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The drying of flexible plastic waste is a current industrial problem in the plastic recycling sector. The thermal
drying of plastic flakes is considered the most expensive and the most energy-consuming step in the recycling
chain, which represents an environmental issue. This process is already present on the industrial scale but not
well described in the literature. A better understanding of this process for this material will lead to the design of
environmentally efficient dryers with an improved performance.

The objective of this research was to investigate the behavior of flexible plastic in a convective drying process
at a laboratory scale. The focus was to study the factors affecting this process such as velocity, moisture, size and
thickness of the plastic flakes in both fixed and fluidized bed systems and to develop a mathematical model for
predicting the drying rate considering heat and mass transfer of convective drying. Three models were inves-
tigated: the first one was based on a kinetic correlation of the drying, and the second and third models were
based on heat and mass transfer mechanisms, respectively. It was found that heat transfer was the predominant
mechanism of this process, and the prediction of the drying was possible. The mass transfer model, on the other
hand, did not give good results. Amongst five semi-empirical drying kinetic equations, three equations (Wang
and Singh, logarithmic and 3rd-degree polynomial) provided the best prediction for both fixed and fluidized bed

systems.

1. Introduction

Most plastic flexible films such as bags, food and agriculture pack-
aging are considered as disposable plastics or single-use plastics because
their recovering rate is very low, considering that the recycling tech-
nologies which are currently used have been developed for rigid plastic.
Despite their low recycling rate, the consumption of plastic films is
increasing sharply. Estimates for total polyethylene (PE) flexible films
on the market are between 8.5 and 9 Mt per year, and the total flexible
films demand across all polymers is estimated to be 13-15 Mt per year
(Plastics recyclers Europe, 2020). The increase in the consumption of
this type of plastic is largely due to the many cost and efficiency benefits
that can be achieved in the supply chain. Significant environmental
benefits can also be achieved by switching from a rigid to a flexible
format, with savings of over 50 % in material and energy consumption
helping to drive this trend (O Farrell K. and H. Lewis, 2013; Patel et al.,
2000).

Around 25.8 million tonnes of plastic waste are produced in Europe
each year, 59 % of which are flexible packaging waste (European
Commission, 2018), but only 32.5 % of this waste was recycled in 2018

* Corresponding author.
E-mail address: ib51 @alu.ua.es (I. Berkane).

https://doi.org/10.1016/j.wasman.2023.05.054

(Combe, 2020). According to (The recycling magazine, 2018), the Eu-
ropean Union (EU) recycling rate for flexible PE was roughly 31 % in
2018. This rate is very low compared to the target adopted by the EU,
which sets the objective of recycling 55 % of plastic packaging by 2030.
For this reason, a lot of research is devoted to improving the recycling of
this type of waste.

Mechanical recycling is the widely adopted technology for large-
scale treatment of plastic waste. It has the potential to save the pro-
cessing energy as well as chemical energy compared to other recovering
processes such as chemical recycling. Depending on the type of polymer,
the processing energy of polymers ranges from 27 MJ/kg (PE) to 53 MJ/
kg (PET) (Kaiser et al., 2018). The environmental benefit of mechanical
recycling results from the savings of processing energy minus the energy
used to collect, transport, and reprocess the plastic (~9 MJ/kg) (Kaiser
et al., 2018). It consists of several operations such as collection, sorting,
shredding, washing, drying and regranulation. Critical steps are washing
(to remove the organic residues and contaminants) followed by the
drying process, and two or more washing-drying processes may apply to
remove the maximum of dirtiness and contaminants (Garcia & Rob-
ertson, 2017); (Briassoulis et al., 2013).

The disadvantage of mechanical recycling refers to the heterogeneity
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Nomenclature

A surface of the plastic flake (m?)

a, b and ¢ Antoine coefficients

a=38.07,b=1730.63 ¢ =233.42 (T in C and P in mm Hg)

Cpa thermal capacity of air (kJ kg~! K1)

Cp, thermal capacity of water vapor (kJ kg~! K~1) Cp,,: thermal
capacity of water (kJ kg 1 K1)

Cps thermal capacity of plastic (PE) (kJ kg™ K)

C; the concentration of water vapor at the plastic surface (kg
m~3)

Coo the concentration of water vapor in the air (kg m~>)

D diffusion coefficient of water vapor in air (m?
) (D = 1.87’10%)

D Diameter of the tube (m)

d, Equivalent diameter of the plastic flakes (m)

ds Bed diameter (equivalent to dh) (m)

dh Hydraulic diameter of the tube (m)

ds bed diameter considered equivalent to dj, (m)

[ plastic thickness (um)

ey water layer thickness (um)

h Heat transfer coefficient (J STKTm?

hpeq Heat transfer coefficient of bed of plastic flakes (J S~* K~!
m’z)

k Mass transfer coefficient (m s~1)

K Drying rate constant )]

L length of the tube (m)

L Characteristic length (m)

%M moisture content in the plastic (kg of water/ kg of wet solid x
100)

Mp,0 Molecular weight of water (kg/mol)

m, vapor mass flow rate (kg/s)

my, water mass (kg)

Mg air mass flow rate (kg s~1)

mg plastic mass (kg)

R Gas constant (8.314 J K~ ! mol™);

S Total surface area of the plastic bed (i m?)

P, air partial vapor pressure (Pa)

P plastic surface partial vapor pressure (Pa)

Q Thermal energy needed for evaporation process (J.S™1)

Ta air temperature (K)

Ty reference temperature, Ty = 273.15 (K)

Ts temperature on the surface of the plastic flakes (K)

T drying time (s)

y air velocity (m sh

A thermal conductivity of air (W m~ k1

AH,q, enthalpy of vaporization (kJ kg™

u air viscosity at T = 50 °C (kgm 1s71)

Hp air viscosity at temperature T (kg m s
with:, = 1075(0,0046.T, + 1.7176)

P air density (kg m=3);

Pp plastic density (kg m=3);

Pw water density (kg m3);

Dimensionless numbers:

Re Reynolds number

Re, Reynolds number of particles (Rep = #)

Pr Prandtl number (Pr = %)

Nu Nusselt number (Nu = hb”‘jl—'d”)

Sc Schmidt number (Sc = /%)

Sh Sherwood number (Sh = k&)

of the material and the deterioration of the product’s properties in each
cycle of the processing chain, especially in the extrusion unit, which is
caused by the existence of impurities and the presence of water during
extrusion (Grigore, 2017). The problem of moisture is more present in
the recycling of flexible plastic packaging. This makes most current
material recovery installations have difficulties in manipulating flexible
plastic packaging because of the different handling characteristics and
the contamination of recycled material contributes to the decrease in
quality and increase in variability of the regenerated polymer (Schyns &
Shaver, 2021). However, some plastic films are currently recycled like
shrink wrap and boxes, so this is feasible under the right conditions
(Hopewell et al., 2009). Thus, an effective dewatering process is
necessary to avoid the problem of moisture, which decreases the pro-
ductivity and quality of the extrusion process.

The common drying system used industrially to dry the polymers is a
mechanical dewatering system using centrifugal dryers. Specifically, a
multistage centrifuge system is recommended for the best dehumidify-
ing of polymers and efficiency (Hasan & Mujumdar, 2006). A centrifugal
dryer uses centrifugal or spinning force to remove a portion of water
from plastic flakes, and it is the immediate operation to dry different
plastic types like PET flakes and PP/PE flakes (ASC, 2020; Hasan and
Mujumdar, 2006). Centrifugal machines can lower the moisture content
up to 12 % for flexible flakes and to about 5 % for rigid flakes (Hor-
odytska et al., 2018; Larrain et al., 2021; ASC, 2020). However, in order
to maintain a stable extrusion, the moisture content of plastic flakes
entering the extruder should be below 1 % (Shen and Worrell, 2014;
Bustos Seibert et al., 2022), knowing also that an extruder with inno-
vative technology like EREMA type can process up to 12 % of moisture
(EREMA, s.f.). These values were estimated for rigid plastic flakes.
Nevertheless, not all the plastic flakes sorted from the centrifugal unit
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have the same moisture content, since this moisture depends on the
thickness of the plastic flakes (Horodytska et al., 2018). It is assumed
that the moisture content is inversely proportional to the thickness of the
plastic, and the thinner the plastic the more water it retains in propor-
tion, and like the flexible plastic is thinner than the rigid, those moisture
values required for extruders may be not achieved when the material is a
flexible plastic film. Moreover, the behavior of flexible plastic is
different from rigid plastic. According to (Horodytska et al., 2018), the
retained water in the rigid plastic is present as superficial, whereas as the
flexible plastic flakes tend to hold and fold, the water is also retained by
capillarity and trapped by tortuosity, unlike rigid flakes that contain
only free water after sorting from the washing unit. Therefore, it is
supposed that the flexible plastic contains more water than the rigid
plastic and since the flexible plastic cake is compressed by the centrif-
ugal force, it is quite hard to remove the water retained by capillarity
and tortuosity.

Therefore, a centrifugal dewatering process is not sufficient for
efficient dewatering and safety of recycling units, so some studies have
recommended adding a thermal drying unit at the final stage of the
dewatering process. Thermal drying is an excellent way to remove
moisture from flexible plastic through the introduction of hot air. It
reduces residual moisture present on the surface of plastic chips (rigid or
film) for subsequent process steps, such as extrusion, and can reduce the
moisture level below 3 % (ASC, 2020). Partially dried flakes from the
mechanical dryer are vacuumed out and sent to the thermal drying
system via a transport blower. As the flakes enter the dryer, they are
mixed with hot air while traveling through the spiral tubing (thermal
drying machinery), with a working temperature usually between 40 and
80 °C (B2B PLAST, s.f.).

These dewatering systems (centrifugal and thermal dewatering)
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have been developed for rigid plastic and then extended to flexible
plastic film at the industrial scale without optimization, so to increase
the recycling rate of this type of plastic, a new high-performance recy-
cling technique with low energy consumption must be designed that
targets the quality of the polymer obtained and achieves the goals of a
sustainable circular economy. For instance, a hydraulic screw press
dewatering equipment is a new technique developed for flexible flakes.
This new dewatering system is supposed to reduce the energy con-
sumption of dewatering process and reduce the moisture content of the
plastic to 50 % compared to mechanical dewatering (Vasco et al., 2021;
RUNI Danish engineering, s.d.).

This study provides some guidelines for a better understanding of a
convective plastic dryer and discusses parameters affecting heat and
mass transport as well as the efficiency of the dryer. Given the limited
information available in the open literature regarding plastics drying,
this work can be useful in optimizing the dewatering of flexible plastic as
well as increasing the recycling rate of the plastic. Several experiments
were carried out to study the influence of different parameters (plastic
nature, plastic mass, air temperature, plastic size...). The convective
drying was improved by installing an air separator for more efficiency.
Heat and mass transfer phenomena were also studied by using different
correlations present in the literature and the calculated results for the
heat and mass transfer coefficients were compared with the experi-
mental results. The convective dewatering of plastic flakes started to be
applied on the industrial scale to remove moisture from flexible plastic
but it is not well described in the literature, and the information about
how the processing and the parameters affecting the processing of this
material are very weak. Therefore, making a further study about opti-
mization of this process is difficult. This research contributes to under-
stand more deeply the thermal drying of the flexible plastic flakes and
the parameters affecting this process.

2. Theoretical approach to the drying process
2.1. Drying mechanism

The main mechanisms of drying are surface diffusion on the pore
surfaces, liquid or vapor diffusion due to moisture concentration dif-
ferences, and capillary action in granular and porous materials due to
surface forces (Avci et al., 2001). In the case of non-porous materials
such as plastic flakes the drying consists only of the diffusion of liquid or
vapor from the plastic surface to the drying air involved by simultaneous
mass and heat transfer operation.

Generally, the drying of solid particles involves three drying periods
(Inyang et al., 2018; Akbari, 2012): the initial period, the constant rate
period, and subsequently the falling rate period. The increasing rate
period (initial period) is so important that nearly half of the drying is
complete in this period. The constant rate period is controlled by the
fluid dynamic state of the drying air (Inyang et al., 2018), the physical
form of the product and external conditions such as temperature, and
relative humidity. All of them have a great influence on the surface of
the product being dried (Avci et al., 2001). Contrarily to the constant
rate period, the falling rate period is controlled by liquid diffusion and
internal conditions of the solid material such as moisture content, the
structure of the solid and its temperature (Avci et al., 2001); (Inyang
et al., 2018).

The evaporation proceeds as if it occurred from a free liquid with its
surface at the wet-bulb temperature. In this situation, the rate of evap-
oration of a particular solvent is largely dependent upon the surface heat
and mass transfer coefficients (Inyang et al., 2018).

2.2. The moisture content in flexible plastic
The water present on the wet plastic is superficial or external water,

which is on the surface of the solid particle, and so this moisture can be
removed by evaporation. Assuming that the water is spread over the
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entire plastic flakes surface with a constant thickness e, (Fig. 1) after
sorting from the washing unit, we can conclude that the moisture con-
tent (%M, defined as kg of water/ kg of wet solid x 100) varies inversely
with the plastic thickness ep. Thus, the thickness of the water in the
plastic given %M and e, can be calculated using the following
expression:

%M = —"™"_ 5 100
my, +m,
A wHw wHw
%M = _ AP = _ OGPy x 100 €))
Aeyp,, +Aeyp, ewp,, +epp,

Here, p, and py are plastic and water densities (kg m™3), ep and ey
are plastic and water layer thicknesses (um), respectively, and A is the
plastic flake surface (cm?).

As mentioned previously, the moisture content in the plastic material
is inversely proportional to the plastic thickness. Thus, a thinner plastic
retains more moisture than a thicker one. with the consideration that the
water layer thickness on the plastic surface is constant no matter the
thickness of the plastic. these results are presented in Figure S1 (sup-
plementary material).

2.3. Kinetic correlation model for drying

Several research on the study of the kinetics of thin-layer drying was
performed with various agriculture products such as corn (Wetchacama
et al.,, 2001), grains and fruit (Avci et al., 2001), and sludge (Danish
et al., 2016), Models are needed to enable process design and to mini-
mize energy consumption and total costs subject to quality constraints.

The kinetic model of the moisture transfer during a drying process
can be firstly assumed to follow a first-order differential equation of this
type:

dX

T KX -X,)
Where X is the material moisture content (dry basis, kg water/kg dry
solid) during drying, X, is the equilibrium moisture content of dehy-
drated material, X; is the initial moisture content, K is the kinetic rate
constant for the drying (min’l), and MR is the moisture ratio.

The integration of this equation gives:

XX
=X x

MR —Kt

(2)

This equation fits the Lewis model introduced in 1921 (Avci et al.,
2001); (Danish et al., 2016); (Haghi & Ghanadzadeh, 2005).

MR can be calculated using the experimental data by calculating the
different X at each time. If we assume that the equilibrium moisture
content X, is equal to zero, then:

X

MR="_
Xi

Different selected mathematical models predicting the drying

Hot gas flow

S

Convection

Evaporation
(heattransfer)

(mass transfer)

A=ab

~ 1.

Fig. 1. Illustration of water spreading on the plastic flakes” surface.

a
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kinetics were used to predict the drying of flexible plastic, these models
are presented in Table S1 (supplementary material).

2.4. Transport phenomena model for drying

Another way to interpret the drying mechanism of the flexible plastic
flakes is by studying the transport phenomena that this process involves.

Thermal drying consists of passing a hot gas through a bed of solid
particles. In this case, two situations could occur: when the drying gas is
at a low velocity, a fixed bed exists, whereas at high velocity, the system
behaves as a fluidized bed. Thermal drying is the combination of heat
and mass transfer operations in which the energy and evaporation of
liquid from solid can be easily characterized. On the plastic particles, the
liquid is only at the surface of these particles as a free liquid, and this
latter will evaporate from the surface at a constant rate. Evaporation
proceeds as if it occurred from a free liquid with its surface at the wet-
bulb temperature. In this situation, a particular solvent’s evaporation
rate is largely dependent upon the surface heat and mass transfer co-
efficients (Inyang et al., 2018).

2.4.1. Heat transfer model

In this section the interpretation of the thermal drying of flexible
plastic is based on the heat transfer phenomenon, since the governing
transport phenomenon in the drying process can be used to design and
analyze the drying system and the drying rate is determined by the set of
factors that affect the heat and mass transfer. For this, we supposed in
this model that the heat transfer was the governing transport phenom-
enon, and we studied this transfer independently of the mass transfer. It
was considered that the difference between the temperature of the
plastic flakes and the drying air was low, so the radiation mechanism
was assumed to be negligible. Thus, in this model only the presence of
convective heat transfer was taken into account.

The appropriate correlations from the literature for the fixed and
fluidized bed systems were used to estimate the heat transfer coefficient
theoretically and then compared with the experimental coefficient
calculated using the obtained data from experiments. Thus, if the
theoretical values of the heat transfer coefficient fit the experimental
values, we could assume that the drying process could be studied based
only in heat transfer phenomenon.

The studied factor is the heat transfer coefficient, and the corre-
sponding correlations presented in the literature were used to interpret
this factor.

The steady state transfer of heat from drying air across the boundary
layer, is expressed by the rate equation:

0= hS(T,—-T,) 3
where h is the average heat transfer coefficient, S is the surface area, T, is
the drying air temperature, Ts is the particle surface temperature and Q
is the heat flow of the drying process. The average value of h for any
given dryer is a measure of the ability of that dryer to evaporate the
liquid.

The most important problem in the drying process is determining the
heat transfer coefficient due to the lack of data and information on the
drying of plastic particles.

The theoretical prediction of heat transfer coefficient in the case of a
fixed bed was correlated by Ranz (Kunii and Levenspiel, 1991):

Nu

=2+ 1.8RePr 4)

iy
A

where hp,q is the heat transfer coefficient, d, is the equivalent diameter
of the plastic flakes, A is the thermal conductivity of the air, Re, is the
Reynold number of particles and Pr is the Prandtl number.

On the other hand, gas—solid fluidized bed systems are characterized
by temperature uniformity and high heat transfer coefficients due to the
intense mixture of the solid material by the presence of a large area of
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solid surface per unit of particle mass exposed to the gas flow. According
to Kunii and Levenspiel (1991), when Re, > 100 Nu number of a flu-
idized bed falls between the values for single sphere particles and for
fixed bed and it can be calculated using Ranz’s correlation.

Correlation for a single sphere was used to predict the heat transfer of
the fluidized bed:

_ hheddp

Nu =2+0.6Re;Pr} (5)

— . p
u’

d, = 0.567+/particlesurface

The estimation of h when very thin plastic flakes are in the dryer can
be done without taking into consideration the geometry of the particles.
In this case the correlation proposed by Sieder and Tate (Tosun, 2007)
for a flow inside tubes can be used:

With: Re, = %; In the case of non- spherical particles:

%
Nu = 1‘86(R6Pr)‘/3 i (ﬁ)o.m ©
L “,
validity:
d

RePrZ > 10

With:
Re =P p, _ CParkt ) _ Nud

H A d,

where u and u, are the air viscosity at 50 °C and at temperature T
respectively, d and L are the diameter and the length of the tube, dj, is the
hydraulic diameter of the tube, A is the thermal conductivity of the air, v
is the air velocity, p is air density and Cpg; is the thermal capacity of air.

In order to investigate the validity of the correlation used to interpret
the heat transfer for this process, the theoretical results of the heat
transfer coefficient were compared to those obtained by experimental
estimation using the energy balance of the drying process.

The heat flow of the drying is the thermal energy needed to transfer
liquid into vapor and it can be represented by latent heat of evaporation:

Q =m,AH,q,

hS(T, —T,) = ni,AH,q
where m, is the vapor flow rate, T, and T; are the air temperature and
temperature on the surface of the plastic flakes, respectively, and S is the
total surface area of the plastic bed.

We used this equation to calculate h using the experimental data:

2.4.2. Mass transfer model

With the same concept used in the previous section (2.4.1), the
predominant transport phenomenon is supposed to be now the mass
transfer, and the mass transfer coefficient is calculated using the corre-
sponding correlations present in the literature.

The moisture transfer during hot air drying occurs in general in two
successive steps, firstly from the interior of the wet solid to its surface
and secondly from the surface of the solid to the drying gas (superficial
transfer). However, for plastic flakes the moisture is present only at the
surface, so in this case the moisture transfers into vapor in the boundary
layer to the drying air and the mass transfer rate is expressed in terms of
the vaporization rate:

Mo
R

®

Pv—s Pv—n
m, = kS(C; — Cs) —kS< T )
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where C; and C,, are the concentrations of water vapor at the plastic
surface and in the air, respectively, S is the total surface of the plastic
bed, My is the molar mass of water, R is the ideal gas constant, T; and
T, are the temperatures at the surface of the plastic samples and in the
air, respectively, and k is the mass transfer coefficient.

The estimation of the mass transfer coefficient can be done using the
following correlation valid for both fixed and fluidized bed (Knudsen
et al., 1997):

Sh 0,765 . 0,365
Re,,Sc»% - Rep().SZ Rep0.386

9

With: 10 < Re, < 15000.

Experimentally, the mass transfer coefficient can be calculated using
equation (8). The partial vapor pressure at the liquid-gas interface (P,_s)
is equal to the saturation pressure at the particle surface temperature Ty,
and can be calculated using Antoine’s equation. And the partial vapor
pressure of the bulk air (P,_,) at temperature T, is calculated as shown
below:

Protl
x+0.622

The mass transfer coefficient k can be calculated easily from equation
(10), where a, b and c are the Antoine coefficients:

_ : _m
P, _,=x with.x =5

10 =
TS'

Pv—u
Ta

Mo
R

m, = kS( ) (10)

3. Materials and methods
3.1. Materials

The flexible plastic materials used to study the thermal drying were
high-density polyethylene (HDPE) and low-density polyethylene (LDPE)
films. The plastic films made of HDPE used in the experiments came
from shopping bags of the supermarket Lidl. The average thickness of
the HDPE films was 25 ym. The LDPE film was a flexible clear PE film
designed for packaging, whose average thickness was about 92 pm. The
two types of plastic films are considered as flexible plastic, and they
were cut by hand into a small piece with almost identical size. For each
plastic type, two different samples sizes were prepared as indicated in
Table 1.

3.2. Method

The drying of plastic flakes was carried out using two set-ups at
laboratory scale. The first set-up (Fig. 2 a) was designed for drying the
plastic at a fixed bed system. It consisted of a plastic tube of 3.6 cm
diameter and 80 cm height. At the bottom of the tube a separation

Table 1
Parameters affecting the evaporation rate.

Parameters Fixed bed (set-up 1) Fluidized bed (set-up 2)

Plastic nature HDPE-bags: thickness = 25 um  HDPE-bags: thickness

(thickness) LDPE-film: thickness = 94 pm =25 um
LDPE-film: thickness =
94 ym
Plastic size (S;: big LDPE-film: HDPE-bags: Only one size for each
size and Sy: small S =25x2 $1=26x2 plastic
size) x 107" m? x 1074 m? LDPE-film: S = 0.7 x
Sy =14 x S2=10.8 x 0.6 x 10 *m?
0.6 x 1074 0.3x107* HDPE-bags: S = 0.8 x
m? m? 0.3 x 10~* m?

Plastic mass
Air velocity (V; and

m; =10gandmp, =20g
V; =1.07/1.18/1.31 m/s <

m;=10gandmy,=5g¢g
One velocity is used

Va) Viimit Ve d™ s Vi
V, =1.7/1.74/1.81 m/s < s
Viimit
Moisture content 10 % 10 %, 20 % and 70 %
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material (similar to a filter) was introduced to prevent the solid from
reaching the bottom of the tube to avoid the obstruction of the gas inlet.
Thermal anemometers were installed at the bottom and at the top of the
column to measure the inlet and the outlet temperatures, and the gas
velocity was measured.

The dry plastic material was introduced inside the column in batch
mode, and hot air was circulating from the bottom to the top. The
average temperature of the gas was about 60 °C, and after the outlet
temperature reached equilibrium, a quantity of water was introduced to
wet the plastic. The purpose behind heating the plastic to the equilib-
rium in the set up before adding the water was to better control the
evaporation process. The evaporation started when the outlet temper-
ature decreased from the equilibrium. Then, at the end of evaporation
this temperature returned to the equilibrium value, and the evaporation
process was supposed to be finished when the outlet temperature was
higher than the equilibrium one. The measurement of temperatures and
velocity was recorded. The air velocity was set so that it was lower than
the minimum fluidization velocity in order to keep the plastic bed fixed.

In order to optimize the drying, for the set-up 2 a cyclone was
included to make possible the separation of humid air of drying from the
plastic. The outlet of the cyclone was joined to the bottom of the column
to make the plastic recirculate in the set-up and increase the drying ef-
ficiency (Fig. 2 b). Thus, the plastic flakes were in a circulating bed; this
circulating bed is considered as a fluidized bed system for the study of
this process. The gas velocity was set so that it was higher than the
minimum velocity of fluidization to maintain the plastic bed fluidiza-
tion. From industrial practice only the fluidized bed convective drying
systems are relevant.

3.3. Experimental calculation of the evaporation rate

The drying process is a coupled heat and mass transfer between air
and a wet solid in order to reduce the moisture content in the solid
material by evaporation. The common definition of a drying process was
used, as being one where the liquid is removed from a solid specifically
by evaporation.

The energy term associated with the different materials into and out
of the dryer, as well as the thermal energy Q were considered to establish
the energy balance. ni, was the air mass flow rate considered as dry air
(0 % of moisture). The water vapor mass flow rate ni, only appeared at
the dryer outlet, whereas the solid mass my, and the water mass m,,
appeared at the inlet and the outlet. In order to achieve drying, the latent
heat of evaporation must be supplied to turn liquid water content into
vapor. Thus, the minimum amount of heat which must be supplied for a
drying process in an increment of time At is:

Q = n,AH,,,At an

Using the same temperature reference Ty = 273.15K, the expressions
depicted in Fig. 3 follow:

The representation of the energy balance (Fig. 3) leads us to deduce
the expression of the evaporation rate. The next expressions represent
the exchange in heat energy between the outlet and the inlet of the dryer
for the air, solid and water content assuming adiabatic conditions.

Energy inlet = Energy outlet

The energy balance equations are explained in section 1 of the sup-
plementary material. According to those equations, we can determine
the expression that gives the evaporation mass for an increment of
timeAt (eq. (12):

— Ta)At + (mCp, + m, 1 Cp,,) (T — Tya)

e — macpa(Tal
(va(TaZ - TsZ) + AHvup - pr(TsZ - Tf))At

v

12)

The temperature T represent the temperature at the solid surface. It
is assumed that this temperature is equivalent to the wet bulb temper-
ature. This latter can be calculated by Stull’s empirical formula (Stull,
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a
intoduction .
of wet solid "
]
outlet
temperature and
velocity
|
] “:
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Fig. 3. Energy balance for the dryer.

2011),(Knox et al., 2017), where H% represents the humidity of the air
and supposed equal to the initial water content in the dryer (assumed as
constant) and T,; the inlet air temperature (eq. (13):

T, =T, tan”" [0.151977(11% + 8.313659)%] +tan~! (T, + H%)

—tan"' (H% — 1.676331) +0.00391838 H%}tan "' (0.023101H%)
—4.686035
13)

The evaporation rate calculation was based on the experimental
values. This evaporation rate was calculated from the equation of the
energy balance (eq. (12) as a function of the initial velocity and the air
temperature, which were measured during the experiments.

Assuming that at the variation of time At the variation of solid
temperature (T —Tsi—1) is negligible eq. (12) can be written as:

maCp,(Tu-1 — Tai)At
(va(Ta,- — Ts,',l) + AH,,, — pr(Tsi - Tf))At

14)

m,; =

Several experiments were carried out for two different plastics (LDPE
and HDPE films) in the two set ups. The experiments consisted of
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studying various parameters which can affect drying. In order to study
the influence of these parameters, the evaporation rate was calculated
for each case. These experiments were grouped according to the pa-
rameters studied. The inlet temperature for all the experiment was fixed
at 60 °C. Table 1 summarizes the parameters studied.

The moisture content in the plastic bed during the drying process was
the quantity of moisture still present in the plastic bed after evaporation
at time t, and was estimated from the values of the evaporation rate as
follows:

My(r) = Mhy(e—1) — M)
4. Results and discussions
4.1. Parameters influencing the evaporation rate

in this section we studied the different parameters that might affect
the drying process by comparing the results obtained of the moisture
ratio (MR) as shown in Fig. 4, the variation of the flakes mass introduced
in the dryer and the moisture content of the plastic were investigated in
both set-ups (fixed and fluidized bed) and we obtained the same results,
in Fig. 4 (a) and (d) we showed the data of fluidized bed. The velocity of
the drying air Fig. 4 (b) and the flakes size Fig. 4 (C) were studied in set-
up 1 (fixed bed dryer), the moisture content was investigated in set-up 2
(fluidized bed).

4.1.1. The effect of solid mass

The comparison between the data on the drying of 10 g and 5 g of
plastic flakes showed that the increase in solid mass led to an increase in
the drying time of the evaporation process. From Fig. 4 (a), we observe
that the drying time was 800 s versus 300 s when the mass of LDPE flakes
went from 10 to 5 g, respectively. This result may be due to the distri-
bution of water in the bed; the 10 g bed of plastic flakes was higher than
the 5 g bed, which was about 11 c¢m in height versus 5 cm, respectively,
so more moisture was trapped inside the topmost bed. the calculation of
the porosity of each bed showed that the bed with 10 g of mass had a
porosity of 98 % compared to 90 % for the bed with 5 g of plastic flakes,
this confirmed that the plastic bed with the greatest height contains
more cavities, and more water is trapped inside. Effect of plastic nature
(thickness).

The comparison of all the data presented in Fig. 4 for thick and thin
plastic (LDPE and HDPE respectively) showed a variation in the drying
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Fig. 4. Parametric study of the drying process by comparison of the result of moisture ratio vs time of different parameters studied, S;. big size of flakes and S,: small

size of flakes.

time.

In the fixed bed data (Fig. 4 (b and c)) the HDPE flakes took less time
to be dried compared to LDPE flakes, this could be explained by the fact
that the LDPE flakes curl and fold more than the HDPE flakes, so it
retained more trapped water than HDPE, this trapped water took more
time to be dried than the superficial water.

In the case of the fluidized bed data (Fig. 4 (a and d)), we observed
variation in drying time, in some cases, HDPE had less drying time and
in others LDPE. We were therefore unable to draw any conclusions from
these results. Therefore, the thickness of plastic flakes had affected the
drying only in the fixed bed drying system.

4.1.2. Effect of the inlet temperature and velocity

The drying was done at a constant temperature of 60 °C in order to
protect the dryer (PVC tube). It was recommended to use a temperature
below 80 °C for this type of tube, since the higher temperature can
deteriorate the plastic properties. However, the temperature can
decrease the drying time. To confirm this hypothesis, we performed a
simple drying of our plastic in a glass column at both 80 °C and 60 °C. In
these experiments we could control only the outlet air temperature. The
results obtained showed that the time of the drying decreased for a
higher temperature (80 °C).

According to the results obtained by the fixed bed set up for both
types of plastic, we observed that when the velocity increased from 1.1
m/s (V1) to 1.75 m/s (V3) the drying time decreased from 2000 s to 700 s
for LDPE and from 900 s to 550 s for HDPE as shown in Fig. 4 (b). Higher
air velocity rapidly increased the surface temperature of the plastic
flakes, resulting in rapid evaporation of the wet plastic flakes.

Previous research of the drying of food (fruits) confirmed that the
increase in the velocity of air leads to an increase in the drying velocity:
at constant temperature the velocity of the drying of banana passed from
0.0286 to 0.0321 g/min when the air velocity passed from 0.3 to 0.7 m/
s. The same results were observed for the drying of carrot: the drying
time of this latter decreased by 25 % when the air velocity increased
from 0.5 to 1 m/s (Nguyen, n.d.).

The temperature of the drying air has a major influence on the drying
speed. This influence is due to the heat input given to the product which

increases with the temperature of the air. This result was confirmed also
in previous research (Kunii and Levenspiel, 1991; Wetchacama et al.,
2001). On the other hand, there is a limitation of the range of temper-
ature, since a higher temperature can lead to a deterioration in the
quality of the dried product, and thermal degradation or oxidation can
occur. In this case, it is recommended to work in the temperature range
between 50 and 80 °C.

4.1.3. Effect of plastic size

The comparison between the drying of the plastic of different sizes
(S1 and S2) by comparing the moisture ratio data in Fig. 4 (c) led to
notice that the flakes (LDPE and HDPE) with higher surface (S1) took
more time to be completely dried compared to the flakes with lower
surface (S2). The reason for this result might have been the elasticity of
the plastic material, and therefore, when these flakes have a larger
surface, they fold and roll in on themselves more than when they have a
smaller surface, so the bigger flakes contain more trapped moisture that
take more time to be evaporated than the free moisture.

In the case of fluidized bed (set-up 2) we noticed that the large size
plastic bypassed and prevented the circulation of air and plastic at the
pipeline levels. The only plastic which had not bypassed the tube was the
smallest one of HDPE-bags with the size of (0.8 x 0.3 x 1074 mz) ina
pipeline of 3.25 x 1072 m in diameter. As result, it was recommended
that the plastic flakes length be % the pipeline diameter.

4.1.4. Effect of water content

The amount of water vapor in the drying air is clearly related to the
water content in the plastic flakes. The water content was higher as the
evaporation rate was higher, and this was noticed from the experimental
data obtained. As well as this, it is evident that the drying time generally
decreases with an increase in the moisture content of the plastic flakes.

The results obtained of evaporation rate showed that when we
decreased the water content of the plastic from 70 % to 10 %, the drying
time decreased as shown in Fig. 4 (d). As an example, the drying time of
LDPE flakes in fluidized bed decreased from 1500 s to 500 s when the
moisture content in the LDPE flakes decreased from 70 % to 10 %.
Similar results were noticed for the fixed bed dryer. It is obvious that a
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large amount of water in the plastic takes longer to evaporate than a
small amount. Moreover, a large amount of water in the flexible plastic
can increase the amount of trapped water that is difficult to remove. For
this reason, a thermal dryer is usually added in series after the me-
chanical dewatering (centrifugal dewatering) [17, 9] in the industry to
decrease the moisture up to 2 %, since in the recycling manufacturing
plastic flakes come out from the centrifugal dewatering unit with an
average water content of 12 to 20 % (Horodytska et al., 2018).

4.2. Drying characteristic

According to the obtained drying characteristic curves, the entire
drying rate period could be divided into two phases in the case of the
fluidized bed system (Fig. 5 a). Initial period A was characterized by a
fast-increasing rate due to the heating of the superficial moisture by the
hot air. Thus, the heat energy was transferred to the moisture resulting
in the evaporation of the moisture content in the plastic flakes. The
second phase was a falling rate period B. In this phase the drying rate
decreased rapidly. In this period the majority of the moisture was
evaporated and then, the drying rate started to be in a steady state and
came back more or less to its initial value, sign of the end of the drying
process.

The drying rate for a fixed bed system was quite similar to the drying
rate curves of agriculture products, characterized by three periods
(Fig. 5 b). Like for the fluidized bed, we had an initial period A which
was faster than in the previous system, a falling period B, and a constant
period D. Contrarily to the fluidized bed, after the initial period the
drying curve started to be constant, which means that the evaporation
process was at a constant rate. Unlike the fluidized bed, the superficial
moisture in this case was on the surface of the hole bed not on the surface
of each plastic flake, so at the increasing rate period all the superficial
moisture was evaporated. At the constant rate period the moisture
trapped by capillarity inside the plastic flakes bed diffused to the bed
surface and evaporation was achieved at constant rate. These results
were compatible with the results obtained by other studies of the drying
rate of coal, sludges and agriculture (Akbari, 2012); (Avct et al., 2001);
(Inyang et al., 2018).

4.3. Kinetic correlation model of the drying

The drying rate data obtained for two different flexible plastic flakes
(LDPE and HDPE) and for different moisture content were used to well
established drying empirical models such as Henerson-Pebis, Lewis,
logarithmic, Wang and Singh, and 3rd degree polynomial models that
were previously used to study the drying behavior of high moisture
containing biomasses, sludge and food. The results of the applied models
to LDPE and HDPE flakes for both systems (fixed and fluidized bed) are
presented respectively in Table S2 (supplementary material). All pro-
posed models are compatible with the experimental results as shown in
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Fig. 6.

In order to estimate the model that best describes the data, the co-
efficient R? was determined for each model as shown in Figure S2
(supplementary material). According to the comparison of the R? for
LDPE and HDPE and for different moistures content in the material the
logarithmic, Wang and Singh and the 3rd degree models are the models
that gave the better prediction results. The logarithmic model was used
to predict the drying kinetics of some agriculture product such as canola
(Gazor & Mohsenimanesh, 2010), whereas Wang and Singh’s model was
also used to describe the drying kinetics of bamboo shoot slices in a
microwave drying system(Bal et al., 2010).

4.4. Heat and mass transfer models

The investigation of the heat and mass transfer was made separately
by supposing the existing of only one transfer phenomenon. Then, the
heat and mass transfer coefficients were calculated theoretically and
experimentally for the different experiments of the fixed and fluidized
bed dryers. For the fixed bed the calculation of heat and mass co-
efficients was made for different experiments of HDPE-film and PE-film
with different air velocities and different flakes size, whereas for the
fluidized bed the experiments were carried out for three different
moisture content and mass. For each experiment the h and k coefficients
values taken were the values of the steady state.

4.4.1. Heat transfer model

Fig. 7 shows the evolution of experimental heat transfer coefficient
(hexp) vs the theoretical heat transfer coefficient (hy) comparing with
the line heyp = hyy. We can notice the convergence of heyp to hyp. As a
result, the prediction of heat transfer coefficient for this process could be
done using the correlation existing the literature.

The appropriate correlation to interpret the thermal phenomenon in
both fixed and fluidized bed systems of the thin film with 25 um (HDPE)
was the correlation of flow in a tube (equation (6). In this case, the only
consideration was the flow of the air inside the tube without considering
the geometry or the size of the plastic flakes, since this latter had no
influence in the transfer.

In the case of LDPE-film with the thickness of 94 um, it was important
to take the particles geometry into account. For this reason, the appro-
priate correlation was the fixed bed correlation (equation (4) for the first
set-up and the fluidized bed correlation (equation (5) for the second set-
up. These two correlations consider the diameter of the particles inside
the dryer and the heat transfer coefficient obtained by these correlations
were more or less similar to the results obtained by the experimental
expression (equation 7).

From Fig. 7, we can observe that the values of the heat transfer co-
efficient for HDPE were lower than its values for LDPE flakes. This may
be explained by the bigger total surface area of the HDPE flakes bed
compared to LDPE bed. We could also notice that this coefficient was
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Fig. 5. Drying characteristic curve of fluidized (a) and fixed (b) bed systems.
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Fig. 7. The evolution of the experimental heat transfer coefficient vs the theoretical one for fluidized and fixed bed.

quite smaller for fixed bed than for fluidized bed. Consequently, the
fluidization of the flakes improved heat transfer.

From the parametric study of the heat transfer, the experimental data
obtained under the influence of velocity, flakes surface and bed mass did
not show any interesting variation in the heat transfer coefficient value.

4.4.2. Mass transfer model

The mass transfer coefficient was calculated for different experi-
ments from the data obtained by the first and the second set-up. In the
fixed bed set up we studied the influence of the velocity and the flakes
sizes as parameters that can have influence in mass transfer, whereas the
moisture content and the plastic mass were studied in the fluidized bed
set-up.

The calculation of the experimental mass transfer coefficient and the
theoretical coefficient for the two set-ups showed that the mass transfer
coefficient values obtained from the drying data were far from the ob-
tained results using the correlation for fixed and fluidized bed (Table S3,
supplementary material). The experimental values obtained for this
coefficient were very high, in the order of 102 m/s. However, the
theoretical values were in the order of 102 m/s. Therefore, the pre-
diction of the mass transfer of flexible plastic drying is not feasible using
the available correlation in the literature.

From these results and the results obtained from the heat transfer
model, we concluded that the experimental mass transfer coefficient was
bigger than the heat transfer coefficient and the prediction using a
correlation was possible only for the heat transfer model, so we can say
that the predominant transport phenomenon for the drying of flexible
plastic was heat transfer.

The parametric study of the mass transfer phenomenon using the
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experimental data showed that the air velocity had an effect in the mass
transfer, and these results were obtained for both types of plastic films.
The air velocity increased the plastic surface temperature quickly, which
accelerated the mass transfer between the moisture and the drying air.
However, when the flakes surface was bigger the mass transfer coeffi-
cient value decreased. The high quantity of water in the film also
decreased the mass transfer of the evaporation process, and this was
confirmed in the drying of both types of film. The plastic flakes mass
introduced in the dryer also affected the mass transfer. It was noticed
from the parametric study as shown in Figure S3 (supplementary ma-
terial) that lower mass led to decrease the mass transfer of the process.

5. Conclusion

This work contributed to the improvement of knowledge in the
process of thermal drying of flexible plastic flakes, which is an important
step in the recycling chain. A better understanding of this process can
lead to improved process efficiency.

The experimental results on the thermal drying clearly showed the
effect on the drying time of changes in the velocity of the drying air, the
moisture content in the flakes, the bed mass, and the size of the plastic
flakes.

The results found indicated that the drying kinetics in all cases fol-
lowed the drying kinetic models used in the study of the drying of sludge
and agriculture, and the best predicting model were the polynomial
model and logarithmic model.

The investigation of the transfer coefficients showed that the values
of the heat transfer coefficients obtained by theoretical correlations
fitted the experimental values, but this was not the case for mass
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transfer. Therefore, based on these results, we assumed that heat transfer
is the determining transport phenomenon in this process.

The results obtained showed that the drying time of the flexible
plastic was lower in the fluidized bed system compared to the fixed bed
system. This later generated a lot of cavities where the air was not be
well distributed and a part of the moisture content in the plastic flakes
was trapped. This air took more time to pass through this bed, and it
could be difficult to evaporate the trapped moisture in the bed. How-
ever, the fluidization of the bed made the moisture in direct contact with
hot air which favored the evaporation process. Thus, switching from
fixed to fluidized bed enhances the heat and mass transfer.

To summarize, the heat transfer model can be used on the design and
the analysis of a thermal dryer system of flexible plastic. The drying rate
can be improved by determining all the factors affecting heat and mass
transfer.

In conclusion, the thermal drying process is known for its higher
energy consumption, which is considered inconvenient for the me-
chanical recycling facilities and should be optimized. The results ob-
tained in this study can be useful for future research on the examination
of the existing drying processes in the industry and for the optimization
of this process in the plastic recycling chain considering different vari-
ables such as energy consumption, drying kinetics, etc.
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