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Abstract

A fluorination reactor was designed and built in the laboratory. The optimal conditions of fluorination within the reactor were selected by

X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM) analysis of fluorinated surfaces of a film and a plaque of

pure high-density polyethylene (HDPE). This reactor was used to post-mould fluorinate plaques and films of a range of mixtures of virgin and

recycled HDPE with and without (re)introduction of additives. The ability to be fluorinated has shown no dependence on the composition

virgin/recycled HDPE.

Comparison of in-line and post-mould fluorinated samples showed that fluorine concentration profile in depth is thinner in the in-line

fluorinated sample when compared with the post-mould fluorinated sample, though the fluorination degree in the extreme surface is larger in

the in-line fluorinated sample. This is attributed to a migration of lower surface energy chain blocks towards the surface in the material at high

temperatures, which is the case in the in-line fluorination, hindered in the post-mould fluorination where maximum temperature is below the

melting point to keep the macroscopic shape. The additives played a minor role in the ability of the surface to be fluorinated.

# 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The low and selective permeability of polymers to many

fluids, gaseous or liquids, is of great importance in a great

number of applications, such as packaging films, electrical

cables, textiles, protecting clothes, fuel tanks, membranes,

etc. Fluorocarbon resins are very well known polymers

having just that property.

In many applications, however, there is a need to combine

a high hydrophobicity and oleophobicity with bulk mechan-

ical and rheological properties different from the ones in

fluororesins. One of the solutions, in many applications, is to

fluorinate just the polymer surface. Among the methods of

surface fluorination usually reported in literature, we can

cite treatment in a carbon tetrafluoride (CF4) plasma [1,2],

segregation to the surface of especially designed fluorinated

molecules [3] and direct fluorination achieved by using a flow

of fluorine gas (F2), pure or diluted into an inert gas, impinging

on the surface [4]. A specific example of this last method is

used in the European plastic fuel tank industry where the low

permeability to hydrocarbons and the other main components

of fuel is assured by the fluorination of the inner walls of the

tanks and will be here called ‘‘in-line’’ fluorination [5]. For

this case, the direct fluorination is made during the blowing of

the tank, i.e. at high temperature. For ‘‘post-mould’’ direct

fluorination, i.e. fluorination of a piece of plastic after mould-

ing, some designs of reactors are reported in the literature [6].

This kind of fluorination has many industrial applications and

can be particularly useful in laboratory conditions to under-

stand the role of all the components of the polymer (namely

the additives) on the quality of the fluorination layer, thick-

ness, homogeneity and amount of fluorine. This is particularly

useful in the case of the increasing use of HDPE recyclate

from fuel tanks where the evaluation of the fluorability (ability

to be fluorinated) of the recycled material compared with the

virgin material is an important parameter to decide whether

reuse in the same application is possible.

Many techniques are used to study the composition and

properties of the fluorinated layer [7].

One of the most powerful, given its specificity to the

surface, is X-ray photoelectron spectroscopy (XPS). With

its capability to make qualitative and quantitative elemental

analysis and to detect the chemical environment of each

element through the ‘‘chemical shift’’, it can provide very

complete chemical information about the 10–20 first layers of

a flat surface.
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One of the limitations of XPS is the degradation that X-

rays may induce in organic materials especially in haloge-

nated species, as is the case in fluorinated surfaces. This

limitation may be important in the case where information

about the elemental concentration as a function of depth is

needed. Another problem associated with XPS analysis of

polymer surfaces originates from the low electrical con-

ductivity of samples, leading to surface charging. These two

problems were thoroughly discussed elsewhere and solu-

tions were presented to minimize them [8].

The action of fluorine on the surface topography must also

be considered. Pitting phenomena induced by direct fluor-

ination have been reported [9]. This implies that the analysis

of the topography of the surface by scanning electron

microscopy (SEM) is very important to ensure that the

surface is uniform after fluorination.

In this work, we present a study of polyethylene surfaces,

modified by direct fluorination, using X-ray photoelectron

spectroscopy and scanning electron microscopy. XPS data

are treated in an original way according to a methodology

presented elsewhere [8], which provides a good way of

assigning XPS C1s components even if the absolute binding

energies cannot be determined.

2. Results and discussion

2.1. Selection of fluorination conditions

In order to choose effective conditions for laboratory

fluorination, tests with a film of pure HDPE provided by

Solvay were performed. Varying parameters were fluorine

content in gaseous flow (from 0.013% (v/v) to 0.09% (v/v)),

time of exposure (from 5 to 20 min) and temperature (from

room temperature to 97 8C).

The extent of the fluorination was assessed by XPS,

measuring the global F/C atomic ratio computed from the

F1s and C1s peak areas and also the F/C atomic ratio

computed from the C1s region [8]. The ratio between these

two parameters, here called F/C ratio, gives a qualitative

indication of typical dimensions of fluorine density depth

profile. XPS peak fitting, was performed using Voigt profiles

50% lorentzian. For C1s region, full width at half maximum

(FWHM) was constrained to be the same for all the com-

ponents. The value obtained for FWHM in the samples here

presented was around 2 eV. For the F1s region, a peak

�2.4 eV wide was fitted for all the samples. In Fig. 1,

XPS C1s and F1s spectra for two different samples are

shown as an example. EF3 was fluorinated for 5 min at a

temperature of 47 8C with a gaseous flux containing dry

nitrogen and 0.02% (v/v) of fluorine (½F2� ¼ 0:02%) and

EF19 was fluorinated for 20 min at a temperature of 97 8C
with ½F2� ¼ 0:064%.

The peak fitting to regions F1s and C1s yields parameters

contained in Table 1.

In sample EF3, the charging shift is easy to compute since

the most part of the carbon is bound to CH2 far from the

fluorine neighbourhood and we can attribute to it the binding

energy of 285 eV [10]. We can, then, identify two peaks

corresponding to carbon bound to fluorine: one 2.7 eV

shifted from the CH2 peak (at 287.7 eV) and the other
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Fig. 1. XPS C1s and F1s spectra for two samples: (—) one fluorinated for

5 min with ½F2� ¼ 0:02% (v/v) and 47 8C (sample EF3); (&) another one

fluorinated for 20 min with a ½F2� ¼ 0:064% (v/v) and �97 8C (sample

EF19). Fitted components to C1s region are shown in grey for EF 19

sample and in black for EF 3 sample. Binding energies are not corrected

for charging effects. Spectra were normalized to the same baseline. C1s

region for pure virgin HDPE is not shown for figure clarity sake but it has a

single peak [10].

Table 1

Peak assignment and area % for C1s peak for samples in Fig. 1

EF3 (tF ¼ 5 min;

½F2� ¼ 0:02 vol.%; T ¼ 47 8C)

EF19 (tF ¼ 20 min;

½F2� ¼ 0:064 vol.%; T ¼ 97 8C)

DBE* (eV) Area % DBE* (eV) Area %

CH2 (in a fluorine poor neighbourhood) 402.2 79.6 402.5 3.9

CH2 (in a fluorine rich neighbourhood) 401.9 14.2

CF 399.5 17.1 399.8 35.0

CF2 397.2 3.3 397.5 43.2

CF3 395.2 3.7

Global F/C 0.28 1.54

F/C (C1s) 0.24 1.33

F/C ratio** 1.16 � 0.05 1.17 � 0.05

Global F/C atomic ratios and F/C computed from C1s region as well as their ratio, are also presented.
* DBE ¼ BEF1s � BEC1s.
** F/C ratio ¼ (global F/C)/(F/C (C1s)).
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5 eV shifted (at 290 eV). Their identification is based on BE

differences between F1s and C1s peaks [8], the first corre-

sponds to CF groups and the second one to CF2 groups. Both

Fig. 1 and Table 1 show that the sample exposed to a flux

richer in fluorine (sample EF19) has a more extensively

fluorinated surface as shown by the global F/C ratio and by

the atomic percentage of fluorinated carbons. The F/C

ratio ¼ (global F/C)/(F/C (C1s)) is also included. As shown

in reference [8] its deviation from unity gives an indication

of the existence of a fluorine profile decreasing with

depth, having a typical dimension, l, <100 Å. In fact, for

an exponential schematic profile for fluorine density

(nF / expð�x=lÞ, nF being the bound fluorine density in

depth), a flat surface and assuming a constant carbon density,

we have Eq. (1), [8]:

F=C ratio ¼ F=C

F=CðC 1sÞ ¼
lC þ l

lF þ l
(1)

where lC ¼ 31:2 Å and lF ¼ 20:5 Å are the effective

attenuation length of the C1s and F1s photoelectrons,

respectively. This shows that if l � lC that ratio tends to

1 and when l ! 0, F/C ratio approaches 1.52.

Values obtained in Table 1 show that for these two films,

the fluorinated layer is rather homogeneous and thicknesses

are very similar. If the assumptions about the fluorine density

profile shape and the flatness of the surface are correct, it

appears that the typical dimension of the fluorinated layer

ranges from 30 to 70 Å.

In Fig. 2, the global F/C ratios obtained by XPS as a

function of temperature, F2 contents on the flow, and time

are shown.

It can be concluded that the extent of the fluorination is

greater for higher temperatures but it seems to attain a

plateau around 85 8C. It must be noted that, with this kind

of sample (HDPE film) and this type of reactor, the study

is limited to a maximum temperature of �100 8C due to

the melting point of this material (132 8C [11]) and to the

highly exothermic character of the fluorination reaction

(DHr ¼ �399 kJ mol�1 [12]). We verified that for a fluorine

content in the flow entering the reactor, [F2], below 0.02%

(v/v), for a time of fluorination, tF, below 15 min and for a

temperature of the reactor 
50 8C, the global F/C atomic

ratio is <1. This ratio rises for longer times of exposure to the

gaseous flow, higher temperatures and higher concentrations

of F2. Fixing the time parameter at 20 min and increasing

[F2], it was possible to obtain a global F/C ratio near 1.6,

with ½F2� ¼ 0:064% (v/v) at 97 8C. The optimisation of

experimental conditions was recalibrated for commercial

samples from CIBA. These samples were in the form of

plaques, allowing analysis in a larger temperature range, up

to �115 8C. The study of the influence of [F2] on the extent
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Fig. 2. Evolution of the relative amount of fluorine with three experimental

parameters: the reactor’s temperature, the fluorine gaseous concentration

entering the reactor and the time of fluorination (&) 5 min; (&) 10 min;

(*) 15 min; (*) 20 min.

Fig. 3. SEM images for three plaques post-mould fluorinated for 20 min at

90 8C, with [F2] volume percentages of (a) 0.06; (b) 0.08; (c) 0.09.
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of the fluorination was limited to the contents of fluorine

in the mixture (N2 þ F2) we used (0.09% (v/v)). With

½F2� ¼ 0:09% (v/v) a F/C ratio 10% higher than with

0.06% (v/v) was obtained. However, a fluorine gaseous

concentration that did not exceed 0.065% (v/v) was chosen.

In fact, the images obtained by SEM (Fig. 3) of three

samples, fluorinated with an increasing content of F2: 0.06,

0.08 and 0.09% (v/v), show that the surfaces are severely

damaged, showing some pitting effect or even melted

zones. These topographic changes become more evident

for higher [F2]. For that reason, a limit around 0.06% (v/v)

was established, in order to keep some uniformity after

the surface treatment together with a good degree of fluor-

ination.

This large effect of fluorination on surface topography,

led to analysis by SEM of two samples with the same

base composition, the same surface treatment, before and

after X-ray irradiation. The result is shown in Fig. 4 for two

fluorinated samples at �90 8C, for 20 min and ½F2� ¼ 0:06%

(v/v).

Images in Fig. 4 were obtained from two different pieces

of a same sample, since after SEM analysis, due to the gold

coating on the surface, the same piece of the sample cannot

be analysed by XPS. Therefore, for the X-ray doses here

used, the similarity of the images shows that the chemical

degradation of the surface, already shown in reference [8], is

not accompanied by a topographic degradation in spite of the

release of F2 and/or HF from the surface during irradiation.

It was also verified that the central portion of the sample

(placed at the centre of the reactor) was less fluorinated than

the peripheral regions. In what follows the peripheral regions

are compared. From this study, the following conditions

of fluorination were used for the ‘‘real’’ samples: T ¼ 95–

105 8C; ½F2� ¼ 0:064 � 0:002% (v/v); tF ¼ 20 min.

2.2. Correlation between resin formulation and

surface fluorination ability

The characteristics of a fluorinated layer depend on the

fluorination method itself, on the chemical structure of the

polymer and on the possible reintroduction of additives

needed to restore the chemical, mechanical and/or rheological

properties of a polymer at the end of its lifecycle. In order to

evaluate the ability of samples with different amounts of

recycled material to be fluorinated, samples were fluorinated

under the same laboratory conditions (T ¼ 75 � 2 8C;

½F2� ¼ 0:062 � 0:002% (v/v); tF ¼ 20 � 1 min) and analysed

by XPS. To ensure that the fluorination conditions were

exactly the same for all the samples, they were placed in a

circle around the centre of the reactor, fluorinated simulta-

neously, and then kept under nitrogen atmosphere prior to

analysis. Samples, under the form of plaques were mixtures of

virgin HDPE without any additive and HDPE recyclate with

an additive (0.5% (w/w) of RecycloblendTM, an additive from

CIBA). Compositions ranged from 100% virgin HDPE to

100% HDPE recyclate.

The elemental quantitative analysis of C1s and F1s

regions acquired at a take-off-angle relative to the surface

(TOA) of 908 shows that, within the experimental error, the

relative amount of fluorine does not change with the amount

of recycled material present in the sample (Fig. 5).

The average global F/C is around 1.46 and average F/C

(C1s) is 1.34. The average value for F/C ratio is therefore,

1.1. All these values are close to the optimal obtained for

virgin HDPE films at the same temperature, time and [F2].

Fig. 4. SEM images for two post-mould fluorinated samples at �90 8C,

for 20 min at ½F2� ¼ 0:06% (v/v) (a) before X-ray irradiation; (b) after

X-ray irradiation for 120 min.
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Fig. 5. Relative amount of fluorine in samples with different % of virgin

HDPE: (&) global F/C atomic ratio; (&) F/C ratio computed from C1s

region; ( ) F/C ratio (defined in the text).
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2.3. Post-mould versus in-line fluorination

The elemental analysis of the samples treated by post-

mould fluorination and the analysis of the samples fluorinated

‘‘in-line’’ indicated that the F/C ratio was always larger in the

latter ones but the nature of the fluorinated groups was

essentially the same as can be seen in Fig. 6 and Table 2.

The global F/C is different in the two samples though the

F/C (C1s) is the same. This yields different F/C ratios, the

distance from unity being larger in the in-line fluorinated

sample. This means that the fluorine composition is less

uniform in depth than in the post-mould sample. A possible

explanation is as follows: though the diffusion of fluorine is

larger in the in-line fluorination because the HDPE is a melt,

the diffusion of the lower energy surface components

towards the extreme surface is also larger. The result is a

fluorine concentration profile less uniform, richer in fluorine

at the extreme surface of the in-line fluorinated sample, but

also a much more wrinkled surface as shown by SEM in

Fig. 7.

With such a rough surface, it is impossible to perform

angle resolved X-ray photoelectron spectroscopy (ARXPS)

studies to obtain further information about the fluorine

concentration profile. The segregation of the lower energy

surface components explains also why the in-line fluorinated

sample is richer in (CF2)-groups than the post-mould.

Another difference between the two samples arises from

the peak at low binding energy; in the in-line sample it is

404.5 eV from the F1s peak whereas in the post-mould

it is 403.9 eV. This means that the lower binding energy

C1s peak is 0.6 eV lower in the in-line fluorinated sample

than in the post-mould. This means that, in the in-line

sample, that peak corresponds to unreacted carbon black

(BE ¼ 284:4 eV), which migrates towards the surface

before the sample cools. Apparently, in the post-mould

fluorination, the surfacial carbon black reacts with fluorine

and the temperature within the reactor is not high enough to

allow for the migration of unreacted carbon black towards

the surface. Degradation studies of the in-line fluorinated

sample show that the peak at 284.4 eV disappears with the

degradation by X-ray irradiation. This could be due to a

reaction of the remaining surfacial carbon black with the

fluorine and hydrogen resulting from the degradation. Since

the F1s peak always shows just one component, fluorine

binds mainly covalently to sp3 atoms in the carbon black.

Therefore, respective spectra, both in C1s and F1s regions,

Table 2

Peak assignment and area % for C1s peak for samples in Fig. 6

In-line Post-mould

DBE (eV) Area % DBE (eV) Area %

CH2 (in a fluorine poor neighbourhood) 404.5 9.6 403.9 2.5

CH2 (in a fluorine rich neighbourhood) 402.0 12.7 402.0 16.1

CF 399.6 21.6 399.8 29.3

CF2 397.4 49.6 397.5 47.4

CF3 395.3 6.4 395.2 4.6

Global F/C 1.73 1.52

F/C (C1s) 1.40 1.38

F/C ratio 1.24 � 0.05 1.10 � 0.05

CF2/CF 2.3 1.6

Global F/C atomic ratios and F/C computed from C1s region, as well as their ratio, are also presented.
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Fig. 6. XPS C1s region for a sample fluorinated in-line (bold line) and

another ‘‘post-mould’’ fluorinated (thin line). Fitted components are in

black for the in-line sample and in grey for the post-mould-one. Binding

energy was not corrected for charging effects. Spectra were normalized to

the same baseline.

Fig. 7. SEM image of an in-line fluorinated sample.
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overlap with those for fluorinated polymer. Otherwise, if

fluorine was largely adsorbed, or intercalated in the carbon

black or bound to graphitic sites, other F1s components

would develop [13]. Also the global F/C atomic ratio as a

function of time, similarly to the procedure for a post-mould

fluorinated sample in reference [8], was fitted with a func-

tion of the type F=C ¼ a þ b expð�t=t0Þ where t0 is the

characteristic time of degradation. The value obtained for t0
was 230 min, compared with 250 min for the post-mould

fluorinated sample. This is also evidence that the fluorine

concentration profile is thinner in the in-line fluorinated

sample when compared with the post-mould fluorinated

sample.

2.4. Role of the introduction of additives

Mechanical and rheological properties of the mixtures of

virgin and recycled HDPE, demand a reintroduction of addi-

tives. In this study, the role of that readditivation on the ability

of the surface to become fluorinated was also studied.

Fig. 8 shows that the role of additivation is not very large

but it may not be zero; the sample with reintroduced additives

has a slightly larger atomic percentage of (CF2)-groups and

a smaller percentage of unfluorinated sites.

3. Conclusions

SEM images showed that beyond a fluorine concentration

in the gaseous flow ½F2� ¼ 0:06% (v/v), severe corrosion

effects appear, pitting being clearly visible in the surface.

The extent of the fluorination was greater for greater tem-

peratures but it seems to attain a plateau around 85 8C.

Fluorination degree, measured by global F/C atomic ratio

also increases with time attaining saturation at around

20 min.

The fluorability does not seem to be affected by the

composition virgin/recycled HDPE, as both global F/C

and F/C (C1s) are identical within experimental error. There-

fore both the chemical composition and the fluorine density

profile in depth are identical for all compositions.

Both the value of F/C ratio (global F/C)/(F/C (C1s)) and

the characteristic time of degradation show that the in-line

fluorinated sample has more intensely fluorinated extreme

layers but fluorine density profile in depth is thinner in the in-

line fluorinated sample than in the post-mould fluorinated

sample. The additives showed a minor role in the ability of

the surface to be fluorinated.

4. Experimental

Materials were supplied by Ciba and by Solvay. Samples

of a range of mixtures of virgin and recyclate high density

polyethylene (HDPE) with and without (re)additivation

were provided by Ciba. Pure virgin HDPE film was supplied

by Solvay. All the samples except one contain carbon black

(0.2%, w/w). Samples were supplied under the form of films

and/or plaques and were fluorinated and analysed as

received. A few samples fluorinated in-line were also sup-

plied. The post-mould fluorination was performed in a

home-made fluorination line for use under flow conditions

(see Scheme 1).

A commercially available mixture of fluorine (F2) and

nitrogen (N2) 0.09% (v/v) in F2, purchased from Air

Liquide, was used. The composition of the mixture reaching

the reactor was varied by mixing pure nitrogen with the

0.09% (v/v) fluorine mixture through a stainless steel ser-

pentine (diameter ¼ 1=8 in.), lined up with the pipeline.

The dimensions of the serpentine were chosen to meet

the conditions of a turbulent flow regime in order to improve

the mixture. The final gaseous fluorine concentration, [F2],

entering the reactor is determined measuring the pressu-

res and flows from the two gas sources: ½F2� ¼ ½Q1=
ðQ1 þ Q2Þ� � ½F2�0. Q1 is the feed flow from the N2 þ F2

line, Q2 is the feed flow from the N2 line and [F2]0 is the

concentration of fluorine in the mixture bottle. The pressure

reducers, type DLRS and DIRS, used to adjust accurately the

pressure of the gases that feed the fluorination line, were

supplied by air liquide. The mass flowmeters, with a range of

3–45 l h�1 N2, were Fischer & Porter Mod. D10A6142

Purgemaster, supplied by Tecnilab Portugal. The pressure

inside the reactor was measured by an industrial pressure

transducer, Mod. P675-2 bar, and displayed in a digital

display conditioner type CD420, both furnished by Air

Liquide. The pressure sensor placed at the entrance of the

roughing pump was a Pirani PVD8 digital vacuum gauge.

The fluorination reactor was cylindrical with a height

of 5 cm and a radius of 5 cm allowing the fluorination of

surfaces with 60 cm2. By-products, consisting mainly of
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Fig. 8. XPS C1s region for two post-mould fluorinated samples of a

mixture of 70% virgin plus 30% recyclate HDPE: one readditivated with

RecycloblendTM (0.5% of the recyclate material) (bold line) and another

one without any readditivation and washed with cyclohexane to remove

any traces of previous additives (empty squares).
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hydrogen fluoride, passed through a purification system

before being vented to the atmosphere. The gas waste

purification system had two elements: a solid absorber

column of activated Al2O3 (Alcatel, ref. 068779), followed

by an alkaline solution of KOH (Riedel-deHaën, assay: min.

85%). All the valves, the electropolished stainless steel tubes

and remaining accessories that compose the apparatus were

purchased to Air Liquide.

The X-ray photoelectron spectrometer used was a

XSAM800 (KRATOS) model operated in the fixed analyser

transmission (FAT) mode. Pass energy of 10 eV, a power of

130 W and the non-monochromatised Mg Ka X-radiation

(hn ¼ 1253:7 eV) were used. Samples were analysed in ultra

high vacuum (UHV), and typical base pressure in the

analysis chamber was in the range of 10�7 Pa. All sample

transfers from the fluorination reactor to the analysis cham-

ber were made under a dry nitrogen atmosphere. Samples

were analysed at room temperature, at TOA ¼ 908–308.
Spectra were collected and stored in 200–300 channels with

a step of 0.1 eV, and 60–90 s of acquisition by sweep, using a

Sun SPARC Station 4 with Vision software (Kratos). The

curve fitting was carried out with a non-linear least-squares

algorithm using Voigt profiles. No charge compensation was

used. Binding energies were corrected by using a method

described elsewhere [8]. For quantification purposes, the

sensitivity factors used were: F1s: 1, C1s: 0.25. They were

provided by Kratos in the Vision library and checked with

high molecular weight PTFE.

The scanning electron microscope was a Hitachi model

S2400 SEM of 25 kV. The images presented were obtained

with an acceleration voltage of 18 kV and at normal mode

(secondary electrons). Due to their insulating character,

samples were coated with a �8 nm thick gold layer, deposi-

ted by high vacuum evaporation.
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