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Abstract: Olive Mill Wastewater (OMWW) treatment is considered to be one of the main challenges
that Mediterranean countries face. Although several procedures and technologies are mentioned in
the literature, these techniques have several disadvantages or have been limited to laboratory pilot
validation without posterior industrial projection. Recently, an advanced environmental friendly
strategy for the recovery of OMWW was established involving the impregnation of OMWW on dry
biomasses, drying of these impregnated samples, and finally green fuels and biochar production.
This established strategy revealed that the drying step is crucial for the success of the entire recovery
process. Hence, two impregnated samples were prepared through OMWW impregnation on sawdust
(IS) and olive mill solid waste (ISW). The drying kinetics of OMWW and impregnated samples (IS and
ISW) were examined in a convective dryer (air velocity range from 0.7–1.3 m/s and the temperature
from 40–60 ◦C). The experimental results indicated that the drying of the impregnated samples
occurred twice as fast as for the OMWW sample. Such behavior was attributed to the remaining
thin layer of oil on the OMWW surface Furthermore, the Henderson and Pabis model showed the
suitable fit of the drying curves with a determination coefficient R2 above 0.97. The drying rates were
extracted from the mathematical models and the drying process was analyzed. The coefficient of
effective diffusivity varied between 2.8 and 11.7 × 10−10 m2/s. In addition, the activation energy
values ranged between 28.7 and 44.9 kJ/mol. These values were in the same range as those obtained
during the drying of other agrifood byproducts. The final results could be very helpful to engineers
aiming to improve and optimize the OMWW drying process.
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1. Introduction

Olive oil production is considered as one of the oldest agricultural industries in the Mediterranean
countries. It is estimated that some 1.8 × 106 t of olive oil are produced annually worldwide, where
98% of this total quantity is extracted in the Mediterranean basin [1–4] with Spain, Italy, Greece being
the three leading countries. The process of oil extraction generates large seasonal and centralized
quantities of olive byproducts which needs significant attention. In particular, its dark colour, high
organic content and toxicity due to the presence of phenolic compounds may cause significant
environmental issues [3–8]. Chemical Oxidation Demand (COD) values of OMWW may reach 150 g/L
while suspended solids could reach up to 190 g/L [3–7].
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Nowadays, there three kinds of oil extraction systems are used around the world, namely: the
pressure process (olive presses), 2-phases decanter separation and 3-phases decanter separation.
Two-phase systems are fully implemented in Spain and in Cyprus, while Greece, Tunisia, and Italy still
use both systems, but mainly 3-phase ones [3,4]. Two phase systems generatesa paste-like waste called
“alperujo” or “2-phase pomace”. Two phase systems have a low polluting charge since they consume
15 kg water per 100 kg olive processed [6]. The 3-phase system generates two main residues: a solid
residue named olive mill solid waste (OMSW) and a liquid effluent named olive mill wastewater
(OMWW). The average amount of olive mill wastewater (OMWW) produced during the milling
process is 1.2–1.8 m3/t of olives, thus generating over 30 million m3 of OMWW per year and in the
Mediterranean region [1–4,6].

OMSW is considered a green energy source and has a special interest as a source of biofuels
for energy production via combustion processes [5]. However, due to the fact that OMWW presents
several negative environmental impacts [1], specific management aiming to minimize, valorize and
reduce even more those impacts are needed. Several methods are applied such as land spreading and
composting [3,4,9,10] as well as chemical, electrochemical oxidation and anaerobic treatment [11,12].
However, land spreading may cause groundwater contamination and bad odor. Currently, larger
quantities of OMWW are generally discharged to natural aerated basins which take too long time to
dry [9]. Indeed, as result of sun heating and airflow, a crust rapidly covers the exchange surface and
reduces consequently the drying kinetics slowing down the drying step (Figure 1). Figure 1 shows
two photographs of the OMWW sample used in this study before drying (Figure 1a) and the same
sample after two hours of drying (Figure 1b). In particular, before storage in natural basins, OMWW is
a homogeneous brown liquid as indicated in Figure 1a while after 2 hours of drying, a black thick and
hard crust with a plastic consistency covering the liquid is present (Figure 1b).
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Thermal treatment seems to be a promising technique due to the energy content of the
OMWW [13]. Recently, a combined strategy for the treatment of OMWW has been developed [5,14].
This strategy includes the impregnation of the OMWW on low cost biomass such as sawdust or OMSW
and the production of green pellets. The combustion of these green pellets in domestic boilers has
demonstrated good efficiencies (>80%), higher than the values required by the European Standards [5].
However, some limitations were observed such as the increase in ash content and particulate emissions
due to the high content of K, Cl and Na in OMWW.

Therefore, there is a need to adopt the same environmental friendly strategy for the recovery
of OMWW and to replace the combustion step by a second thermochemical process such as
pyrolysis [15,16], which has the advantage of producing solid, liquid and gaseous products that
could be recovered in different manners [15,16]. The gaseous products have a high caloric value
and could be used as fuel in the pyrolysis process. The liquid products are also useful as a biofuel
and could be added to petroleum refinery feedstocks [15,16]. Finally, the solid product, named char,
is rich in mineral contents and can be used as a biofertilizer [17]. However, the pyrolysis of the



Energies 2017, 10, 1423 3 of 16

impregnated OMWW should be preceded by a drying step. In fact, higher moisture contents decrease
the pyrolysis efficiency as well as the pyrolysis product quality. In addition, the drying step could be
useful for the recovery of water which can be also used for irrigation. Therefore, the success of the
whole environmental recovery strategy demands a study of the drying of impregnated samples for the
process optimization.

Drying of agricultural and agrifood byproducts has been studied in the literature. Among the
different methods of drying, natural drying [18], convective drying [19] and solar drying [20] are
conventionally used. Natural drying has the lowest installation cost, but requires a high storage
volume. Convective drying reduces considerably the drying times and storage volume, but requires
expensive installations and high electric energy costs. Solar convective drying is considered as the most
efficient technology but it is also the most expensive. The selection of the suitable technology depends
on several factors, including the product categories, the available surface and the weather conditions.

Several studies [21–28] have examined the drying of olive mill wastes using different drying
systems. The drying process is generally a complex phenomenon where convection and diffusion
phenomena participate. Such complexity is due to the heterogeneity of the products like particles
formed from pits and pulp of different size, vegetation water, the presences of sugars as well as
variations in air velocity and temperature. Convective dryers are generally the most applied technique
for the drying of olive mill wastes [21,22]. Doymaz et al. have examined the drying of olive cake by
cabinet air drying at a constant air velocity of 1.2 m/s for different sample thicknesses and temperatures
ranging between 80 and 110 ◦C [21]. Celma et al. [22] and Montero et al. [23] have studied the solar
drying of the OMSW generated by the two-phase extraction system. Both studies compared different
heat transfer configurations, including solar energy (coupled with heat from electrical resistances),
natural convection and forced convection. In addition, Celma et al. [22] have examined the effect of
several parameters such as temperature (20–80 ◦C), air velocity (1–7 m/s) and bed thickness (6–40 mm).
Liebanes et al. [24] have tested the performance of fluidized beds for the drying of 2-phase olive waste.
They have noted that fluidized bed techniques allow high drying rates at low temperature. However,
the fluidized bed reactor was not adapted due to the high moisture content (>50%).

Previously investigations were basically dedicated to the determination of the drying kinetics
derived from experimental tests for various operation conditions. Recently, Gomez de la Cruz et al. [27]
have evaluated the different mathematical models of the drying curves presented in various
investigations in literature. They have also analyzed the model parameters as well as the effective
moisture diffusivity and activation energy values. Authors have highlighted the complexity of
the physical process due to the heterogeneity of 2-phases-olive mill wastes which include skin,
pulp, vegetation water, pits, residual olive oil and several organic compounds such as sugars
and polyphenols.

As mentioned previously, the main results available in the literature are concerned the OMWW
generated from 2-phase extraction systems. The absence of investigations on the OMWW (vegetation
water) generated by 3-phase extraction systems may be attributed to its higher moisture content and
also, as shown in Figure 1, to the black crust formation. Therefore, the OMWW impregnation on
dry biomasses allows reducing the moisture content and also the adsorption of mineral contents and
organic compounds. Hence, this work examines the drying of OMWW generated by a 3-phase system
after impregnation on dry biomasses such as sawdust and olive solid waste. The main purpose is to
determine for the first time the effect of the impregnation on the OWMM drying and to establish the
drying kinetics required for the large-scale dryer design.

2. Experimental Procedure

2.1. Samples Preparation

The OMWW and OMSW used in this study were collected from a typical 3-phase olive mill located
in Tunisia. Sawdust was provided from a sawmill located in Illfurth, France (Nollinger Sawmill). The
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physico-chemical properties of the OMWW as well as the OMSW and sawdust proximate analyses are
listed in Tables 1 and 2, respectively.

Table 1. OMWW physicochemical properties.

Parameter Value

pH 4.80
Electrical conductivity (ms/cm) 9.20

Water content (%) 78.99
Total Dissolved salts (g/L) 16.5

Biological oxygen demand in 5 days (g/L) 37.5
Chemical oxygen demand (g/L) 197

Potassium (g/L) 5.9
Calcium (g/L) 0.71

Magnesium (g/L) 2.6
Sodium (g/L) 1.7

Ammonium: N-NH4+ (g/L) 1.8

Table 2. Proximate analysis of OMSW and sawdust (wet basis).

Sample Characteristic Sawdust OMSW

Moisture (%) 9.7 10
Bulk density (kg·m−3) 103 529

Low Heating Value (MJ·kg−1) 16.4 16.9
Fixed Carbon (%) 14.5 25.5

Volatile matter (%) 75.2 61.5
Ashwb (%) 0.6 3

The OMSW and sawdust biomasses were sieved using mechanical sieve shakers (Retsch, Haan,
Germany). Only the fraction with particle diameters lower than 2 mm was selected for the impregnation
tests. During these impregnation tests, 35 g of OMSW (10% db, dry basis) or 25 g of sawdust (10% db,
dry basis) were slowly added to 100 g of OMWW (85% wb, wet basis) and were mixed during 2h.
The impregnation ratio was defined in previous investigations [13]. The OMWW-OMSW blend was
labelled Impregnated Solid Waste (ISW) while the OMWW-Sawdust blend was labelled Impregnated
Sawdust (IS). The impregnation tests were performed in triplicate. The impregnated samples are stored
in a waterproof plastic container of 2 L. The initial moisture contents of the studied biomasses are X
wb = 0.85 (X db = 5.67) for OMWW, X wb = 0.64 (X db = 1.78) for ISW and X wb = 0.70 (X db = 2.33)
for IS.

2.2. Drying Equipment

Experimental drying of OMWW, ISW and IS was performed using the forced convective dryer
shown in Figure 2.

The pilot dryer used is manufactured from stainless steel, and includes a balance to monitor the
sample mass with the drying time. Balance, temperature and velocity sensors are connected to a data
acquisition system. The sample mass was recorded each 2 seconds allowing the determination of the
moisture content evolution with time. During the drying test, a fan (1) introduces air in the dryer via a
pipe (2) for low flows. Air is supplied in the drying chamber (6) via a cylindrical vein (3) and heated
by electric resistances (4). The drying chamber is set on a balance (7).

Figure 3 presents the flowchart of the different sensors with their connections used in the system
in order to provide more information on the drying process.

The fan (V) is a 400 V three phase, 7.5 kW centrifugal fan (FE SGI P4 ALG 132, Ferrari Industrial,
Arzignano, Italy) controlled by the dialogue window and the air flow rate can range from 60 m3/h
(0.53 m/s) to 700 m3/h (6.2 m/s). To measure the flow rate an air flow measuring blade (DP) is used
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(KIMO Debimo 150, Montpon Ménestérol, France) error between 3 to 5% depending of the installation).
The heating system consists of three electrical heating resistances (three phase star connected) of 9 kW
each. The control system can limit the output power from 5 to 100% of the maximal power. The air
temperature control is carried out by PID adjustment loops from the air temperature TT1 by controlling
with on/off energy input. The balance is a Argeo TQ 60 (Dini, Taunton, United Kingdom) with an
on board weighting system (Dini Argeo DFWLB) connected with the data acquisition module and
accessible via the dialogue window. The drying chamber is placed on a weighting pan to continuously
measure the mass loss. Four thermal sensors (PT 100 sensors, class A (±0.15 + 0.002T, T (◦C))) are
located in the drying chamber to measure the temperature of the sample. Two thermal/relative
humidity sensors are at the chamber inlet and outlet (KIMO SHDI-150 (±1.5% HR)). All these sensors
are connected to a data acquisition module (D9 5150-0100, ASCON, Vigevano, Italy) and controlled
by a dialogue window (touch screen) (ASCON OPMT 8070 iE). After each experiment, the data are
transferred and saved with an USB drive.
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During the drying tests, wet samples of around 0.3–0.5 cm thick (uneven surface) are placed on a
plate in a rectangular slice (10 × 10 cm). The operating temperatures were 40, 50 and 60 ◦C while the
air velocities were 0.7, 1.0 and 1.3 m/s respectively. These values were selected based on the drying
temperature range (20–70 ◦C) used for food products [21]. Indeed, in previous studies [28] it was
mentioned that a high drying temperature ≥70 ◦C may change agrifood byproducts’ quality. In our
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case, the low-grade temperature drying limits organic compound devolatilization. Air velocity values
were selected in the same usual range of agrifood convective drying (0.5 to 1.5 m/s) in order to have
the best efficiency/energy cost compromise [27,29]. The convective drying is currently well-known as
an efficient solution and the thermohydric behavior of thin layer is chosen for this research. The drying
time is defined as the time needed to reach a final moisture of X db = 0.2 (X wb = 0.18) corresponding
to a moisture content compatible with an outside storage (under shelter) without moisture adsorption.

3. Theoretical Approach

3.1. Moisture Content

The moisture content (X) of the samples is calculated by the following equation:

X =
m(t)− ms

m(t)
(1)

where, X is the moisture content of sample at time t (kg/kg, wb), m is the mass of sample (g) and ms is
the mass of dried sample (g).

3.2. Drying Kinetic Models

Table 3 presents the kinetic models for thin layer drying. These models are often used for biomass
and agrifood products since they assume that mass transfer during drying is mainly controlled by
diffusion into the product [30–35].

Table 3. Kinetic models for thin layer drying.

Model Name and References Equation (X (db))

Henderson and Pabis [31] X = aexp(−kt)
Logarithmic [30] X = aexp(−kt) + c

Wang and Singh [32] X = 1 + at + bt2

Diffusion approach [33] X = aexp(−kt) + (1 − a)exp(−kbt)
Simplified Fick diffusion [34] X = aexp(−c(t/L2))

Midilli–Kucuk [35] X = aexp(−ktn) + bt
Page [36,37] X = aexp(−ktn)

3.3. Diffusion Coefficient

Several authors have used Fick’s second diffusion law to investigate the drying of different
products [38–41]. Senadeera et al. [41] have studied the drying of vegetable materials by using Fick
equations. Montero et al. [40] have used Fick diffusion theory to investigate drying of byproducts from
olive oil processing. Celma et al. [26] have also used the same law for the thin layer infrared drying of
wet olive husks. During this investigation, they assumed that the water mass transfer is diffusive in
the material with negligible shrinking.

According to this hypothesis, mass balance can be expressed as:

∂X
∂t

= De f f ∆X (2)

With ∆ is the differential operator Laplacian and Deff the effective diffusivity coefficient of water
in the medium. Crank [42] has developed an analytical solution of the partial differential equation.
During the equation resolution, he assumed that the mass transfer is mono-dimensional and the initial
moisture content is uniform. He has solved the partial differential equation (homogeneous case) by
the classical Fourier method (i.e. separation of variables). This method can be used for a variety of
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regular forms of wet products (rectangular, cylindrical, spherical). The analytical solution is applicable
for food products having a uniform initial distribution of moisture:

X =
8

π2

∝

∑
n=0

1

(2n + 1)2 exp (−
(2n + 1)2π2De f f t

e2 ) (3)

with e being the thickness of a product slice (m).
For long drying periods, the series can be approximated to his first term. This approximated

equation is a linear curve in logarithmic form:

ln X = ln
8

π2 −
π2De f f

e2 t (4)

3.4. Activation Energy

The activation energy during the drying of samples could be also determined. This parameter
concerns the energy required to start mass diffusion phenomenon in the products. This equation
is generally assumed as an Arrhenius low. It is used to model the effect of temperature on
diffusion coefficient:

De f f = D0 exp
(
− Ea

RgT

)
(5)

where D0 is the pre-exponential factor of the Arrhenius law (m2/s), Ea is the activation energy (KJ/mol),
Rg is the perfect gas constant (8.314 J/mol·K) and T is the absolute temperature (K) in the material
which is assumed to equal the air temperature.

4. Results and Discussions

4.1. Experimental Drying Tests

Table 4 shows that the drying time for OMWW is higher than ISW and IS for the different
operating conditions. The obtained results indicated the drying of the impregnated samples is twice
as fast as that of the OMWW sample. The analysis of the operating conditions effect shows that,
as expected, the higher the temperature is, the faster the drying is. However, the influence of air
velocity is more complex. In fact, at low temperature (40 ◦C) and low and medium air velocities
(0.7–1.0 m/s), the IS sample drying occurs faster than ISW and OMWW. On the contrary, drying times
for velocities of 1.0 m/s to 1.3 m/s are close, especially for drying of IS and ISW at high temperatures.
Indeed, the air velocity is a limiting factor when the airflow is unable to evaporate and transport water
at the product surface.

Table 4. Drying time versus drying air conditions.

Conditions Biomasses Drying Time (min)

Temperature (◦C) Velocity (m/s) OMWW ISW IS

40
0.7 353 221 188
1.0 313 167 122
1.3 274 121 121

50
0.7 238 140 136
1.0 163 92 95
1.3 131 105 97

60
0.7 124 60 51
1.0 116 52 48
1.3 107 51 49
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Figure 4 shows an example of moisture content evolution versus time for OMWW, ISW and IS
samples (operating conditions: T = 60 ◦C and V = 0.7 m/s). It is clearly shown that drying of OMWW
requires more time than the impregnated samples. This behavior may be attributed to the remaining
thin layer of oil which rises to the surface and inhibits moisture evaporation. Indeed, there is formation
of a crust, as shown in Figure 1, due to the oil fraction on the surface during OMWW drying which
consequently reduces mass transfer.
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Regarding OMWW drying (Table 4), air temperature and velocity have significant influence
on drying time. Figure 5 presents the evolution of moisture ratio versus time for OMWW for three
operating temperatures and for a fixed drying air velocity equal to 1 m/s.
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Figure 5. Moisture ratio (X) evolution of OMWW for 1 m/s of air velocity.

The obtained results indicate that the drying kinetics are similar during the first 30 min for the
three different samples. This time corresponds to the formation of a thin layer (smooth and shiny).
From 30 to 120 min, a second step of drying is observed where an influence of air temperature is
measured and the layer is thickening and browning to form a black crust. After this step, the impact of
temperature on drying kinetics is more significant. Such impact could be explained by crack formation
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that becomes important with increasing temperature. The same steps were observed for the different
air velocities.

4.2. Drying Kinetics

Different kinetic models were used to fit the experimental curves obtained during the drying tests.
All the studied models except the Wang and Sing model are able to approximate well the experimental
drying curves. The model with the minimum of adjustable parameters, which allows fitting well the
experimental data is Henderson and Pabis. Indeed, the other models have three or more adjustable
coefficients and can be equal to the Henderson and Pabis model with simplification (For example, the
Henderson and Pabis model is a simplification of the logarithmic model for parameter c = 0).

This model is considered to be one of the most commonly used to describe the drying of agrifood
products. Nadhari et al. [39] have used this model to describe the drying of olive solid waste. They
have found that experimental results are almost equal to the results calculated from the specific model.
Figure 6 indicates typical experimental and predi cted (Henderson and Pabis model) curves for ISW
and IS drying (operating conditions: 50 ◦C and 1 m/s).
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The kinetic model fits well the experimental results except the drying kinetics of OMWW carried
out at low temperatures (40 and 50 ◦C) as well as for tests performed at 60 ◦C. The determination
coefficient (R2) was higher than 0.97. Indeed, the form of the curves is different and cannot be described
by the model. In particular, the model fits well during the beginning of the drying (up to X (wb) = 0.40)
as observed in Figure 7. Below X (wb) = 0.40, a discrepancy between experimental and predicted
curves is observed. Such behavior may be attributed to the crust formation.
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In order to take into account the crust formation, the model of Henderson and Pabis was used
with a variable coefficient k (apparent kinetic constant) according to the formation and thickening of
the crust (see Table 5). Figure 8 shows the experimental and calculated results of the moisture content
(wet basis) and the apparent kinetic constant values evolution with time.
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As Figure 8 indicates, the apparent kinetic constant is decreasing as the crust gradually thickens.
For all the tests, k is constant within the first 60–70 min and then decreases linearly. In particular,
it decreases about 50% (x = 0.5) for drying test carried out at 40 ◦C and about 25% (x = 0.25) for drying
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test at 50 ◦C. Hence, we can assume that k(t) can be expressed according to the following equation
(Equation (5)):

k(t) =
k0 i f t < τ ≈ 60 − 70 min

k0

(
1 − x (t−τ)

(td−τ)

)
i f t > τ ≈ 60 − 70 min

(6)

with x = 0.5 at 40 ◦C and 0.25 at 50 ◦C and td is the drying time (Table 4). For the drying tests at 60 ◦C,
the kinetic constant according to time is closed to 0.

Table 5. Results of drying curve parameters described by Henderson and Pabis model.

T (◦C) V (m/s) OMWW ISW IS

40 ◦C

0.7
a = 5.67 (r2 = 0.99)

k0 = 3.0 × 10−4 s−1

td = 353 min, x = 0.51

a = 1.80 (r2 = 0.99)
k = 1.7 × 10−4 s−1

a = 2.30 (r2 = 0.96)
k = 2.7 × 10−4 s−1

1.0
a = 5.67 (r2 = 0.98)

k0 = 3.5 × 10−4 s−1

td = 313 min, x = 0.49

a = 1.80 (r2 = 0.96)
k = 2.3 × 10−4 s−1

a = 2.30 (r2 = 0.95)
k = 3.5 × 10−4 s−1

1.3
a = 5.67 (r2 = 0.98)

k0 = 3.7 × 10−4 s−1

td = 274 min, x = 0.51

a = 1.80 (r2 = 0.94)
k = 3.0 × 10−4 s−1

a = 2.30 (r2 = 0.98)
k = 3.7 × 10−4 s−1

50 ◦C

0.7
a = 5.67 (r2 = 0.98)

k0 = 3.2 × 10−4 s−1

td = 238 min, x = 0.80

a = 1.80 (r2 = 0.98)
k = 2.7 × 10−4 s−1

a = 2.30 (r2 = 0.95)
k = 3.0 × 10−4 s−1

1.0
a = 5.67 (r2 = 0.99)

k0 = 4.7 × 10−4 s−1

td = 238 min, x = 0.72

a = 1.80 (r2 = 0.97)
k = 4.3 × 10−4 s−1

a = 2.30 (r2 = 0.97)
k = 4.5 × 10−4 s−1

1.3
a = 5.67 (r2 = 0.99)

k0 = 5.0 × 10−4 s−1

td = 238 min, x = 0.83

a = 1.80 (r2 = 0.92)
k = 4.0 × 10−4 s−1

a = 2.30 (r2 = 0.97)
k = 4.2 × 10−4 s−1

60◦C

0.7
a = 5.67 (r2 = 0.97)
k = 5.0 × 10−4 s−1

a = 1.80 (r2 = 0.97)
k = 4.8 × 10−4 s−1

a = 2.30 (r2 = 0.95)
k = 5.8 × 10−4 s−1

1.0
a = 5.67 (r2 = 0.95)
k = 5.2 × 10−4 s−1

a = 1.80 (r2 = 0.91)
k = 5.8 × 10−4 s−1

a = 2.30 (r2 = 0.99)
k = 7.2 × 10−4 s−1

1.3
a = 5.67 (r2 = 0.92)
k = 5.3 × 10−4 s−1

a = 1.80 (r2 = 0.93)
k = 6.7 × 10−4 s−1

a = 2.30 (r2 = 0.97)
k = 7.2 × 10−4 s−1

4.3. Diffusion Coefficient and Activation Energy Determination

The effective diffusion coefficient values can be estimated by plotting experimental curves of lnX
according to Equation.4 as function of time. In the particular case of OMWW drying at low grade
temperature, the curve is linear at the beginning and becomes a quadratic form.

Values of the diffusion coefficient of various studied cases are determined and reported in Table 6.
Table 6 shows that, diffusion coefficient increases with air temperature and velocity during drying.

It ranges from 2.8 × 10−10 m2/s for ISW drying (0.7 m/s at 40 ◦C) and 1.17 × 10−9 m2/s for IS
(1.3 m/s and 60 ◦C). The obtained values in the present study are in the same range to the ones
obtained in previous studies [41–45]. For example, Doymaz [45] obtained effective diffusion coefficient
in the range (2.6–5.7 × 10−9 m2/s) for convective drying of green beans in the temperature range
of 50–70 ◦C. For wet olive husk drying at 80 ◦C, Celma et al. [26] obtained Deff ≈ 6 × 10−9 m2/s.
The estimated diffusion coefficient of impregnated sawdust is higher than ISW and OMWW (for
results at 60 ◦C). The diffusion coefficients for impregnated biomasses increase slightly with the air
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velocity and significantly with temperature. This phenomenon, well-known in drying processes,
is due to the competition between diffusive mass transfer into the material and the transfer with air
at the interface [46,47]. The comparison of the OMWW results with impregnated biomasses shows
that the initial effective diffusivity is higher than the ones for ISW and IS and close to the value
of theoretical diffusivity. Indeed, the diffusivity of pure water in OMWW calculated according to
Stokes-Einstein equation is around 5 × 10−10 at 40 ◦C. This value strongly depends on the fluid
viscosity and consequently on the temperature.

Table 6. Effective diffusion coefficients for different drying conditions Deff × 1010 m2/s.

T (◦C) V (m/s) OMWW ISW IS

40 ◦C
0.7 4.8 2.8 4.4
1.0 5.7 3.7 5.7
1.3 6.0 4.9 6.0

50 ◦C
0.7 5.2 4.4 4.9
1.0 7.6 7.0 7.3
1.3 8.1 6.5 6.8

60 ◦C
0.7 8.1 7.8 9.4
1.0 8.4 9.4 11.7
1.3 8.6 10.9 11.7

For comparison, the initial values are given in italic.

The activation energies during the drying of the different samples were also determined. Figure 9
is the plot of ln(Deff) values obtained for ISW drying versus 1/T for the three studied air velocities.
The activation energy is deduced from the slope of the line (−Ea/Rg).
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The calculated values of the activation energy and pre-exponential coefficient are given in Table 7
for ISW and IS drying tests. The results show that activation energy and pre-exponential factor decrease
with air velocities, especially for high air velocities.

Estimated values of Ea and D0 obtained vary between 28.7 and 44.9 KJ/mol and 0.00848 and
3.0 × 10−5 m2/s, respectively. Except for OMWW, which is not a granular medium, an increase of
drying air velocity leads to a slight decrease in the activation energy of both IS and ISW. Activation
energy and pre-exponential constant obtained with ISW are higher than IS. This can be partially
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explained by the higher porosity of sawdust facilitating the mass transfer. An increase in the
effective diffusion coefficient is observed according to the air temperature and also with the velocity.
Nevertheless, Ea and D0 values do not always follow a direct proportional dependence with velocity of
drying air. Babalis et al. have observed this phenomenon [44]. They have explained by the temperature
effect, which acts in the biomass bed and at the interface (air / biomass bed) while the air velocity
facilitates the mass transfer exclusively at the surface.

Table 7. Activation energy and pre-exponential constant.

ISW IS

V (m/s) 0.7 1.0 1.3 0.7 1.0 1.3
Ea (KJ/mol) 44.9 40.2 34.7 32.9 31.2 28.7
104D0 (m2/s) 84.8 20.2 2.9 1.2 0.9 0.3

To the best of our knowledge, there are no available results for biomasses impregnated with
OMWW in the scientific literature, but some of them present results for olive oil residues. For example,
Gomez de la Cruz et al. [27] summarized different results (from several studies) for the convective
drying of olive solid wastes (pomace). The activation energies ranged between 18 and 27 kJ/mol for
similar operating drying conditions. The pre-exponential constants are very different since they are
10−9–10−7 range. A major result obtained during this study is the significant increase of this coefficient
when the experimental tests are performed with slim samples (from 10−9 for 8 mm thick to 10−7

for 6 mm thick). Moreover, the samples were between 3 and 5 mm thick. Although no results exist
for impregnated biomasses in the literature, many works have studied agri-food products. Table 8
summarizes the existing references regarding the corresponding activation energies.

Table 8. Activation energy for various products drying.

Product Ea (KJ/mol) Reference

Carott 28.36 [48]
Red Date 35.17 [49]

Chilli pepper 41.95 [50]
Potatoes 20.00 [51]
Tomatoes 32.94 [52]

It can be noted that the activation energy values obtained from this study are in the same order
of magnitude as those published in literature for several food products (Ea estimated values range
between 28.7 KJ/mol and 44.9 KJ/mol).

5. Conclusions

OMWW, an aqueous effluent generated by the industry of olive oil, represents a major
environmental concern in the Mediterranean countries. An encouraging strategy includes OMWW
impregnation on lignocellulosic biomass, followed by drying and pyrolysis steps. The drying step was
examined in this Part 1 of a paper series detailing a promising strategy for the conversion of OMWW
from a pollutant into other products with high added value.

During this investigation, two dry biomasses, namely sawdust and olive solid waste, were used
for the OMWW impregnation. Drying tests were performed in a convective dryer. Experimental
results showed that the drying time of OMWW is slowed down by the formation of a crust at the top
of the liquid. However, the impregnation of OMWW on a well-calibrated and selected solid biomass
accelerates the drying process. The drying kinetics of the impregnated biomasses were well fitted by
the Henderson and Pabis model. However, the dying kinetics should be adjusted in order to take into
account the crust thickness. The proposed method for OMWW impregnation is a promising route in
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order to limit the cost of the drying step. Nevertheless, particular attention should be paid to the scale
up since large masses of olive mill wastewater are handled and similar surface/volume ratios should
be respected.
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