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Featured Application: The plant has been demonstrated to have a low energy requirement and
extreme compactness, thus making it very attractive for the adoption in a small dairy factory.

Abstract: The paper investigates an alternative treatment plant for the typical wastewater effluent
of a cheese-making industry, mainly composed of acid or sweet whey mixed with washing-water.
Two variable parameters have been considered during the tests: four treatment temperatures (39, 46,
53 and 60 °C) and three solid content values (30%, 50% and 70%) of the concentrated product. The
minimum and maximum values of the removal efficiency (pollutant amount into concentrate related
to raw whey) range from 94.6% to 97.7% for conductivity, from 98.3% to 99.5% for BOD5, from 98.7%
t0 99.6% for COD and from 98.2% to 99.3% for Total Nitrogen. The plant capacity ranges from about
2L/h (at 39 °C) to 6 L/h (at 60 °C) of processed whey. On the basis of the experimental findings,
the proposed purification technology has demonstrated its suitability both to purify the effluent
wastewater and to recover high-quality products (e.g., whey protein concentrate, lactose), thanks to
its low thermal damage on the treated product and to its relatively low energy consumption from
0.4 kWh/L (at 60 °C) to 1.0 kWh/L (at 39 °C) of processed whey, with a Coefficient of Performance
from approximately 0.6 up to 1.5.

Keywords: wastewater treatment; dairy wastewater; low-pressure distillation

1. Introduction

Cheese-making industries, during their process, generally discharge wastewater efflu-
ents. Such effluents are mainly made of acid or sweet whey mixed with washing-water [1].
Within the current management of wastewater effluent, the main task is to adopt an ap-
propriate wastewater treatment plant [2]. In order to appropriately fit environmental
restrictions and economical needs, the treatment technology should combine both the depu-
ration of wastewater [3] and the recovery of whey products [4,5]. Some specific purification
plants can be used for this kind of wastewater; the most common plants are: trickling
filters; aerobic-activated sludge and anaerobic digesters [3,6]. However, these plants are
inadequate to reduce very high BOD5 and COD loads of a typical cheese-making industry
wastewater, and they are also unable to recover whey products.

Purification techniques generally need to be combined with recovery technologies
for whey components in the treatment process. For this reason, other alternative or inte-
grative plants are needed. Among these, some recovery technologies that can be adopted
are reverse-osmosis [7], spray evaporation, membrane ultra-filtration and ion exchange,
in sequence or in parallel [4,8]. These technical systems, although able to recover whey
products while also preserving their high quality (e.g., whey protein concentrate; lactose),
are much more expensive [9,10]. This high financial cost consistently decreases the interest
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in adopting these recovery technologies [11], especially in small cheese-making factories.
These factors suggest the need to study an alternative treatment strategy to purify wastew-
ater and to recover whey products, which can be competitive in comparison with other
available systems.

Distillation at low-pressure, also known as vacuum distillation, is a process commonly
employed in industry processes to extract or purify essential oils, to deodorize vegetable
oils and to purify and dry some chemicals. However, the early scientific papers or patents
on vacuum distillation technology have been focused on seawater desalinization [12,13].
The field of utilization of the vacuum distillation technique is wider, comprising biodiesel
refining, organic synthesis and wastewater treatment [14,15]. Particularly, on the subject of
wastewater treatment, scientific studies have demonstrated that the vacuum distillation
technique performs remarkably in removing different pollutants such as: total suspended
solids (TSS), total dissolved solids (TDS), biochemical oxygen demand (BOD), chemical
oxygen demand (COD). It is also effective at removing and recovering heavy metals and
various mineral compounds dispersed in an aqueous solution [16,17].

Vacuum distillation, often combined with membrane technology, is commonly em-
ployed to treat industrial olive oil wastewater and food process wastewater. More specifi-
cally, in olive oil wastewater treatment, the potentialities of vacuum distillation have been
studied in combination with membrane process [18,19]. Furthermore, vacuum distillation
has been used as a subsequent stage to the extraction process of Phenol, in the treatment of
olive mill wastewater [20,21].

Depending on the type of dairy production, the curdling process produces a quantity of
whey equal to approximately 85-90% of the volume of processed milk [22]. The organoleptic
characteristics of the whey, which also determine its economic value, are strictly connected
to the specific chemical composition. Dairy wastewater, being characterized by a high
polluting load, does not allow its direct discharge, but requires a purification treatment [23].
Furthermore, whey is an unstable product due to the fermentation process produced by the
bacteria present in the milk; this makes its management difficult and causes environmental
problems for the dairy industry [5]. Nevertheless, whey is a potentially important resource
to be economically utilized [4,24].

The following attributes of vacuum distillation of whey wastewater have not yet
been quantified:

The degree of purification achievable on the polluting load;
The possible recovery of valuable products (as whey proteins have excellent functional
properties, they are widely utilized in the food industry);

e  The overall energetic cost of the treatment per unit of raw, processed product.

Moreover, the small dairy industry is continuously searching for inexpensive treatment
for purification and recovery of by-products that could be economically utilized to increase
its overall income. As recovery plants can become expensive when installed in a small
cheese-making factory, all the alternative treatments, competitive in comparison with other
available systems, are greatly appreciated.

This work investigates the existing gap in the literature related to raw whey wastewater
treatment using a system of vacuum distillation that also uses a low treatment temperature.
This method could make the processes of purifying the polluting load and the recovery of
whey protein more economically profitable.

Therefore, in the present paper, an alternative treatment technology, based on a “low-
temperature and low-pressure vapor distillation” plant has been proposed and applied to
the cheese-making industry’s wastewater effluent. The experimental results obtained in the
treatment process demonstrate the process’s suitability to purify the effluent wastewater
and to recover whey products; indeed, this purification technology can recover high quality
products (e.g., whey protein concentrate; lactose) thanks to its low thermal damage on the
treated product and to its relatively low energy cost.
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2. Materials and Methods

A low-temperature and low-pressure distillation (LTPD) laboratory plant, able to
process the cheese effluent in batch mode, was used in this work. We carried out a series of
experiments to study its performance.

A photograph of the LTPD laboratory plant is shown in Figure 1a, and its corre-
sponding layout is shown in Figure 1b; the main components of the plant are shown and
numbered: a heat pump, a low-pressure chamber equipped with two heat exchangers
(hot side and cold side), and a circulation pump and a Venturi ejector to create the low
pressure into the evaporation chamber. The plant worked in batch mode: it was fed by
whey wastewater through an opening into the vacuum chamber when the plant was turned
off. The operative capacity of the plant consists of a volume of 60 L regarding the ebullition
chamber and a volume of 24 L with regard to the distillate tank. The distillation rate of the
process was about 5 L/h (influent). The plant required an overall electric power of about
2 kW.

distillate out

1"

whey in

concentrate out

(b)

Figure 1. Image (a) and simplified layout (b) of the low-temperature low-pressure vapor distillation
laboratory plant: (1) compressor; (2) heating envelope (hot side); (3) ebullition chamber; (4) refrigerant
under-cooling heat exchanger (hot side); (5) thermostatic valves of expansion; (6) condensation
chamber (cold side); (7) Venturi ejector creating the low-pressure (with sampling open); (8) distillate
tank; (9) distillate cooling (cold side); (10) centrifugal pump; (11) inflow electro-valve from whey tank
(not shown) and (12) outflow discharge hand-valve to collecting concentrate tank (not shown).

This plant was able to treat the wastewater through an evaporation process at a low
temperature of about 35 to 65 °C thanks to the low-pressure conditions in the evaporation
chamber, where the absolute pressure reached about 6.0-6.5 kPa.

The first preliminary operation to carry out is to completely fill the distillate tank with
demineralized water (100 uS/cm). The treatment process starts by feeding the ebullition
chamber with the wastewater, then the centrifugal pump is activated until the absolute
pressure decreases and the low-pressure condition is reached. Subsequently, the compressor
is started and contemporarily, the treatment temperature (35 to 65 °C) of the ebullition
chamber can be regulated, according to the manometer of the refrigerant gas high pressure
side (hot side), operating the fan of the heat exchanger of the refrigerant under-cooling
(hot side), and, at the same time, by allowing the cooling of the condensation chamber
and of the distillate tank (cold side). These operations cause the product temperature
to rise to its boiling temperature, depending on the chamber pressure, and the contents
begin to evaporate. The vapor moves up towards the condenser (cold side), where the
temperature is lower with respect to that in the condensation chamber, so the condensed
vapor is discharged through the pipe connected to the Venturi ejector and accumulated
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into the distillate tank. From here, it can continuously exit by overflow at environmental
pressure. At the end of the process, the plant is turned off, and the concentrated fraction
can be extracted by opening the ebullition chamber.

In order to monitor the overall LTPD process, the plant is equipped with several
measurement devices: a PT100 sensor to measure the temperature in the ebullition chamber;
a vacuum-meter (Bennert’s U-type) for pressure measurement into the ebullition chamber; a
flow-meter to measure the distillate effluent; a temperature sensor and a manometer sensor
for refrigerant (for both the high- and low-pressure circuits) and a bulb thermometer to
measure the environmental temperature. In addition, an electrical energy/power recording
unit was used to monitor both the electrical power requirement and the overall electrical
energy consumption of the plant.

Both the concentrate and the distillate fraction of the wastewater were analyzed. The
capability of the LTPD process to recover high-quality products was evaluated considering
the concentrate fraction, while the ability of the LTPD process to depurate the effluent
was evaluated by considering the distillate fraction. Additionally, thermal and energetic
conditions were considered to identify optimal processing conditions.

The samples were taken:

e At the tank of influent flow, where the raw whey resided;
e At the outlet of the distillate tank, where the effluent distillate resided;
e At the vacuum chamber, where the concentrate resided (at the end of the run).

The measurements were carried out on each stage of the wastewater: raw whey,
distillate and concentrate. The measured characteristics of the samples were as follows: pH,
conductivity, chemical oxygen demand (COD), biochemical oxygen demand after 5 days
(BOD:S), total nitrogen (TN), total phosphorus (TP) and solid content (SC).

Specifically, the measurements were executed according to the following methods:
COD by the dichromate reflux method; BODS5 by the respirometric method; TN and TP
by the Koroleff’s alkaline persulfate digestion method [25,26] and SC by the desiccation
method, at 105 °C. Additionally, the following characteristics of the products were mea-
sured in an external laboratory: proteins, fats and lactose. No specific conditions of samples
storage were adopted because the analysis was performed within about one hour of the
sampling phase.

Density of the samples was measured by a Quevenne lacto-dense-meter; viscosity
was measured by a viscous-meter (Brookfield HBD VII+, Brookfield Engineering Labo-
ratories Inc., Stoughton, MA, USA); conductivity was measured by a conductivity-meter
(HD 8706-R1, Delta Ohm, Padova, Italy) and pH was measured by a pH-meter (Hanna
Instruments, pH 301, Padova, Italy).

In order to obtain measures at different operating conditions, we operated it on two
parameters: one related to the plant and one related to the concentrated product. Since the
heat necessary to the evaporation is supplied by the hot side of a refrigeration cycle, the
first parameter considered was the refrigerant temperature on the hot side, that the plant
allowed us to set. Accordingly, four different test values: 39 °C, 46 °C, 53 °C and 60 °C
were selected. However, these values fluctuated around their set-point average value, with
an inevitable oscillation during the plant functioning.

The parameter we considered was the final concentration of the concentrated product.
Considering an initial average solid content of whey of 6.5%, as indicated in the literature,
the goal was to achieve three different values of SC%: 30%, 50% and 70%. This was
performed by monitoring the volume of water evaporated in each test and by stopping
the operation of the plant once the calculated water volume to be removed was reached.
However, due to the variability of the initial characteristics of the whey, the values of the
final SC we actually obtained were slightly different from those intended.
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The combinations of the two variable parameters required 12 tests, and since each one
was repeated 3 times, in total, 36 tests were performed as reported in Table 1.

Table 1. Trials coding and combinations of variable parameters and intended SC%.

Tests Trial Coding Temperature (°C) Intended SC%
1-2-3 P1 30
4-5-6 P2 60 50
7-8-9 P3 70
10-11-12 P4 30
13-14-15 P5 53 50
16-17-18 P6 70
19-20-21 p7 30
22-23-24 P8 46 50
25-26-27 P9 70
28-29-30 P10 30
31-32-33 P11 39 50
34-35-36 P12 70

In the first phase of the work, the performance of the LTPD plant was separately
studied with two different fluids: the first one was distillate water and the second consisted
of saline water (NaCl). Then, several trials were carried out at different operating conditions
in order to identify the best operational conditions. In the second phase of the work, a set
of “optimal” operating parameters was selected to ensure the process’s effectiveness when
treating the whey wastewater.

All experiments were carried out employing raw whey wastewater (20 L each run),
coming from a cheese-making industry, located at nearby Potenza (Southern Italy), derived
from the manufacturing of cheese from cow milk. The main characteristics of the whey
wastewater are listed in Tables 2 and 3.

Table 2. Overall raw cheese whey characteristics.

Characteristic Range Mean Standard Deviation
pH 4.22 + 488 4.49 0.22
Conductivity 513 = 6.36 5.66 0.38
(mS/cm)
COD (mg/L) 47,741 = 143,224 97,756 29,130
BODS5 (mg/L) 15,257 = 42,124 30,159 8624
TN (g/L) 1.65 + 2.97 2.17 0.35
TP (g/L) 0.58 = 1.25 0.80 0.21
Protein content (g/L) 12.3 +22.7 139 2.22
Fat content (g/L) 0.60 - 1.32 0.96 0.25
Lactose (g/L) 3.73 +441 4.19 0.21
Solid content (%) 4.55 +7.09 6.05 0.79

Density (g/L) 1022 = 1026 1024.1 1.1
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Table 3. Raw cheese whey characteristics for each trial. The standard deviation is reported after the + character.

Trial Density SC H Conductivity BOD5 COD TN TP Fat Content Lactose Protein
g/L % 4 mS/cm mg/L mg/L g/L g/L g/L g/L g/L
P1 1024 £1.0 6.55 +1.27 4.62 £0.26 5.39 £0.14 25,015 + 1241 61,381 £ 1692 242 +£0.44 1.02 £0.13 093 +£0.14 4.07 £0.13 13.3 £ 0.86
P2 1026 £ 0.6 7.09 £ 0.62 4.88 £0.26 550 £0.19 41,071 + 1813 109,123 £ 1590 2.09 £ 0.51 1.04 +0.27 0.73 £0.23 4.32 £ 0.08 144 +1.04
P3 1024 £ 1.0 591 + 047 4.36 £ 0.14 523+£0.22 32,415 + 1691 64,791 £ 1711 297 £0.51 1.25 +£0.35 0.67 £ 0.30 4.21 £0.08 12.7 £ 0.36
P4 1025 £ 1.5 6.82 + 0.45 4.59 £0.16 513 +£0.25 35,125 + 1457 95,482 £+ 1621 2.09 £0.25 0.71 £ 0.07 1.09 +0.11 4.37 £ 0.06 125+ 0.35
P5 1023 £ 2.0 6.54 + 0.42 4.32 £ 0.15 5.55 £ 0.46 15,257 £ 1328 119,353 + 1336 2.09 £0.29 0.61 + 0.07 1.25 £0.22 4.26 £0.08 13.2 £ 1.42
P6 1024 £ 1.0 594 £ 0.55 431 £0.15 5.56 £ 0.40 20,420 + 1241 143,224 + 1669 1.65 £ 0.40 0.58 + 0.07 1.29 £0.24 4.36 £0.10 129 +£1.23
pP7 1022 £1.5 6.75 + 0.58 4.58 £0.19 6.36 + 0.20 25,518 + 1621 122,763+ 1419 220+ 0.28 0.71 + 0.04 0.89 +0.27 4.20+0.22 10.6 + 1.04
P8 1025 £ 1.5 5.70 £ 0.57 4.33 £ 0.15 598 £0.15 35,765 + 1822 92,072 £ 1520 242 +£0.32 0.63 + 0.12 1.32 £0.26 4.38 £ 0.26 12.5 £ 0.47
P9 1024 £2.3 5.79 £ 0.94 422 £0.16 6.04 + 0.16 30,120 + 1846 98,892 £+ 1107 1.87 +0.32 0.68 £0.14 0.81 £0.28 3.95+0.35 12.3 £ 0.52
P10 1025 £ 0.6 6.73 £ 0.97 452 +0.29 5.76 £ 0.34 37,573 £ 1631 129,583 £+ 1106 1.87 £ 0.29 0.86 £0.16 1.16 £+ 0.29 441 +034 13.2 £ 0.55
P11 1023 £ 1.5 5.84 +0.78 4.28 £ 0.40 6.05 + 0.48 42,124 + 2126 47,741 £ 1752 242 £0.31 0.59 £ 0.21 0.60 £ 0.12 3.73£0.24 12.3 £ 0.07
P12 1024 £2.0 5.94 +0.79 4.85+£0.22 5.37 £0.38 21,507 + 2468 88,662 £ 1757 1.98 £0.35 0.89 + 0.22 0.77 £ 0.25 4.07 £0.21 12.2 £0.90
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3. Results and Discussion

The ability of the proposed treatment process can be analyzed by considering the
removal in the distillation fraction and the contemporary accumulation of certain pollutant
substances in the concentrate fraction at the end of the purifying treatment. Typically, main
indicators of pollution can be assumed to be pH, conductivity, COD, BOD5, TN, TP and SC.

3.1. Concentrate

Table 4 reports the results of the experimental trials carried out, concerning the ana-
lyzed parameters, identified as main indicators of pollution, related to the concentrated
fraction of the whey. These values must be compared with their starting values as re-
ported in Table 3. To this purpose, in Table 5 are reported the final concentrated whey
characteristics compared as a ratio to the raw whey initial values reported in Table 3.

Table 4. Final concentrated whey characteristics. The standard deviation is reported after the
=+ character.

Codin Temperature  Duration SC H Conductivity BOD5 COD TN TP
8 (@) (Minutes) (%) P (mS/cm) (mg/L) (mg/L) (g/L) (g/L)

P1 140 £ 18 19.07+428  427+£019 1797 +£236  83333+£1324 204603 +1839  8.07+119 330+ 141

P2 60 240 + 21 4782+£334 4214018  3600+227 220540 +£1430  545615+2073  21.00 £4.08  4.69 + 1.54

P3 315+ 31 65.92£416  409+0.11  5690+291 246914 +£4455  701,052+2794  2444+335 611+ 174

P4 269 + 22 224+217  4224£011  2052+279  140513+£2165  381,928+1903 836181 304+ 173

P5 53 322425 43.61£223  405+0.11  37.00+248 166,121 £2877 795687+ 1814  13.93+155 317+ 169

P6 B4 69924518 399L011 65414377  25294k4672 92T 19414373 436+ 160

P7 370 + 19 2343+£262  434+014  2958+276  116279+£1209  570991+1709  1023+103 317+ 188

P8 46 475+ 23 4750 £381  411+0.12  4241+284 248227 +£1408  652,993+2340 17.16£180 370+ 177

P9 579 + 35 6320£824 407013  6040+232 276300 £2490 988,920 +£4909 1870 +£254 488+ 1.74

P10 487 + 28 2003+£226 4224021 19204291 125150 £1740 431,943 +2290  623+178 343+ 196

P11 39 584 + 37 4078+£524  412+031  3941+251 199,080 £3384 530,128 +£4037  1577+£162 391+ 197

P12 764 + 41 6830£724  405+0.15  5653+3.18 2263164521  933284+3899  20.84+£293 528+ 198

The pH value slightly decreases during the process time; this means that the acidity
roughly does not vary. The SC, conductivity, BOD5, COD, TN and TP values greatly
increase during the process time, as expected, depending on the trial duration and final
reached SC.
Therefore, the concentration efficiency must be compared using the final increment
reached on the SC value with respect to the raw whey.
Table 5. Final concentrated whey characteristics compared as a ratio to the raw whey. The standard
deviation is reported after the + character.
Coding Temperature (°C) SC pH Conductivity BOD5 COD TN TP

P1 2914122 0.92 £ 0.09 333 +0.52 333022 333 +0.12 333+ 110 324+ 179

P2 60 6.74 + 1.06 0.86 % 0.08 6.55 £ 0.64 537 +0.27 5.00 £ 0.09 10.05 + 4.40 451 +2.65

P3 1115 + 1.59 0.94 % 0.06 10.88 + 1.01 7.62 053 1082 +0.33 8.23 +2.54 489 +2.76

P4 3.26 + 0.53 0.92 +0.06 4.00 + 0.74 4.00 +0.23 4.00 = 0.09 4.00 + 1.34 428 +2.86

P5 53 6.67 +0.77 0.94 + 0.06 6.67 £ 1.00 10.89 + 1.14 6.67 % 0.09 6.67 + 1.67 5.20 + 3.37

P6 11.77 + 1.96 0.93 % 0.06 1176 + 1.52 1152 +0.93 7.89 £0.11 1176 + 5.11 7.52 £ 3.67

P7 3.47 £ 0.69 0.95 % 0.07 4.65 % 0.58 456 = 0.34 4.65 % 0.07 465+ 1.06 446 +2.90

P8 46 8.33 £ 1.50 0.95 % 0.06 7.09 £ 0.65 6.94 £ 039 7.09 £+ 0.14 7.09 £ 1.68 5.87 +3.93

P9 1092 +3.20 0.96 % 0.07 10.00 = 0.65 9.17 = 0.64 10.00 + 0.16 10.00 + 3.07 7.18 £ 4.04

P10 2.98 +0.76 0.93 +0.11 333 +0.70 3.33£0.19 3.33 +0.05 333 + 147 3.99 +3.02

P11 39 6.98 + 1.83 0.96 +0.16 6.51 £ 0.93 473 +0.32 11.10 £ 0.49 6.52 %+ 1.50 6.63 £ 5.70

P12 1150 +£2.75 0.84 % 0.07 1053 + 1.34 1052 + 1.42 1053 +0.25 1053 + 3.34 5.93 +3.69

Hypothesizing a linear relationship between the SC and the conductivity, BOD5, COD,
TN and TP values, the concentration efficiency can be estimated regarding the previously
mentioned parameters with regard to the reached SC.

The slope of the linear model represents the concentration efficiency with respect to
the considered characteristics (conductivity, BOD5, COD, TN and TP). The concentration
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efficiency characterizes the retaining capability (RC) of the plant for the considered pollutant
in the raw whey referred to SC (this capability is hypothesized to be 1, or 100%, for SC).

Table 6 reports the results of the linear model applied to conductivity, BOD5, COD,
TN and TP versus SC% values. As previously stated, the pH does not vary as its slope
is very small and near zero, therefore, the RC for pH is negligible. On the contrary, the
conductivity shows the maximum concentration efficiency and intermediate values are
related to BOD5, COD and TN, whereas TP shows a low value of RC.

Table 6. Linear model of pH, conductivity, BOD5, COD, TN and TP vs. SC%. The slope represents
the retaining capability (RC) regarding the specific pollutant referred to SC. In round brackets the
95% confidence bounds for the slope are reported.

Parameter Slope (RC) Intercept R2
pH 0.00 (—0.01,0.01) 0.94 0.03
Conductivity 0.85 (0.75,0.95) 0.97 0.97
BOD5 0.72 (0.37,1.06) 1.66 0.68
COD 0.72(0.39,1.04) 1.86 0.70

TN 0.76 (0.51,1.01) 1.68 0.82

TP 0.30 (0.13,0.46) 3.16 0.62

In addition, in order to assess the thermal damage corresponding to different process-
ing conditions, an index of heat treatment associated with the percentage of non-denatured
whey protein in the concentrate can be calculated by evaluating the protein loss of solubility:
briefly, the denaturation varies from about 81% (trial P1) to 34% (trial P12) increasing as the
time process increases and the treatment temperature decreases (energy of activation of
roughly 38 kJ/mol).

3.2. Distillate (Evaporate)

As discussed above, the effectiveness of the process is analyzed by considering the
removal in the distillation fraction of a certain pollutant substance at the end of the
purification treatment. The experimental results for the distillate fraction explain the

ability of the LTPD process to purify the whey wastewater. Table 7 reports the final
distillate characteristics.

Table 7. Final distillate characteristics. The standard deviation is reported after the £ character.

Codin Temperature H Conductivity BOD5 COD TN
& CC) P (uS/cm) (mg/L) (mg/L) (mg/L)
P1 59+03 180 17 598 £133 975+£232 31.6£16
P2 60 6.5+ 0.5 171+ 23 280 + 84 728 £217 303 +£55
P3 6.1+05 236 £ 40 323 +£77 682 £156  28.4+43
P4 6.6 £0.4 324 £42 543 £112 816 £168 199 £33
P5 53 55+0.7 284 + 52 308 + 98 767 £213 253 +£3.6
P6 63+04 331 £ 61 355 £ 70 634 £131 26.0=£3.6
pP7 6.8+0.3 323 £ 44 433 £131 805+£120 319+£33
P8 46 59 +0.4 287 + 44 362 + 88 742 £153 253 +12.7
P9 57+03 161 £ 31 345 £ 70 709 £157 277 +11.6
P10 58 £04 317 £ 44 452 4 88 833 £162 4841103
P11 39 6.5+ 0.3 307 + 50 370 £ 77 753 +142 289 +238
P12 6.8+£0.2 295 £ 50 325 +£74 646 £173 329 £69

As the maximum limit for effluent discharge for industrial wastewater is 5.5-9.5 for
pH, 50 mg/L for TN, 500 mg/L for COD and 250 mg/L for BOD5, from Table 7 it is evident
that the obtained distillate is not suitable to be directly discharged as effluent. This is due
to the small volume of treated whey (20 L). However, by increasing the amount of treated
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whey, due to the scaling properties of the plant, the distillate polluting load can be reduced
to allow for its direct discharge as effluent.
It is possible to assess the pollutant removal efficiency during each trial considering;:

The amount of pollutant in the starting raw whey;
The volume of the treated raw whey;
The pollutant in the distilled outflow and the volume of the distillate.

Table 8 reports the removal efficiency of each specific pollutant as 100% minus the
ratio between the volumetric pollutant amount into distillate and into raw whey expressed
as percentage. Unfortunately, due to some problems during the analysis, no measures are
available concerning the TP and SC of the distillate fraction.

Table 8. Removal efficiency of the specific pollutant: 100 minus the ratio between volumetric pollutant
amount into distillate and into raw whey expressed as percentage.

Parameter Min Max Median Mean Standard Deviation
Conductivity 94.6% 97.7% 95.9% 96.1% 1.0%
BOD5 98.3% 99.5% 98.9% 98.9% 0.4%
COD 98.7% 99.6% 99.4% 99.3% 0.3%
TN 98.2% 99.3% 98.9% 98.9% 0.3%

The minimum and maximum value of the removal efficiency (considering the initial
(raw whey) and the final (distillate) value of conductivity, BOD5, COD and TN) ranges from
94.6% to 97.7% for conductivity; from 98.3% to 99.5% for BODS5; from 98.7% to 99.6% for
COD and from 98.2% to 99.3% for TN. These results demonstrate that the LTPD process is
very powerful for purifying whey wastewater as the greatest amount of pollutant remains
into the concentrated fraction.

3.3. Evaporation Capacity and Energy Costs

By grouping the tests for the selected different treatment temperatures of the heat
exchanger (hot side), considering the data of the product treatment capacity and of the
electrical energy consumption, the measured data were expressed considering the average
measured electrical energy consumption per unit volume of treated whey (kWh/L) and
the average operational capacity of the system (L/h), corresponding to each operating
condition of treatment temperature (Table 9).

Table 9. Relationship between the treatment temperature and the energy cost (measured electrical
energy consumption during the trial) per unit volume of processed product; the average volumetric
processing rate per unit volume of processed product and the coefficient of performance (COP) as
ratio between the absorbed thermodynamic energy of evaporation and the measured electrical energy
consumption. The standard deviation of the mean is reported after the + character.

Measured Electrical Energy

Coding Treatment Processed Whey Consumption Per Unit Coefficient of Performance
Temperature (°C)  Measured Flow Rate (L/h)  Volume of Processed Whey of the Plant (COP)
(KWh/L)
P1-P2-P3 60 579 £1.43 0.35 £ 0.02 148 +£0.15
P4-P5-P6 53 3.65 £ 0.49 0.38 £ 0.03 1.47 £ 0.19
P7-P8-P9 46 2.61 £0.34 0.76 £ 0.08 0.75 £ 0.11
P10-P11-P12 39 2.03 £0.26 0.99 £ 0.04 0.55 £ 0.06

In addition, Table 9 evaluated the coefficient of performance (COP) of the plant as
the ratio between the evaporation energy absorbed by the distilled vapor, considering the
enthalpy of the water vapor at the pressure of the ebullition chamber and the treatment
temperature, and the measured electrical energy consumption also taking into account the
electrical consumption of the ancillary equipment.
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The average rate of evaporation approximately decreases when the temperature of
the heat exchanger decreases; furthermore, with regard to the temperature of the hot side
exchanger, a marked decrease can be observed in the slope of the data describing the
evolution of the SC of the concentrate by increasing the process time.

It is evident that when increasing the operating temperature from 39 °C to 60 °C, the
operating capacity increases from about 2 L/h (at 39 °C) to 6 L/h (at 60 °C) of processed
raw whey. This result is a direct consequence of the greater amount of heat transfer, with a
correspondent increase of evaporated water.

The measured electrical energy consumption shows that by increasing the treatment
temperature, a reduction in energy costs for each unit volume of processed whey can
be obtained: a better operating capacity for the plant has been obtained by reducing the
operating time, due to a more rapid water evaporation and a more rapid reaching of the
prefixed concentration.

However, the results obtained have highlighted that it is significantly less expensive
to operate at a certain temperature (in this case, 53 °C), above which the specific energy
consumption is minimized towards about a constant level (COP of approximately 1.5).
Such an optimal temperature depends on the characteristics of the exchange surfaces, the
type of concentrator, the type of treated product and the efficiency of the vacuum circuit.

The results obtained can be considered as a direct consequence of the combined effect
of the following physical and chemical factors:

e  Viscosity: the viscosity of the concentrate increased over the time, bringing a reduction
in the overall heat transfer coefficient;

e  Ebullioscopic raising: since the vapor pressure of an aqueous solution is lower than
that of pure water at the same temperature, at a given pressure, the solution boiled
at a temperature higher than that of pure water, bringing an overall reduction in the
amount of evaporated water from the concentrate.

4. Conclusions

The experimental results of the trials carried out bring some observations regarding
the two main investigated parameters: the treatment temperature and the solid content SC
in the final product.

(1) With regard to the effect of the treatment temperature, a high operating capacity
of the plant was observed at high temperature (60 °C), at which up to 6 L/h of raw whey
can be processed with a relatively low energy cost, due to the reduced treatment time.
Unfortunately, this economical advantage results in a worse quality of the concentrated
product, resulting in a significant loss due to a higher amount of denatured whey protein,
as a result of their poor tolerance to high temperature. On the other hand, at a low operating
temperature, the treatment time is longer and the energy consumption is higher.

(2) With regard to the obtainable solid content SC, it seems evident that the objective
to achieve high SC causes a worse operational capacity of the plant. This is due to the
increase in treatment time, which is a consequence of the global heat transfer coefficient
decrease caused by the higher viscosity of the concentrated product, which is from raising
the ebullioscopic temperature of the solution and from the blanketing phenomenon. On the
other hand, prolonging the treatment time in order to achieve high SC has been revealed
to be inefficient in the pollutant-content removal by the distillate (the removal efficiency
being greater at the beginning of the treatment and decreasing as time elapses). However,
this helps to retain the greatest amount of pollutant into the concentrated fraction.

(3) The best operative conditions of the plant are dependent on the two different
objectives that can be achieved:

e When the plant is required to reduce the polluting load in the distillate, while the con-
centrate quality is neglected, a quick solution might be operating at a high treatment
temperature with high operating capability, low energy costs, and large amounts of
processed whey;
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e  Alternatively, when a high quality of the recovered product is required, then a low
treatment temperature must be adopted, however, consequences will be a worse
processing rate and a decreased cost saving.

(4) In any case, it is not convenient to push the evaporation up to the achievement
of a high value of SC in the concentrate, as the overall heat exchange coefficient tends
to decrease.

As a significant conclusion, the interpretation of the experimental results suggests that
the driving parameter governing and limiting the evolution of the evaporative phenomenon
is the overall heat transfer coefficient. Since this coefficient depends on the Reynolds
number, the system could be supplied with a device simply moving the liquid concentrated
phase in contact with the exchanger hot side in order to improve the overall heat exchange.

In addition, the productivity of the plant can be improved by increasing the transfer
rate of the mass of the evaporated water from the boiling chamber to the condensation
chamber by means of a mechanical system, however, this feature may not be as useful
because it has been experimentally found that the pressure in the chamber decreases
slightly according to the decrease of the boiling temperature. Thus, the limiting factor
in this process is the global heat transfer coefficient, which decreases when the whey
concentration increases.

Finally, the above considerations suggest that an optimal system solution can be
reached through the adoption of two concentration treatments in parallel. Since the con-
centration at low pressure is discontinuous, this could optimize the loading and discharge
phase and the reaching of the low pressure in the ebullition chamber.

On the whole, the results obtained in the present work have demonstrated that the
proposed treatment technology can be suitable both to depurate cheese-making industry
wastewater and to recover whey products. Particularly, the proposed treatment plant has
been shown to be characterized by low temperatures along the distillation process, and
this feature helps to prevent thermal and chemical damages to the recovered products.
Moreover, the treatment plant has been demonstrated to have a low energy requirement in
comparison with other treatment/recovery technologies. Further, the treatment plant is so
compact that it can be an attractive option to meet the needs of small dairy factories.
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Nomenclature

BOD  Biochemical oxygen demand

BOD5 Biochemical oxygen demand after five days
COD  Chemical oxygen demand

COP  Coefficient of performance of the equipment
LTPD Low-temperature and low-pressure distillation
RC Retaining capability

SC Solid content

TDS Total dissolved solids

TN Total nitrogen
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TP  Total phosphorus
TSS  Total suspended solids
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