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a b s t r a c t
The aim of this work is the treatment of olive oil mill wastewater (OMW) by a combined process 
based on freezing, sweating and thawing. The process consists of two main steps: (i) cooling 
and freezing at –24°C, and (ii) sweating or fractional melting of ice at room temperature. Five 
liquid fractions (F1, F2, F3, F4 and F5) were recovered and analyzed. The effectiveness of treat-
ment was evaluated based on physico-chemical parameters such as pH, conductivity, dry mat-
ter, organic matter (OM), total phenols, chemical oxygen demand (COD), mineral matter (MM) 
and elemental mineral composition. UV-Visible and Fourier-transform infrared spectroscopy were 
also applied for this purpose. Results show that OMW effluent has an acidic pH and is loaded 
with OM and MM. The best operating conditions for treating OMW by block freezing have been 
highlighted. The concentration index (CI) of the first cryoconcentrated liquid fraction (F1) is about 
3.6 and 1.5 for OM and MM, respectively. This fraction is the most concentrated in phenolic com-
pounds (100.2 g/L). The second cryoconcentrated liquid fraction (F2) has a CI of about 1.7 and 0.6 
for OM and MM, respectively. The CI corresponding to F3 liquid fraction is around 1.2 and 0.5 
for OM and MM, respectively. This liquid has physico-chemical characteristics similar to those 
of raw OMW. The CI corresponding to F4 liquid fraction decreased to values 0.65 and 0.25 for 
the same parameters (OM and MM), respectively. The analysis of F5 fraction shows that sweating 
step allows a thorough purification of ice block. The CI corresponding to F5 is about 0.35 for OM, 
it reflects well COD and total phenols concentrations analyzed. The CI for MM was also signifi-
cantly reduced to reach a value of 0.12 which is in agreement with potassium, phosphate, calcium, 
sulfur, magnesium and sodium concentrations. In general, the results demonstrate the feasibility 
of the suggested process and give a good idea of the operating conditions that can be employed 
to cryoconcentrated phenolic compounds in OMW for a possible industrial application.
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Phenolic compounds

1. Introduction

The cultivation of olive trees is part of the Mediterranean 
tradition. According to the International Olive Council, 
the Mediterranean region provides 97% of the total world 

olive production. The olive oil extraction generates two by- 
products which are the olive pomace and olive-vegetation 
water called olive oil mill wastewater (OMW). Due to their 
high organic loads, and high amounts of organic acids and 
phenolic compounds [1,2], OMW are toxic for ecosystem and 
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are considered one of the most harmful effluents produced 
by the food industry. It was estimated that OMW are 200-
400 times more toxic than municipal wastewater [3]. Thus, 
the treatment of these effluents is a major challenge for 
Mediterranean countries.

Many ways of detoxification, treatment, or recovery of 
OMW are being explored to make OMW less toxic or easier 
to process. These effluents are used as a possible dye bath 
for dyeing wool [4], a source of antifungal agents [5], a liquid 
affecting the soil microbial communities [6], a waste for bio-
gas production after ultrasound pretreatment [7], a matter 
for co-composting with solid OMW [8], an antioxidants 
[9], etc. The treatment of OMW by physical, chemical and 
biological methods has been the subject of several research 
works. Their main objective is to study and propose the best 
technologies for minimizing environmental impacts, and 
for optimizing the treatment and recovery of OMW [10-18].

Concentration techniques are widely used as a prepa-
ration step in the food industry before drying in order to 
produce concentrated foods and solutions of different cat-
egories. Currently, there are four concentration techniques, 
including vacuum evaporation, reverse osmosis and to a 
lesser extent, concentration by freezing (cryoconcentration) 
and freeze drying.

Several studies have shown that evaporation requires a 
large amount of energy due to the high latent heat of water 
vaporization. The evaporation technique is not suitable 
for solutions containing volatile organic compounds as it 
may promote the formation of some hazardous gases [19]. 
The factors that can affect the evaporation process are fouling 
and maximum viscosity at the outlet of the evaporator [20].

In the case of reverse osmosis, the elimination of water 
is carried out through a dense membrane. This method 
requires little energy compared to evaporation because 
there is no phase change. However, the membrane used in 
the process is always subject to clogging and fouling, which 
can later lead to a reduction in the life of the membrane. 
This could result in a high cost not only for maintenance 
and replacement of the membrane, but also to achieve the 
osmotic pressure, which is required for the process [21,22].

Research carried out on the economic evaluation of 
the cold-wall freezing desalination process indicates that 
the energy consumption of a small installation could 
be very low. Indeed, the study has shown that freez-
ing is positioned between reverse osmosis, less greedy 
(between 3 and 5 kWh/m3) and distillation (24-27 kWh/m3). 
Calculations show that the energy consumption of desali-
nation by freezing is approximately 10 kWh/m3 [23,24]. 
Recent work Melak et al. [25] indicates that the coupling 
between reverse osmosis and freezing can reduce energy 
consumption to 5.17 kWh/m3.

The crystallization treatment is used in several fields 
such as desalination and industrial water treatment. 
It consists in cryoconcentrating (freezing) the solution. 
It has many advantages [26]: clean, ecological (no organic 
solvents, no chemical additives), and less energy consum-
ing than the thermal process. The technique also allows 
preserving the quality of the compounds to be recovered. 
At one level, it enables their separation, concentration, 
and recovery [27]. The freezing treatment process needs 
approximately 1/7th of the latent heat required by the 

vaporization-based desalination processes. The involve-
ment of sub-zero temperature in freezing treatment reduces 
the risk of corrosion and scaling. At another level, it per-
mits the production of clean water. This approach reduces 
discharges and produces purified water for various uses. 
The technique also makes it possible to reduce the volume 
of stored quantities.

Freezing techniques are classified into three main 
categories: block freezing, suspension freezing, and cold 
wall freezing. First, the block freezing concentration tech-
nique has been developed for the treatment of indus-
trial waters containing sulfuric acid [28] and of seawater 
desalination [23–25,29–34]. The technique has been devel-
oped for food products such as the concentration of milk 
solutions [35] and the concentration of orange juice [36]. 
Second, the suspension freezing concentration technique 
was applied for the treatment of cationic resin regeneration 
water [37]. Finally, cold wall freezing was developed for 
industrial wastewater treatment [38].

The present study aims at developing a treatment 
process of OMW based on cryoconcentration in order to 
obtain concentrated solutions rich in phenolic compounds. 
The process consists of two main steps: (i) the cooling and 
freezing at –24°C, and then (ii) the sweating step or frac-
tional melting of the ice at room temperature. The effec-
tiveness of the treatment was evaluated by determining 
the physico-chemical parameters of the cryoconcentrated 
liquid fractions and by using UV-Visible and Fourier-
transform infrared spectroscopy (FTIR).

2. Materials and methods

2.1. Sampling of OMW

Sampling of OMW was carried out during the olive oil 
extraction period spanning from November 2020 to March 
2021. The olive oil extraction units that were chosen are sit-
uated in the region of Marrakech-Safi (Morocco), specifically 
in Al Attaouia city. Samples were taken from the storage 
pond and transported to the laboratory in large barrels for 
analysis and processing.

2.2. Experimental tools for block cryoconcentration

Fig. 1 shows a schematic diagram of the principle of 
treatment of OMW by a combined process of freezing, 
sweating and thawing (cryoconcentration). First, raw 
OMW solutions put in 500 mL plastic bottles have under-
gone cooling and freezing at –24°C to produce an ice block. 
The refrigerator used is a Robert Bosch Hausgeräte GmbH 
(81739 München, Germany) (E-Nr (KGN36VL21/17)) with 
a cooling capacity of 14 kg/24 h. The second step is the 
sweating or the fractional melting of the ice block at room 
temperature (about 24°C). It consists of a partial melting of 
the ice block and its purification in depth by melting the 
impure zones in pockets of concentrated solutions. The 
partial melting of the ice block was carried out from the 
outside of the wall to the inside of the product using the 
gravitational flow of the concentrated fraction. At the end 
of this operation, five liquid fractions (F1, F2, F3, F4, and F5) 
were recovered, weighed, and analyzed according to the 
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Standard Afnor Methods [39]. The treatment is conducted 
with five initial solutions of OMW with an initial total 
dry matter of 10.89%. Five liquid fractions F1, F2, F3, F4, F5 
were obtained for the five treated solutions (Fig. 2).

Table 1 shows the masses mi = 1,2,3,4,5 obtained and the 
recovery times ti = 1,2,3,4,5 for the five liquid fractions Fi = 1,2,3,4,5 
after the sweating step for the five treated solutions. 
The five cryoconcentrated liquids obtained for the five 
fractions Fi = 1,2,3,4,5 were collected for analysis.

2.3. Analysis

The pH was measured by a pH meter (model ADWA 
AD1000). The electrical conductivity (EC in mS/cm at 
20°C) was measured by a conductivity meter (WTW ino-
Lab® Cond 730). Suspended matters (SM in g/L) were 
determined by filtration through 0.45 μm pore size mem-
branes. The SM content is determined from the difference 
in weight of the filter before and after filtration and dry-
ing at 105°C for 12 h. The dry matter content (DM in mass 
%) was determined after drying at 105°C in an oven for 
24 h. The organic matter concentration (OM in mass %) 
was determined after calcination at 550°C for 12 h. The 
chemical oxygen demand (COD in g O2/L) was determined 
by oxidation with an excess of potassium dichromate 
in acid medium (H2SO4), in the presence of silver sulfate 
as catalyst and mercury sulfate as chloride complexing 
agent. The concentration of total phenolic compounds  

(in g/L) was measured by Folin-Ciocalteu method using 
a LAMBDA 365 UV/Vis Spectrophotometer (PerkinElmer, 
USA). The concentration of orthophosphates (PO4

3–) was 
determined using the spectrophotometric method with 
ammonium molybdate. The elements Ca, Mg, K, S and Na 
in OMW samples were analyzed by inductively coupled 
plasma atomic emission spectroscopy (ICP-AES, iCAP 6000 
Series, Thermo Scientific, Cambridge, UK). The UV-Visible 
scanning spectra of the soluble organic compounds were 
also recorded. The infrared spectroscopy analysis was 
performed to identify the chemical functions of the mol-
ecules present in the analyzed sample. The spectra were 
recorded between 4,000 and 550 cm–1 using the Thermo 
Scientific Nicolet iS10 FTIR Spectrometer (Waltham, 
Massachusetts). Attenuated total reflectance-Fourier-trans-
form infrared spectroscopy analysis was performed on 
samples dried in a lyophilizer (Alpha 1-2 LDplus Martin  
Christ).

2.4. Concentration index

The concentration index (CI) was calculated as the 
ratio between the concentration of the recovered liquid 
fraction and the concentration of the initial solution [40]:

CI liq=
C
C0

 (1)

Fig. 1. Treatment of OMW by a combined process of freezing, sweating and thawing (cryoconcentration).
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CI was determined for DM, mineral matter (MM), 
OM, COD and total phenols concentrations. Cliq and C0 
are the concentration in liquid fractions obtained after the 
sweating step and in the initial solution, respectively.

3. Results and discussion

3.1. Analysis of OMW before cryoconcentration treatment

Table 2 shows the physico-chemical characteristics of 
OMW studied in this work before the cryoconcentration 
treatment (freezing, sweating and thawing). The results 
obtained reveal that OMW has an acid pH (pH = 4.55). The 
acidity of OMW is mainly due to organic acids (pheno-
lic acids and fatty acids). It is also related to their storage 
time in the ponds [41]. This can be explained by auto- 
oxidation reactions and polymerization processes that 
transform phenolic alcohols into phenolic acids [42]. These 
reactions are manifested by a change in the initial color-
ation of OMW to a very dark black color [43]. OMW are 
composed of water (89.98%), organic compounds (7.97%) 
and mineral compounds (2.92%). Their content of total 
phenolic compounds is about 28.24 g/L. It also appears 
that OMW contain phosphate ions (1.15 g/L), potassium 
(10.39 g/L), calcium (0.88 g/L), sulfur (0.80 g/L), magnesium 
(0.78 g/L), and sodium (0.64 g/L). The physico-chemical 

parameters related to the five liquid fractions (Fi = 1,2,3,4,5) will 
be discussed later in the following paragraphs.

3.2. Evolution of the physico-chemical parameters 
during OMW cryoconcentration

Figs. 3–5 show the concentrations of DM, MM, OM, COD, 
total phenols and mineral elements for the liquid fractions 
Fi = 1,2,3,4,5 obtained after the treatment of OMW by cryocon-
centration. The concentration factors for all parameters 
studied have been presented in Figs. 6 and 7.

The results obtained led to the following findings:

3.2.1. Liquid fraction F1

The analysis of F1 fraction highlights an increase in the 
concentrations of DM, OM and MM which reach respec-
tively the values of 34.28%, 29.01% and 4.29%. These 
percentages are higher than those obtained in the case 
of untreated OMW (DM 10.89%, OM 7.97%, MM 2.92%). 
Likewise, the concentrations of COD and total phenols 
increased from 230.4 to 768.0 and 28.24 to 100.22 g/L, 
respectively. The concentration indexes for DM, OM, 
MM, COD, total phenols, potassium, phosphate, calcium, 
sulfur, magnesium and sodium are about 3.15, 3.64, 1.47, 
3.55, 3.33, 1.78, 1.97, 1.6, 1.3, 1.3 and 1.6, respectively. As 

Table 1
Obtained masses mi = 1,2,3,4,5 (in g) and recovery times ti = 1,2,3,4,5 for the five liquid fractions (F1, F2, F3, F4 and F5)

S0 F1 F2 F3 F4 F5

mT (g) m1 (g) t1 (min) m2 (g) t2 (min) m3 (g) t3 (min) m4 (g) t4 (min) m5 (g) t5 (min)

489.80 62.00 84 105.93 154 98.92 232 99.97 313 122.98 –
495.40 60.27 84 94.13 154 99.19 232 76.54 313 165.26 –
506.62 64.07 84 87.48 154 97.88 232 87.97 313 169.21 –
504.29 69.15 84 87.69 154 97.40 232 98.11 313 151.92 –
480.28 66.65 84 96.81 154 107.55 232 94.27 313 115.00 –
Total (g) 322.14 84 472.04 154 500.94 232 456.86 313 724.37 –
Mean (g) 64.43 84 94.41 154 100.18 232 91.37 313 144.87 –

Fig. 2. Initial solutions of raw wastewater and liquid fractions recovered after cryoconcentration treatment.
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we can seen, there is a good agreement, on the one hand, 
between the CI of OM and that of COD and total phenols 
and, on the other hand, between the CI of MM and that of 
the chemicals elements.

3.2.2. Liquid fraction F2

In the second cryoconcentrated liquid fraction F2, the 
value of DM concentration increased from 10.89% (for the 
initial solution) to 15.46%. As can be seen, the concentra-
tion obtained is 1.42 times higher than that of raw OMW 
effluent. The concentrations of the organic parameters 
for the liquid fraction F2 are higher than those related 

to the initial OMW. However, the values of the mineral 
parameters for F2 are slightly lower than those of the raw 
wastewater. The concentration factor of OM reaches 1.72. 
Likewise, this value is consistent with that of COD (1.67) 
and total phenols (1.90). On the other hand, the concen-
tration index of MM which equals 0.61 is consistent with 
the CI values for phosphate (0.65), sulfur (0.76), magne-
sium (0.78), and sodium (0.70) ions. However, the value 
is lower than that of potassium (1.05) and calcium (1.27).

3.2.3. Liquid fraction F3

In the 3rd cryoconcentrated liquid fraction F3, the 
amount of DM is 11%. As can be seen, this value is almost 
identical to the initial DM concentration (10.89%). The 
organic parameter values for the liquid fraction F3 are sim-
ilar to those of the initial solution. The CI of OM which 
equals 1.19 is consistent with that of COD (1.00) and 
total phenols (0.86). The CI of the MM decreases to 0.53. 
As in the case of F2, this value is consistent with the CI 
value of phosphate (0.43), sulfur (0.46), magnesium (0.65) 
and sodium (0.46) ions. However, it is lower than that 
of potassium (0.86) and calcium (1.09).

3.2.4. Liquid fraction F4

The concentration of DM in the 4th cryoconcentrated 
liquid fraction F4 is 5.93%. It is lower than the initial DM 
concentration (10.89%). The values of the organic parame-
ters and minerals for the liquid fraction F4 are also lower 
than those related to the initial solution. The CI of the OM 
which reaches 0.54 is consistent with the CI of COD (0.67) 
and total phenols (0.26). The CI for MM which is of the 
order of 0.25 is in agreement with that of potassium (0.20), 
phosphate (0.24), calcium (0.3), sulfur (0.33), magnesium 
(0.15) and sodium (0.37) ions.

Fig. 3. Concentrations of DM, MM and OM for the raw OMW and the liquid fractions Fi = 1,2,3,4,5 obtained after the cryoconcentration 
treatment (freezing, sweating and thawing).

Table 2
Physico-chemical characteristics of OMW

Parameters Value

pH 4.55
EC in mS/cm at 25°C 21.68
DM in % at 105°C 10.89
OM in % at 550°C 7.97
MM in % at 550°C 2.92
Density in g/cm3 0.96
COD in g of O2/L 230.40
SM in g/L 25.99
Total phenols in g/L 28.24
K+ in g/L 10.39
PO4

3– in g/L 1.15
Ca2+ in g/L 0.88
S2– in g/L 0.80
Mg2+ in g/L 0.78
Na+ in g/L 0.63
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3.2.5. Liquid fraction F5

In the last cryoconcentrated liquid fraction F5, the con-
centration of DM is reduced to 3.09%. It is much lower 
than that of the raw OMW. The values corresponding to 
the organic and mineral parameters for F5 are also much 
lower than those related to the initial wastewater. The CI 
of the OM decreased to the value 0.35 which is consistent 
with that of COD (0.34) and total phenols (0.09). The CI 
for MM which is about 0.12 reflects that of K+, PO4

3–, Ca2+, 
S2–, Mg2+ and Na+.

All of these results can be discussed and interpreted as 
follows:

The cooling and freezing step of the treated solutions 
are performed in static mode; freezing is usually conducted 
by applying a constant temperature of about –24°C in 
the refrigerator cold room. A more or less significant ther-
mal gradient is thus imposed between the outer surface of 
the bottle and it’s interior. This produces a concentration 
gradient within the solution by the rejection of salt during 
the rapid ice growth. The temperature at the ice/solution 
interface tends to increase due to the release of heat pro-
duced by freezing, following the increase in concentration 
which results in a decrease in the freezing temperature and, 
finally, because of the high thermal resistance of the solid.

Fig. 5. Concentration of PO4
3–, Ca2+, S2–, Mg2+, Na+ and K+ for the raw OMW and the liquid fractions Fi = 1,2,3,4,5 obtained after the 

cryoconcentration treatment (freezing, sweating and thawing).

Fig. 4. COD and total phenols concentrations for the raw OMW and the liquid fractions Fi = 1,2,3,4,5 obtained after the cryoconcentration 
treatment (freezing, sweating and thawing).
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During the step of freezing, the growing ice rejects sol-
utes (organic and mineral) towards the solution and con-
centration gradients also appear in the solution, especially 
if the growth is rapid. The highly concentrated solution at 
the ice/solution interface is, thereby, denser than the solution 
outside the flask.

The effect of the thermal gradient applied across the 
solution can be explained by the morphological instabil-
ity phenomenon at the ice/solution interface. However, 
it can also be explained by the incorporation of pockets 
of solutions concentrated in solutes (organic and mineral 
matter) in the ice block. The solutes contained in the ice 
block formed during the crystallization step are in the 
form of solution pockets [28,31,33]. Their concentration 
is likely to be higher than the concentration of the ini-
tial solution, since the solution is concentrated during 
the freezing step. Some scenarios can be suggested to 
explain the different mechanisms for the incorporation of 
the solution pockets in the ice. First, the presence of dis-
solved gases in the medium can explain the incorporation 
of solute. On the other hand, the mechanism of adsorp-
tion of organic molecules on ice has already been high-
lighted in the literature. Microstructure analysis of the 
freezing of acetone solutions identified mechanisms of 
impurity incorporation into the ice. Other factors may be 
at the origin of these incorporations, one of which is the 
adsorption of organic solute and the presence of dissolved 
gas at the surface of the ice layer [44].

During the sweating step, the ice block is subjected 
to room temperature. The temperature of the ice block is 
increased, causing a thermal gradient in the crystalline 
layer; this will partially remelt the areas or channels con-
taining the solutes. These, under the effect of gravity, flow 
along the crystalline layer; the process is therefore driven 
by heat transfer. During this step, the sudden ice cracks, 
allowing bridges between these pockets of concentrated 
solutions to be formed. This further allows the evacuation 

of the solution to the outside. The concentrated solution 
is mainly trapped in the interstices between the ice crys-
tals. The network formed by the grain boundaries offers 
privileged conditions for the drainage of the concentrated 
solution under the influence of gravity. The visual aspect 
of the ice obtained in the last fraction shows a very frag-
ile ice for the most concentrated solutions and hard ice for 
the less concentrated solutions. High concentration ice is 
porous and dendritic, while low concentration ice is more 
compact. The monitoring of the visual aspect of these 
ice blocks during the penetrant stage, showed a strongly 
cracked ice for all the studied solutions. These cracks 
explain why it is possible to purify the layer in depth. The 
highly concentrated solutions were the first and second liq-
uid fractions F1 and F2. The liquid fraction F3 is less con-
centrated and its concentration is relatively equal to that 
of the initial solution (untreated OMW). Finally, the most 
dilute liquid fractions were F4 and F5. As a result, further 
studies of these complex phenomena related to thermal and 
material transfers are necessary. These tests made it possi-
ble to identify the operating conditions to be implemented 
in a process of treatment of OMW by cryoconcentration in 
block. The test will also identify the key operating param-
eters that affect the concentration increase reached in the 
first liquid fraction F1 and the purity of the ice obtained in 
the last liquid fraction F5. These parameters are the cooling 
and freezing temperature, the concentration of the initial 
OMW solution and the number of liquid fraction obtained 
after the partial melting of the ice block. A systematic study 
of the effect of these operating parameters is necessary.

3.3. UV-Visible analysis

Fig. 8 shows the UV-Visible spectra for the cryoconcen-
trated liquid fractions Fi = 1,2,3,4,5 obtained after treatment of 
OMW effluent. The broad band observed around 278 nm 
is a characteristic of phenols [45]. The studied OMW 

Fig. 6. Concentration index (CI) of mineral elements for the liquid fractions Fi = 1,2,3,4,5 obtained after the cryoconcentration 
treatment (freezing, sweating and thawing).
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solutions have a brown coloration which would be related 
to phenolic compounds. The reduction in absorption inten-
sity at 278 nm is mainly due to the decrease in the quan-
tity of OM, especially polyphenols. The most concentrated 
solution is F1, however the absorbance of liquid fraction 
F5 is very low compared to that of raw OMW. This is due 
to the decrease of OM amount in the last liquid fraction 
obtained. These results are consistent with the quantitative 
analysis obtained by the Folin-Ciocalteu method.

3.4. FTIR analysis

Fig. 9 shows the infrared spectra for the Fi = 1,2,3,4,5 frac-
tions obtained after treatment of OMW. Samples analyzed 

were first dried in a lyophilizer. The assignment of the 
bands to the functional groups characteristic of OMW and 
cryoconcentrated liquid fractions is carried out on the 
basis of the research work in the literature [46–48]. Indeed, 
the broad band centered at 3,290 cm–1 is due to the elon-
gation vibrations of the free O–H bonds of phenolic com-
pounds and alcoholic compounds and to N–H elongation 
vibrations of primary and secondary amides and amines. 
The bands located at 2,929 and 2,876 cm–1 are due to the 
elongation vibrations of the methyl and methylene groups, 
respectively. The band noted at 1,715 cm–1 is mainly 
due to the C=O elongation vibrations of the carboxylic 
acids. The transmission intensity recorded at 1,582 cm–1 
is the result of the C=C elongation vibration of aromatic 

Fig. 7. Concentration index (CI) of the physico-chemical parameters for the liquid fractions Fi = 1,2,3,4,5 obtained after the 
cryoconcentration treatment (freezing, sweating and thawing).

Fig. 8. UV-Visible spectra for the liquid fractions Fi = 1,2,3,4,5 obtained after the treatment of OMW by cryoconcentration (freezing, 
sweating and thawing).
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compounds and the N–H deformation of secondary amines 
and amides. The band at 1,385 cm–1 was assigned to O–H 
and C–O of the phenolic moiety, COO–, and C–H of meth-
ylene. The band centered at about 1,420 cm–1 is commonly 
attributed to C=O and C=C elongation vibrations of aro-
matic compounds. The weak bands centered at 1,210 and 
1,320 cm–1 respectively indicate the presence of the O-H 
group of phenolic compounds [49]. The weak bands cen-
tered at 1,350 and 1,250 cm–1 are commonly attributed to 
the presence of the CH2 group in cyclic molecules and thus 
to the elongation of the C–O bonds of phenolic compounds 
and organic acids. The intense band observed at 1,039 cm–1 
is often attributed to the C–O groups of polysaccharides 
and to the inorganic fraction of the sample. The typical peak 
at 881 cm–1 can be attributed to the deformation of the C–H 
group of aromatic compounds and the presence of some 
minerals such as carbonates and silica.

4. Conclusion

The experiments carried out make it possible to iden-
tify the operating conditions to be implemented in a 
process for treating OMW by freezing and thawing. The 
treatment produced five cryoconcentrated liquid frac-
tions (F1, F2, F3, F4 and F5). The results show that the liq-
uid fraction F1 is characterized by a CI equals 3.6 and 1.5 
for organic parameters (OM, COD, and total phenols) and 
mineral matter, respectively. This fraction is character-
ized by a maximum concentration of phenolic compounds 
(about 100.22 g/L). The cryoconcentrated liquid fraction 
F2 has a CI equals 1.7 and 0.6 for OM and MM, respec-
tively. The CI for the liquid fraction F3 is approximately 
between 1.2 and 0.5. This liquid has physico-chemical 
characteristics similar to those of raw OMW. The CI corre-
sponding to the 4th and 5th fractions decreased to values 
0.65–0.35 and 0.25–0.12 in terms of organic and mineral 
matter, respectively. The characterization of the last liq-
uid fraction F5 produced shows a significant reduction in 

OM and MM contents. The experiments showed that the 
sweating step allowed a deep purification of the ice layer. 
The concentration factor of OM in the obtained F5 liquid 
fraction decreased to 0.35. These values are consistent 
with the decrease in COD and total phenols concentra-
tions. The CI for MM which is reduced to 0.12 is consistent 
with the decrease in the concentrations of potassium, 
phosphate, calcium, sulfur, magnesium and sodium.

Generally, the experimental results show the feasi-
bility and importance of the cryoconcentration process 
to produce cryoconcentrated solutions of total phenolic 
compounds. The study of the influence of the operating 
parameters such as initial DM concentration, cooling tem-
perature and number of liquid fractions applied during the 
sweating step is in progress. The valorization of phenolic 
compounds from cryoconcentrated OMW is also one of our 
ongoing research interests.
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