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Abstract

In this work, a fluidized bed has been coupled taracold remote nitrogen/oxygen
plasma to deposit silicon oxide Si@rom silane Sikd on the surface of a polyethylene
powder. The influence on the characteristics ofdiliea-like deposit on powders, of several
parameters such as the amount of oxygen injectédeiplasma, the SiHlow rate and the
treatment duration, has been studied. First, thiacfes wettability has been measured by
contact angle (Washburn method), knowing that PBydrophobic and that silicon oxide
would increase its hydrophilicity. The film chemliicamposition has been analysed by FT-IR
spectroscopy. Its organization on the powder saréaxd its morphology have been studied by
FEG SEM. Results indicate that the wettability afwgders increases with the whole
parameters studied. Deposition seems to occur uhddorm of nodules; its continuity is not
ascertained. This is the reason why the increaseetibbility could be due either to a better
surface coverage of the deposition or to an inereasts thickness. Additional analyses are in
progress to better understand the correlationsd®ivwhe deposition parameters, the plasma
features and the deposition characteristics.

Keywords. Fluidized bed — Far Cold Remote Plasma — Polyetieylepowders — Silane —
Silicon oxide.

1. Introduction

The plasma technique is a dry process which canfynthee surface properties of thermo-
sensitive materials without changing their intransulk properties [1].

When coupled with a fluidized bed, a nitrogen cadchote plasma technology allows to
modify the surface of thermo-sensitive powdersegithy grafting new functions (for instance
hydroxyl OH groups) [2-4], or by depositing variommaterials, such as silicon nitrideslSi
from silane SiH andnitrogen [6]. The fluidized bed is a very efficiegas-solid contactor
generating intense thermal and mass transfers betwas and particles, and then very

uniform treatments. A very good contact betweerctrea species of the plasma discharge



and powder surface is obtained [4]. And the plaspaativity is not destroyed by the fluidized
bed [3]. The reactivity of nitrogen/oxygen cold gif@a is used first to act on powders surface
by creating active sites and then to dissociategs=ous precursors, to form deposition [7].
The plasma assistance allows to operate at lowdsatyre (< 90 °C in our case).

This study concerns silicon oxide deposition ondhdgace of a high density polyethylene
(PE) powder belonging to Geldart’s group B, i.esyeto-fluidize. The reactive gases were
nitrogen, oxygen and silane SiAThe influence of some key operating parameters aadhe
amount of oxygen injected in the plasma, the,Slbw rate and the treatment duration, has
been studied on the characteristics of the depaositirst, the particles wettability has been
measured by contact angle (Washburn method), kmptiiat PE is hydrophobic and that a
SiOy coating would increase its hydrophilicity. Its afieal composition has been analysed by
Fourier Transform Infra-Red (FT-IR) spectroscofdsg. drganization on the powder surface,
and its morphology have been studied by Field Eftéan Scanning Electron Microscopy
(FEG SEM). First the experimental setup is desdrilbefore to present and discuss the main
results obtained.

2. Experimental

Experiments were carried out in a fluidization eofuin glass, 50mm in diameter and 0.9m
high as shown in fig 1. High density polyethylel] powders, 260 um in Sauter diameter
and 930 kg/min grain density, have been studied. These pestisiere fluidized by a mixture
of nitrogen and oxygen gases (respectively N50 Alptia quality, Air Liquide). Gas flow
rates were regulated by mass flow controllers. Jédmticles were supported by a porous plate
designed in our lab. The total pressure into theeweas maintained at 10 Torr by means of a
vacuum pump. We ensured that the leak rate waghass100mTorr/min.The bed pressure
drop was measured by a MKS vacuum gauge. Elutrigaeticles were captured by a particle
trap.

The gas flow mixture (Nand Q) was excited by an electrodeless discharge by sneén
microwaves generator (2450MHz) that could delivaraasmitted power up to 300W. The
guartz discharge tube (inner diameter 9 mm) wasected to the bottom of the fluidized bed
reactor. The microwave cavity was positioned atd@om the reactor inlet.

Silane SiH (max: 2.5 vol. % in nitrogen) was introduced dilem the fluidized bed through
an annular injector located at 2.5 cm above theymplate. We fixed this percentage in such

a way that the calculated theoretical depositiacktiess (corresponding to 100 % conversion



of silane and assuming that the deposition wasrmeoiis and uniform around each grain) is
in the range between 50 and 200 nm for the comuitiested here.

The PE powder mass treated in this reactor wasyalwhg. Compared to similar works of
the literature [1, 2], this represents an impor@mbunt of powders, for which the fixed bed
height is of the order of the bed diameter.

The microwaves generator power was maintained @W30The total gas flow rate was
fixed at 800 sccm (cffmin STP) and the flow rate crossing the plasmaaf#sl0 sccm.

In order to improve the silicon oxide film adhesitime PE powder was always pre-treated by
0.3 vol. % of oxygen in nitrogen for 1hour beforepdsition. The pre-treatment conditions

were determined after primary study based on oavipus work [7]. Besides, the deposit

duration was fixed to 2hours.
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Figure 1: Experimental set up

The wettability of the treated PE powders was olatéiby measuring the contact angle of
liquids by means of the Washburn method [8], usainGBX Tensiometer. 500 ug of PE
powders is packed into a glass column (10mm 1D9;bttom of the glass column is closed
with a porous plate. In order to systematicallydneve same porosity, a system of vibration is
used. The time and velocity of vibration are maimdd at the same values. After this
operation, the glass column is put in close contattt the chosen liquid (here, water) that
penetrates up in the PE powders column by capillasing. The weight of penetrating liquid
is measured as a function of time after contacthef porous glass plate with liquid. The

contact angle of the PE powder surface is govebyatie modified Washburn equation (1):



2 , cosd (1)
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Wheren, (Pa.s) pi (kg.m?) ando (mN/m) are respectively the viscosity, density dothl
surface tension of the chosen liquid. The watetairangle of the non treated PE powder is
of 90°.

The attenuated total multiple reflection (ATR) temjue was used to analyse the chemical
modifications produced by plasma treatmenti&olet 5700 spectrometewas used to obtain
the IR spectra of the treated powders. A diamoigirpwas used and the incident angle of the
IR radiation was 45°. One hundred scans with aluésa of 4 cm® were obtained and
averaged per sample.

The morphology of the treated powders surfacesamatyzed using a Jed&M 6700F FEG-
SEM microscope. The samples were secured onto coppents using silver paint and gold
coating in a Polar on high resolution sputter coiebtain enough contrast in tREG-SEM
micrographs. The energy of the electron beam wde/20

Optical Emission Spectroscopy (OES) measurementg Iheen performed to study the

plasma characteristics just below the porous pletieg a GetSpec 3648 set-up.

3. Resultsand discussion

3.1 PE powders fluidization

First, the choice to work under a total pressurel@fTorr results from a compromise
between the concentration of the active specigmoresble for creating active sites on powder
surfaces and also for the dissociation of Sadd the fluidization quality. The concentration
of the active species increases when the presaoeakes and the fluidization quality is
improved when the pressure increases.

Then, the minimum fluidization velocity at reduge@ssure (10Torr) was deduced from the
variation of the pressure drop through the fluidibed versus the gas velocity. Harrison and
Richardson method was adopted [6].According to erpmntal data, the minimum
fluidization velocity (Uys) was equal to 5.3 cm/s. This value agreed weh predicted value
by Llop et al. correlation [9]. We chose to workaafluidization ratio U/ of 10 since it
provides a convenient bed hydrodynamics and ensaresimportant active species

concentration.



The granulometry of powders was lowly modified I tplasma treatment, as verified by

laser granulometry measurements.

3.2 Effect of the oxygen flow rate

The influence of the oxygen flow rate on the contaegle with water for the treated PE

powders is shown in figure 2.
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Figure 2.Variation of the water contact angle versus oxyiim rate, 4sccm of SiHdiluted in 156
sccm of N and 640 sccm of total plasma gas.

The increase of the oxygen percentage in the digehanhances the powders wettability
since the contact angle regularly decreases wéloygen percentage, to reach 0° at 3 sccm
of Ou. In fact, the plasma treatment (only consideringaNd Q) could create new chemical
functions on the powder surface, which may chamgesurface chemical composition and
roughnessaffecting the polymer wettability [10]. Indeed, Aagaus et al. [11] show in their
works that the wettability effect is strongly inflnced by the plasma gas composition and the
degree of wettability increases with higher @ntent in an @Ar mixture. The intensity of
oxygen incorporation into the surface increase$ wie amount of ®in the plasma gas but
levels off at a value higher than 30 vol. %[®1].

In a previous work about surface treatment of tHeSepowders by a nitrogen cold remote
plasma [7], we have shown that these new functiedsce the contact angle to 65° by adding
1% vol. oxygen in nitrogen in the cold plasma un8@@W and microwave positioned at 20

cm far from the reactor. Consequently, it can Hernmed that the reduction of the contact



angle to 0° is not only due to these new functigrasted on the powders surface but mainly
to the deposited material.

The chemical composition of the deposition has bmeslysed by FTIR-ATR as shown on
Figure.7. Whatever the conditions tested, for atisr presented in this article, the spectra are
very similar. The absorption at 1070 ¢rand 820 cni-is due to stretching vibrational and
bending mode of Si—-O-Si group that mainly charagserthe deposition. The presence of
carbonyl groups is also evident from the observatibthe spectra since the deformation,CH
absorbs in the range 1400-1500tm
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Figure 3. Normalized FTIR-ATR spectra of the PE powderlefnd after deposition.

FEG-SEM analyses have confirmed the presence ofdép®sition on the powders, as
shown below. The PE surface before deposition e qumooth. The deposition is relatively
rough; it seems to occur under the form of ,Si@dules. Its continuity on the PE surface is
not ascertained. As a consequence, the increasetbdbility of the powders due to the
increase of @flow rate could be due either to a better surfemesrage or to an increase of
the deposition thickness or even to a modificatbrthe deposit chemical composition with

more oxygen deposited. Some additional characteimaare in progress to elucidate these
points.
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Figure 4. FEG-SEM micrographs of the PE powders surfaceoéfdre and (b) after plasma post

discharge coating under 4 sccm of $jBi63 sccm of @in 640 sccm of W

The EOS investigations have revealed that in tip@sigon conditions without powders, the
introduction of small amounts of oxygen stronglgreases the concentration of the produced
active species N8). For more details, it is interesting to refetthie study of Boudam ei.
[12]. Higher oxygen flow rate in the discharge podes the production of silicon oxide by the
combination of oxygen atoms with silicon comingnir&iH, decomposition. The produced
N(*S) dissociates the and SiH gaseous precursors and creates active sites quoitngers
surface.

It can be seen on figure 5 that the surface madibos induced by the deposition are not
permanent. The water contact angle increases yafmdieach a plateau at proximally 60°
after a few days when 3 sccm of ®ere added in the discharge, and after one da.idy
sccm. The increase of the coated PE powders widitatni 60° confirms our assumption
regarding the wettability causes. In fact, whentérophilic character is induced by grafted
functions, the PE powders become hydrophobic aftéew days [4]. But in our case, the
coated PE powders wettability stabilises at 60°isTihdicates that water contact angle
reduction to 0° is due to deposition. However, algtity evolution could be first the result of
losing of the coated film by friction during hanutli. A second reason could be assigned to

carbon contamination by the ambient atmospherelwhimuld increase its hydrophobicity.
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Figure 5. Variation of the water contact angle versus stotinge, 4sccm of Slidiluted in 156
sccm of N2 and 640 sccem of total Plasma gas

3.3 Effect of silane flow rate

In this part, the oxygen flow rate was maintaine® accm, which gave the best wettability,
as previously shown. Figure 6 shows the evolutioth® contact angle with water for various

silane flow rates.
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Figure 6. Variation of the contact angle versus $itdw rate, 3sccm of @added in 640 sccm of

total plasma gas.

It can be seen from figure.4 that an increase Iy, 8ow rate linearly decreases the water
contact angle; so the wettability is exalted. lasiag the silane flow rate increases the

concentration of silicon atoms in the bed. So jpesys that either the surface coverage or



the deposition thickness are enhanced by the presgihmore silicon atoms in the bed for

the conditions tested.

3.4 Effect of deposition duration

Figure 7 presents the influence of the depositioratibn on the contact angle of the PE
powders.
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Figure 7. Variation of the water contact angle versus treatnderration, 3sccm of £added in 640

sccm of total plasma gas and 4 sccm of, i rate.

By considering an error af£3° on experimental values on the water contactemyghe
general trend is that increasing the coating domatlecreases the contact angle, and so
increases the powder wettability. By increasingrilve duration, the theoretical deposition
thickness also increases, since the amount obsilinjected is higher. So this parameter

could explain the better wettability obtained here.
4. Conclusion

This work has demonstrated the feasibility to deposit siliaxide on the surface of a
polyethylene powder, using a far cold remote n#rdgxygen plasma and silane in a
fluidized bed. This deposition occurs under thenfasf nodules and its continuity is not
ascertained. It drastically increases the powddtaliity. This hydrophilic character of the
deposition is exalted by the oxygen concentratipecied in the discharge, the Jiftbw rate
and the treatment duration. Additional charactéions are in progress to understand if these

parameters increase either the continuity of déjposior its thickness or modify its chemical



composition. The surface properties induced bydiygosition are not permanent, probably

due to carbon contamination.
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