 – 

Adj R2 0.730 – 0.883 – 0.570 – 0.949 – 0.138 – 0.236 – 

Adeq 
precision

8.861 – 13.862 – 6.787 – 22.52 – 3.953 – −14.776 – 

Abbreviation: SS, sum of squares.
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temperature rose from 50 to 70℃ at a pressure of 0.4 bar. On the other 
hand, at a pressure of 0.8 bar, L* value significantly increased from 69.54 
to 75.62 as temperature increased from 50 to 70℃, respectively. Scarso 
et al. (2017) and Rossi et al. (2018) disclosed that the L* the value for 
different milk samples were 81.6 and 66.7, respectively.

3.3.2 | Redness-	greenness

The measured a* values at a pressure of 0.8 bar ranged between 
−0.71	 and	 −4.71,	 for	 temperatures	 of	 60–	70℃	 (Table	 3).	 All	 a* 
values have a negative signal (very small greenness and without 
redness). Owens et al. (2001) found that L* and a* values of milk 
were	82.1	and	−4.06,	respectively.	The	results	disagreed	with	Gaze	

et al. (2015) who clarified that a* the value of concentrated milk 
type Dulce de Leche	ranged	from	13.60	± 0.02 to 16.90 ± 0.05. The 
results were agreed with Scarso et al. (2017) who disclosed that a* 
the	value	of	milk	was	−3.88.	Finally,	Rossi	et	al.	(2018)	found	that	
a* value of milk was 0.25, whereas Ávila et al. (2017) observed a* 
value	of	−1.85.

ANOVA for RCM of a* is clarified in Table 4. The RCM, pressure, 
the interaction between temperature and pressure, and the pressure 
and squared temperature had a significant effect on the a*. In addi-
tion,	Lack	of	Fit	was	not	significant	(p > .05). Statistics parameters 
were R- Squared = 0.9516, Adjusted R- Squared =	0.8839,	Ad0.80	bar	
adequate Precision =	13.862,	and	Standard	deviation	=	0.34.	These	
indicators showed that the RCM (Equation 20) can be used to predict 
the redness- greenness (a*):

F I G U R E  6   Response surface plot of (a): L* value, (b): a* value, (c): b* value, (d): ΔC, and (e): h value, (f): BI as a function of process 
temperature and pressure
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The	3D	Figure	6b,	which	was	plotted	by	 the	RSM.	The	 results	
illustrated that the a* value was decreased as pressure increased, 
that is a*	value	was	 reduced	 from	−1.299	 to	−4.594	by	 increasing	
the pressure from 0.4 to 0.8 bar at the temperature of 70℃. Also, it 
reduced	from	−2.476	at	a	pressure	of	0.4	bar	to	−3.128	at	a	pressure	
of 0.8 bar using a temperature of 50℃. Also, the a* value decreased 
from	−1.299	to	−2.476	as	temperature	decreased	from	70	to	50℃ 
(Figure 6b). This was due to the increase of browning reaction in 
the milk at higher temperatures, which negatively affected the milk 
color, that is, an increase in a* value.

3.3.3 | Yellowness-	blueness

The	 results	 in	Table	3	 illustrated	 that	 the	value	of	b* ranged from 
7.06, at 0.40 bar and 70℃	to	11.53	at	0.80	bar	and	70℃. The posi-
tive values of b* indicate that the yellowness of milk color is corre-
lated with the presence of color of carotene pigment in the milk fat. 
These findings agree with data reported by Gaze et al. (2015) who 
noticed that the b* the value of a concentrated milk sample ranged 
from 17.89 ± 0.10 to 27.05 ± 0.05.

The b* value was significantly (p <.05) affected by the 
Quadratic Model (QM), interfere and squared pressure (Table 4), 
while b* value did not affect significantly (p > .05) by the pressure, 
temperature, squared pressure, and squared temperature. Besides, 
there was no significant (p >	 .05)	effect	 for	Lack	of	Fit.	The	sta-
tistical terms such as R- Squared was 0.7496, Adj. R- Squared was 
0.5707, and Adequate Precision was 6.787, and standard deviation 
was 0.80. These statistical indicators showed that applying the QM 
for predicting the value of b* as illustrated in Equation 21 can be:

As for the interference between temperature and pressure as 
depicted	 in	Figure	6c	 is	 the	3D	 figure	 that	was	plotted	by	using	
RSM. The results showed that the highest value of b* was 11.70 
using 0.80 bar pressure and 70℃ temperature. It was also seen 
that, at a pressure of 0.4 bar, the value of b* decreased from 9.754 
to 7.691 with the increase of temperature from 50 to 70℃. This ob-
servation is due to reduced Millard reactions at lower concentra-
tion	temperatures	(Kareb	et	al.,	2016).	It	was	also	revealed	that	b* 
value increased as temperature and pressure increased (Figure 6c).

3.3.4 | Chroma

The	 results	depicted	 that	 the	color	density	 (∆C) ranged from 4.01 
at temperature of 60℃ and 0.60 bar pressure to 9.01 at 0.4 bar 

pressure and 70℃	temperature	as	given	in	Table	3.	Our	results	disa-
gree with data reported by Ávila et al. (2017) who observed Chroma 
values of 16.41.

ANOVA for Response Surface RCM illustrated that the RCM, 
pressure, temperature– pressure interactions, squared pressure and 
the interference between pressure and squared temperature have a 
significant (p <	.05)	effect	on	the	∆C (Table 4). Moreover, there was 
an insignificant (p >	.05)	effect	of	Lack	of	Fit	as	presented	in	Table	3.	
In addition, R- Squared was 0.9787, Adjusted R- Squared was 0.9490, 
adequate Precision was 22.521 and standard deviation was 0.28. 
These indicators showed that RCM can be used for predicting color 
intensity	(∆C) as shown in Equation 22:

It can be seen from Figure 6d, which was plotted by the RSM, 
the	higher	value	of	∆C reached 8.92 using a pressure of 0.4 bar and 
temperature of 70℃ compared with the pressure of 0.8 and tem-
perature of 70℃,	which	was	3.92.	The	change	in	∆C with pressure 
at 70℃ was higher than 50℃. The interaction between pressure and 
temperature had a significant effect on the intensity of color where 
increasing pressure and decreasing temperature at the same time in-
creased	the	color	intensity	(Figure	6e).	Generally,	∆C was decreased 
as	pressure	increased	at	various	temperatures.	Log	Chroma	of	milk	
reached	to	1,	1.1,	and	1.35	at	temperatures	of	70,	80,	and	90℃, re-
spectively	(Güneşer,	2016).

3.3.5 | Hue	angle

The results of the present investigation showed that at a concentra-
tion of temperature of 70℃, the angle of color (h) ranged between 
−1.37	and	−1.18	 rad	when	pressure	 ranged	 from	0.40	 to	0.80	bar	
(Table	 3).	 Our	 outcomes	 disagree	 with	 those	 reported	 by	 Ávila	
et al. (2017) who observed h the value of 96.47 degrees (1.68 rad).

ANOVA for Response Surface Quadratic Model (QM) showed 
that insignificant (p > .05) effect of QM, pressure and temperature, 
and	the	interactions	between	them	on	h.	Furthermore,	the	Lack	of	
Fit was significant (Table 4). The statistical parameters that were 
R-	Squared	was	0.4972,	Adjusted	R-	Squared	was	0.1380,	adequate	
precision	was	3.953	and	Standard	deviation	was	0.63	and	these	pa-
rameters	showed	that	the	QM	(Equation	23)	cannot	be	used	for	pre-
dicting the hue angle (h):

The interaction between pressure and temperature values is 
presented as three- dimensional graphs in Figure 6e. According to 
the data, the highest hue angle value was 1.06 rad at 0.80 bar pres-
sure and 60℃	temperature,	while	the	lowest	was	−1.413	rad	using	
0.60 bar pressure and 70℃ temperature. Also, the results showed 

(20)

a∗ =230.26077−394.13386P−8.26002T+14.32203PT−28.38140P
2

+0.071579T
2+0.44118P

2
T−0.12646PT

2

(21)
b∗ = +1.40994−71.27174P+0.49815T

+0.58824PT+32.75913P
2−6.89635E−003T

2

(22)
ΔC= +247.61327−367.44453P−8.83854T+14.25804PT

−36.06172P
2+0.077293T

2+0.23559P
2
T−0.12645PT

2

(23)
h= −7.89755−367.44453P−8.83854T+14.25804PT

−36.06172P2+0.07729T2+0.23559P2T−0.12645PT2
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that h was increased as the pressure increased and temperature de-
creased, that is at temperature of 70℃ and 0.4 bar pressure, the h 
reached	−1.52	rad,	and	 increased	to	−0.62	rad	at	0.8	bar	pressure	
and 50℃	temperature.	Güneşer	(2016)	stated	that	h	value	was	−10,	
−10,	and	90	degrees	(−0.174,	−0.174,	and	1.57	rad)	at	temperature	of	
70, 80, and 90℃, respectively.

3.3.6 | Browning	index	(BI)

According	to	the	result	of	the	milk	concentration	in	Table	3,	the	low-
est value of BI was 8.12 at pressure and temperature of 0.4 bar and 
70℃,	respectively.	The	highest	value	of	BI	was	13.58	at	pressure	and	
temperature of 0.8 bar and 60℃, respectively.

ANOVA for Response Surface RCM showed that the RCM, tem-
perature,	pressure	all	their	interactions,	and	the	Lack	of	Fit	had	no	
significant (p > .05) effect on the BI (Table 4). The statistical param-
eters were R- Squared which was 0.6817, adjusted R- Squared was 
0.2360	and	adequate	Precision	was	4.366	and	Std.	Dev.	was	1.38,	
and these parameters showed that the RCM (Equation 24) cannot 
be used for predicting the BI due to insignificant (p > .05) effect of 
the	Lack	of	Fit:

As for the interaction between pressure and temperature as 
shown in the three- dimensional Figure 6f that was depicted by the 
response surface methodology, the higher BI was 12.82 at 0.80 bar 
pressure and 50℃	 temperature,	while	 the	 lowest	 value	was	 8.53	
using 0.40 bar pressure and 70℃ temperature. Also, the results 
showed that BI decreased with the increase of pressure from 0.4 

to 0.6, and then increased at all the studied concentration tempera-
tures. When the temperature increased from 50 to 70℃, the BI in-
creased from 4.89 to 11.75 at pressure of 0.8 bar. The BI is expected 
to be increased with increasing heating time and temperature mainly 
due to non- enzymatic browning reactions.

3.4 | Optimization of process

Table 5 illustrates the optimization process results of the color param-
eters. The results indicated that the optimum conditions of milk con-
centration using RW was 66℃ temperature and 0.45 bar pressure. 
The concentrated milk at these conditions had a higher L* (74.98) and 
b*	(8.27),	productivity	(2.25	L/h),	mass	of	evaporated	water	(1.75	kg)	
as well as lower a*	(−2.82),	∆C (7.05), h	(−1.30	rad),	BI	(8.88)	and	total	
heating energy (1.28 kJ). Also the results depicted that there were 
no significant differences between the predicted and measured data.

3.5 | Effect of the concentration method 
on thermos- physical attributes and color values

Table 5 shows the impact of the concentration method on the 
thermo- physical attributes and color parameters. The productivity 
of	 RW	was	 higher	 than	CC,	 that	 is,	 2.3	 and	 1.1	 L/h,	 respectively.	
Moreover, total heating energy for RW (1.28 kJ) was lower than CC 
(1.55 kJ).

Besides, results revealed that the concentration method had a sig-
nificant effect (p < .05) on the L* value. RW and CC gave a product with 
L* values of 74.98 and 72.25, respectively. Also the a* value for raw milk 
was	−4.47,	which	was	lower	than	those	of	RW	and	CC,	that	is	a* value 
for	the	products	of	RW	and	CC	were	−2.26	and	−3.75,	respectively.	

(24)

BI = 57. 35422−192.5819P−0.87668T+4.20226PT + 52. 162P
2

+4.99216E−003T
2−0.030668PT

2−0.069653TP
2

TA B L E  5   Results of the optimization process of dependent variables (practical and predicted), conventional concentration, raw milk and 
optimum conditions for process of milk concentration

Optimum conditions

Dependent variables Experimental Predicted CC RMPressure (bar)
Temperature 
(℃)

0.45 66 Productivity	(L/h) 2.31	± 0.02a 2.25 ± 0.019a 1.10 ± 0.12b N/A

Total heating energy (kJ) 1.19 ± 0.11a 1.28 ± 0.21 a 1.55 ± 0.02b N/A

Mass of evaporated water (kg) 1.77 ±	0.32a 1.75 ± 0.14 a 0.82 ± 0.02b N/A

LMTD 15.08 ±	0.13a 15.66 ±	0.13	a 16.83	±	0.32b N/A

L* 74.88 ±	1.38a 74.98 ±	1.31	a 72.25 ±	1.38b 90.98 ±	1.23c

a* −2.26	± 1.29a −2.82	± 1.24 a −3.75	± 1.29b −4.47	± 1.01c

b* 8.78 ± 0.85a 8.27 ± 0.79a 12.71 ± 0.85c 8.01 ± 0.87b

∆C 7.12 ± 0.21a 7.05 ±	0.13a 6.85 ± 0.98b N/A

h (rad) −1.31	± 0.01a −1.30	±	0.03	a −1.28	±	0.34c −1.29	± 0.01b

BI 8.38	± 0.21a 8.88 ± 0.24a 15.12 ± 0.54c 5.50 ± 0.24b

Note: The similar letter in the same column refers to no significant differences at 0.05 level. The deferent letters in the columns refer to significant 
differences at level 0.05.
Abbreviations: CC, conventional concentration; RM, raw milk; RW, Refractance Window at 0.45 bar and temperature of 66℃.
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The increase in a* value was due to the heating pre- treatment applied 
before the concentration process. On the other hand, b* the value of 
raw milk increased from 8.01 to 12.71 and 8.78 after the CC and RW 
concentration process, respectively. This observation could be related 
to thermal pretreatment and standardization of milk, that is adding 
skim milk and cream to increase total soluble solids.

Besides,	 ∆C was increased after milk concentration using RW 
and CC compared with raw milk because of the milk standardization 
process	and	heat	treatment.	Furthermore,	∆C of concentrated milk 
by RW was lower than CC because of heating by infrared radiation 
transmitted from hot water. The differences between RW, CC, and 
raw milk were significant (p < .05), where h value of concentrated 
milk by RW was higher than CC and raw milk because a* value was 
lower at using RW.

According to the results in Table 5, CC- concentrated milk possesses 
the highest BI followed by RW- concentrated and fresh milk samples, 
that	is,	8.38,	15.12,	and	5.50,	respectively.	One	of	the	main	reasons	
for an increase in BI is thermal treatment. As an increase in the inten-
sity of the thermal treatment led to an increase in browning reactions, 
higher BI was obtained after the CC process due to the overheating of 
milk samples, especially the parts that were located near the heating 
surface. On the other hand, milk was subjected to a lower and more 
uniform temperature profile, which limited the Maillard reactions and 
color changes during the concentration process. A previous study 
documented	that	BI	of	a	milk	sample	increased	from	8.0	to	15.3	after	
an	ultra-	high	 temperature	sterilization	process	milk	at	130℃, and it 
reached in fresh milk due to Maillard reactions (Ansari & Sahoo, 2018).

3.6 | Microbial tests of milk and alkaline 
phosphatase

3.6.1 | Total	count	bacterial

According to Table 6, Staphylococcus aureus, psychrophilic, and pro-
teolytic bacteria were not detected in the RM. On the other hand, 
the TCP, Escherichia coli, lipolytic bacteria, and total yeasts and 
molds	 were	 5.03,	 4.81,	 4.78,	 and	 4.51	 log	 CFU/ml,	 respectively.	
Researchers reported that the TCP in raw milk (cow milk) reached 
values of 1.59 log CFU/ml (Malik et al., 2018).

In the present study, the count of total microorganisms was 
not	 calculated	 after	 3	 days	 of	 storage	 because	 of	 the	 raw	 milk	
deterioration.

Samples concentrated by RW and CC were free of tested micro-
organisms during the storage period of 0– 90 days. In RW, the milk 
was in the form of a thin layer during heating, and the heat transfer 
occurred by radiation (infrared was emitted from hot water), which 
has a high ability to eliminate microorganisms as it works to gener-
ate vibrations of the water molecules in the micro- organisms. This 
led to their heating and killing by denaturing the proteins inside the 
cell	(Jun	et	al.,	2003).	Besides,	the	rise	of	milk	temperature	to	95℃ 
as a pre- treatment was contributed to microorganisms inactivation 
during both RW and CC process. Rostami et al. (2018) stated that the 

RW	reduced	log	aerobic	bacteria	from	6.1	to	3.7	log	CFU/ml.	Finally,	
(Nindo & Tang, 2007) reported that RW produced safe food, then it 
reduced log microorganisms in quash pumpkin to 0.6 log CFU/ml.

3.6.2 | Alkaline	phosphatase

For the Alkaline phosphatase, the results in the Table 7 showed 
that the alkaline phosphatase test was negative for RW and CC 
samples, but it was positive for RM sample. This is due to the heat 
treatment for milk during concentration that eliminated the alkaline 
phosphatase.

3.6.3 | Peroxide	value	and	acidity	during	the	
storage time

The effect of RW, CC, and storage period at 5℃ on the peroxide 
value and acidity are presented in Table 8. The results illustrated that 
the increase of the storage period led to significant (p < .05) increase 
in peroxide value and acidity. Increasing peroxide value with the 

TA B L E  6   Microbial tests (log CFU/ml) of raw milk and 
concentrated milk by Refractance Window and conventional 
concentration during storage periods

Microorganisms Treatments

Storage period (day)

0 30 60 90

TCB RW* ND ND ND ND

CC ND ND ND ND

RM 5.03 – – – 

E.coli RW* ND ND ND ND

CC ND ND ND ND

RM 4.81 – – – 

Yeasts	and	molds RW* ND ND ND ND

CC ND ND ND ND

RM 4.51 – – – 

Staphylococcus aureus RW* ND ND ND ND

CC ND ND ND ND

RM ND ND ND ND

Psychrophilic RW* ND ND ND ND

CC ND ND ND ND

RM ND ND ND ND

Lipolytic	bacteria RW* ND ND ND ND

CC ND ND ND ND

RM 4.78 – – – 

Proteolytic bacteria RW* ND ND ND ND

CC ND ND ND ND

RM ND ND ND ND

Abbreviations: CC, conventional concentration; ND, not detected; RM, 
raw milk; RW, Refractance Window (0.45 bar and 66℃); TCP,total count 
bacteria; – , the milk was damaged/data not available.
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storage period can be attributed to milk fat oxidation process occur-
rence as well as, due to the effect of enzymes, light, and pasteuriza-
tion	(Amamcharla	&	Metzger,	2014;	Kaleem	et	al.,	2015)	Moreover,	
Dawodu et al. (2015) stated that the rise of temperature increases 
the peroxide value of plant oils. As for the increase of acidity with 
storage period due to temperature increase, Dawodu et al. (2015) 
pointed out that the rise of temperature leads to decomposed chem-
ical bonds in fat with the presence of light and moisture, which in-
creased the acidity. Increasing temperature leads to increase ratio of 
free	fatty	acids	(Adejumo	et	al.,	2013).

3.7 | Sensory assessment

The effect of storage period on the sensory assessments of concen-
trated milk by RW and CC is given in Table 9. The results illustrated 
that the RW score was higher than CC at all storage periods and 
sensory attributes. that is the odor scores of RW and CC were 40 
and	36,	respectively.	This	is	because	the	concentration	temperature	
by RW was lower than the CC and had no homogenization in tem-
perature distribution during the concentration of milk. Moreover, 
during RW the infrared radiation was emitted from hot water and 
transferred to the thin layer of milk (this means that the heat transfer 
occurred by radiation and conduction), which did not damage milk.

Sensory attributes were reduced as the storage period increased. 
For example, when the storage period increased from 0 to 90 days, 
the overall acceptability decreased from 10 to 7.5, respectively. This 
is due to the change in chemical properties with increasing storage 
periods such as an increase of fatty acids and peroxides as well as 
acidity. The general total of sensory assessment for milk concen-
trated by RW was higher than CC at all storage periods.

TA B L E  7   Alkaline phosphatase in concentrated milk using 
Refractance Window, conventional concentration, and raw milk

Concentration method
Pressure 
(bar)

Temperature 
(℃)

Alkaline 
phosphate

RW 0.40 50 Negative

60 Negative

70 Negative

0.60 50 Negative

60 Negative

70 Negative

0.80 50 Negative

60 Negative

70 Negative

CC Negative

RM Positive

TA B L E  8   Peroxide value and acidity of concentrated milk by Refractance Window and conventional concentration

Parameters
Concentration 
method

Storage period (day)

0 30 60 90

Peroxide value (meq/kg fat) RW* 0.23	±	0.03aA 0.41 ± 0.02aB 0.50 ±	0.03bC 0.60 ± 0.02bD

CC 0.22 ± 0.01bA 0.42 ± 0.02aB 0.55 ± 0.05aC 0.67 ± 0.09aD

Acidity (%) RW* 0.05 ± 0.01aA 0.07 ± 0.01aB 0.17 ± 0.01aC 0.21 ± 0.01aD

CC 0.05 ± 0.01aA 0.07 ± 0.01aB 0.16 ± 0.01bC 0.19 ± 0.01aD

Note: RW* (0.45 bar and 66℃)

TA B L E  9   The effect of storage period on the sensory 
assessments of concentrated milk by Refractance Window and 
conventional concentration

Sensory assessment
Storage 
period (day)

Concentration method

RW* CC

Odor 0 40 ± 1.12aA 36	± 0.78bA

30 38	± 1.21aB 34	± 0.67bB

60 37	± 1.20- aC 33	±	0.53bC

90 35	±	1.36aC 32	± 0.57bC

Texture and body 0 29 ± 0.77aA 28 ± 0.58bA

30 28 ±	0.73aB 27 ± 0.52bB

60 28 ± 1.22aB 26 ± 1.25bC

90 27 ±	1.30aC 25 ± 1.11bD

Color 0 10 ± 0.66aA 8 ± 0.54bA

30 10 ± 0.45aA 8 ±	0.37bA

60 9 ± 0.76aA 8 ± 1.20bA

90 8 ±	0.83aB 8 ± 1.12aA

Taste 0 10 ± 0.12aA 9 ± 0.57bA

30 9 ± 0.95aB 9 ± 0.57aA

60 9 ± 1.20aB 8 ± 0.47aB

90 7 ± 1.22aC 7 ± 0.42aC

Overall acceptability 0 10 ±	1.13aA 9 ± 1.21bA

30 9 ± 1.15aA 9 ± 1.11aA

60 8 ± 1.51aB 8 ± 1.20aB

90 7 ± 0.14aC 7 ± 0.41aC

Total sum 0 99 ± 0.47aA 90 ±	1.34bA

30 3.40aB ± 94 87 ±	1.30bB

60 4.55aC ± 92 83	±	2.03bC

90 4.39aD ± 86 80 ±	3.33bD

Note: The deferent small letters refer to significant effect between RW 
and CC. The deferent capital letters refer to significant effect of storage 
periods. RW (0.45 bar and 66℃).
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4  | CONCLUSIONS

The optimization of the RW process can result in a product with 
better qualities (e.g., color parameters, browning index). RW 
gave the highest productivity and mass of evaporated water 
compared with CC. Moreover, total heating energy using RW 
was lower than CC. The score of sensory assessment of concen-
trated milk using RW was higher than CC. Microorganisms were 
eliminated completely using RW or CC. The optimum conditions 
were 0.45 bar pressure and 66 ºC temperature. The food plants 
may benefit from this technology in the future after further ex-
pansion studies.
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Nomenclature
A Sodium thiosulfate (mm)
a* Redness- greenness
a ∗
0
 Redness- greenness of raw milk

b*	 Yellowness-	blueness
b ∗
0
	 Yellowness/blueness	of	raw	milk

BI Browning index
C Chroma
CVS Computer vision system
CC Conventional concentration
CIE Commission International d’Eclairage
C Specific heat (kJ/kg ℃)
h Hue angle (rad)
L*	 Lightness
L ∗
0
	 Lightness	of	raw	milk

Lh	 Latent	heat	of	water	vaporization	(kJ	kg).
LMTD	 Logarithm	mean	temperature	difference	(℃)
mp Milk mass flow rate (kg/s)
Mw Mass (kg)
Q Total heating energy (kJ)
R Coefficient of correlation
RCM Reduced cubic model
RM Raw milk
RMSE Root mean square error
RSM Response surface methodology
RW Refractance Window
P Pressure (bar)
prod.	 Productivity	of	concentrated	milk	(L/h)
PN Peroxide number
SS Sum of squares
Std. Dev. Standard deviation
T Temperature (℃)
TSS Total soluble solid (%)
W Weight (kg)
x Value
v Volume (m3)

Greek symbols

α Coefficient
∆ Differences
Subscripts

c Constant pressure
µ Cold milk temperature (℃)
θ Cold water temperature (℃)
Ƭ Hot water temperature (℃)
δ Hot milk temperature (℃)
Exp. Experimental
º Intercept
i Initial
in Inlet
f Final
pre. Predicted
m Concentrated milk
out Outlet
w Evaporated water
1 With sample
1	 Linear	of	pressure
11 Quadratic of P2

2	 Linear	of	temperature
2 Without sample
12 P × T (interaction terms)
22 Quadratic of T2
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