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Hydrophobic paper has inspired advances in low-cost technologies.
Of importance is the use of perfluorinated reagents, due to suspected
release of HF. Surprisingly, by using a coupled TGA-IR-MS, we
demonstrate that polymerization of a perfluorinated silane on paper,
leads to rapid degradation, low-ash residue, and no toxic HF gas is
produced under thermolysis.

Increased interest in paper based devices, especially in low-cost
diagnostics, calls for a better understanding of the effect of the
various forms of treatment deployed on the overall behaviour of
the material. Safety, and eventual degradation, are vital espe-
cially in biomedical waste management. Recently, organo-fluo-
rine* compounds have been adopted for surface modification of
paper due, in part, to their hydrophobicity and ease of use.*”
Fluorine based reagents, however, can form toxic hydrogen
fluoride (HF) or hydrofluoric acid when mixed with water or
upon degradation.® HF penetrates the skin and insidiously
destroys underlying body tissues. Fluoride ions will also react
with minerals such as calcium and magnesium in the body to
form insoluble salts.” Furthermore, HF fumes will damage lung
tissue if inhaled.” Despite these hazards, fluorine based
reagents have been used for different applications such as
coatings and modifying wetting properties of porous materials,
like paper.® ™

Recently, paper has gained interest as a substrate for
biomedical devices fabrication,'* partly because it is ubiquitous
and is affordable." Paper chemistry is also well understood and,
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Surface polymerization of perfluorosilane
treatments on paper mitigates HF production upon
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as such, can be readily functionalized, especially through
surface hydroxyls. We'*™ and others are interested in fabri-
cating hydrophobic paper-based devices using perfluoro alkyl-
silanes (Fig. 1a).

We recently showed that when trichloro perfluoro octylsilane
reacts with paper, surface bound water is recruited as a co-
monomer leading to self-assembly driven chemi-sorption of
polymeric gel particles ranging from nanoscale to full surface
coverage (Fig. 1b).*® Size of resulting polymer particles coupled
with inherent anisotropy of the paper fibers leads to surfaces
with tuneable chemi-sorption of polymeric gel particles (from
nanoscale to full surface coverage)." Size of resulting particles
coupled anisotropy of the paper fibers leads to surfaces with
tuneable wettability. Despite wide use of perfluorinated orga-
nosilanes in surface modification of cellulosic materials, little
has been investigated in terms of their thermal degradation, in
part due to an assumption that toxic HF would be generated. In
fact, Glavan et al.* speculated (from elemental analysis of the
functionalized paper) that thermal degradation of 1 cm? of the
perfluoro silane treated paper could yield as much as 29 pg HF
(at T <1500 °C) or a maximum of ca. 49 ug COF, when degraded
at high temperatures.”® This was a speculation based on the
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Fig. 1 (a) Previous reports suggest that silane attaches to cellulose
forming a monolayer. (b) Recently determined reaction between silane
and bound water on cellulose. The mechanism shows that an
oligomer/polymeric gel particles are formed due to crosslinking and
self-assembly of the fluoro alkyl silanes.
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assumption that thermal degradation of the material proceeds
as though the organofluoro compound were in its free state.
Also, there was no indirect evidence (or cited literature) to
support whether the fluorinated material will degrade to give off
HF even under incineration.

We hypothesized and demonstrated that when paper is
modified by silanes, the results is a cross-linked polymeric
material, that can organize into small particles and eventually,
upon confluence, forms a film.” Thermal degradation of the
perfluorosilane treated paper, should therefore be considered
in light of a polymeric film. To this end, we hypothesized that
the polymerized material can either undergo breakdown to
form hydrophobic silicon oxide films as recently observed with
silicone polymers,” or a depolymerisation would ensue to
relieve steric strain.”»* Depending on the temperature at which
depolymerisation occurs, the organofluoro compounds may be
distilled off before they thermally degrade averting the
production of HF or other fluorocarbon derivatives.

Materials and methods

Materials

1H,1H,2H,2H trichloro(perfluorooctyl)silane was obtained from
Sigma-Aldrich and was used as received.

Surface modification

Surface control polymerization was performed on a high
grammage blotting paper (NYX Los Angeles CA) that was cut
into small pieces (~1 x 1 cm in diameter). The high density
paper was then placed on a warm desiccator containing Drier-
ite. A vial containing 1H,1H,2H,2H trichloro(perfluorooctyl)
silane (100 pl) was placed inside the desiccator. The desiccator
was sealed and evacuated allowing the reaction to occur in
vacuo. The system was then immediately placed in an oven
maintained at 368 K. The reaction was then allowed to equili-
brate and proceed at these conditions for a prescribed period of
time. On expiration of the reaction time, vacuum was released
and sample removed from the chamber and the success of the
treatment was assessed by placing the treated papers under
water.

Gas phase analysis

Coupled TGA/DSC-FTIR-MS (Netzsch STA449F1) was used to
investigate products of thermal decomposition of treated paper
samples. Thermal analysis was performed with a tungsten
furnace (RT - 2400 °C) at a resolution of 0.025 nug and heating/
cooling rates of (40 °C to 800 °C) 20.0 K min~'. Samples were
placed in alumina crucible, heated and the exudates analyzed in
real time. Collected data was analyzed using the Proteus®
Software. Purge gas was composed of constituted air (nitrogen-
oxygen-nitrogen) (Airgas, Inc.). An intake flow of 10-10-40 ml
min " respectively. FTIR of the evolved gases from the decom-
position of treated cellulose was performed on a Bruker system
(Tensor 37 model). OPUS software was used to analyze the data.
MS from the evolved gases was collected and analyzed with
Aeolos software.
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Liquid phase analysis

Surface treated paper was placed into a long-neck volumetric
flask and the setup was heated above 700 °C. The distillate was
then washed down with deuterated chloroform. The solution
was analyzed by "H, "*C and '°F nuclear magnetic resonance
(NMR).

Results and discussion

To test our hypothesis, we prepared and characterized modified
paper using a trichloro perfluorooctyl silane. This paper
experimentally demonstrates that when the silane is polymer-
ized and the paper is incinerated at 7= 800 °C there is no
significant amount of HF produced. We treated high grammage
paper (163.76 g m™ %) with (1H,1H,2H,2H trichloro(per-
fluorooctyl)silane) (abbreviated TFOS, 97%, Sigma-Aldrich) at
different reaction times and in situ characterized the products
upon thermal degradation using a coupled TGA-IR-MS. Based
on the above discussion, and the deployed analysis, peaks at M
+1 =20 (HF) and M + 1 = 66 (COF,) were expected from the
mass spectrum of the thermally degraded fluorinated paper
samples. These m/z peaks would be confirmed by observation of
IR signals at 1700 cm " (C=0) accompanied by a broad peak at
3600-4000 cm ™" (HF). To evaluate this hypothesis, high gram-
mage paper was treated with TFOS vapours for 24 h at 95 °C.

Thermogravimetric analysis (TGA) was performed at a heat
rate of 20 °C min~ ' from 40 °C up to 800 °C in air. To diminish
potential interference by adventitious moisture, IR and MS
analysis were started at 100 °C. The TGA results revealed two
stages of thermal decomposition at 330 °C and 430 °C for both
the untreated (control) and treated samples (Fig. 2a). Interest-
ingly, we observe that the treated samples showed higher mass
loss than the untreated (90% vs. 65%) over the same tempera-
ture range. This difference is observed irrespective of the time
the paper is treated with the silane — which has been shown to
correlate with the amount of chemisorbed silane. These results
are counterintuitive as they suggest that surface modification
may enhance thermal degradation of the paper - reduced
residual ash. The difference in percentage weight loss is not
specific to either the 330 °C or the 430 °C regions although, in
the treated papers, a noticeable difference in the onset of the
second degradation region is observed. This discrepancy in the
total mass loss may be, in part, due to reduction of filler
materials in paper upon reaction with the silane reagent. The
presence of these fillers (mostly calcium carbonate) can inter-
fere with the thermolysis, producing more char compared on
the untreated paper.

This discrepancy in the total mass loss may also, in part, be
due to differences in physi-sorbed adventitious contaminants
on the two types of surfaces, with the untreated paper (higher
surface energy v > 70 mN m™ ') potentially attracting a larger
variety of contaminants than the treated (y ~ 25 mN m™').?*
Alternatively, it could imply that presence of the hydrophobic
coating enhances thermal decomposition - to our knowledge,
there is no known combustion mechanism that explains how
this would occur. Although the TGA shows two regions of
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Fig. 2 Paper based samples treated with a fluorinated alkyl silane
reagent for different periods of time analysed upon incineration in air.
(a) Thermogravimetric analysis (TGA) from 100 °C to 800 °C. (b) Total
ion current from 100 °C to 800 °C. (c—d) FTIR spectrum from 1000
cm~1to 4500 cm~t at 330 °C and 430 °C. (e—f) Mass spectrum at 330
°C and 430 °C.

thermal degradation, occurring at different rates of mass loss,
the Graham-Schmidt plot shows an overlap in the total number
of exudates (Fig. 2b). As expected, a carbonaceous char is left
behind after the thermal degradation, with a higher fluorine
content especially at 330 °C (ESI Fig. S67).

The exudates from the thermal degradation were analysed in
situ using both IR and MS. From the IR data, water vapour and
CO, were the two main detected products. This concurs with an
earlier study on thermal decomposition of native and oxidized
paper, where the main products were observed to be CO, (2400
cm '), CO (1000-1300 cm ') and H,O (1500 cm " and 3500
ecm ') In the current study, these are the main observed
products, although the CO was also observed as trace by-
product which can be attributed to incomplete combustion of
the paper. Presence of water vapor is only observed during the
first rapid thermal degradation, while in the latter degradation
region, CO, is primarily released suggesting that the slow
degradation centred at 430 °C could be due to oxidation of C(0)
from incomplete combustion in the initial step. The lack of an
IR peak broadly spread from 3600-4000 cm™ " suggests that no
significant amounts of HF are released irrespective of the paper
treatment time.

To further confirm the absence of HF during incineration,
mass spectrometry was performed on evolved gases. At 330 °C,
the constituents were mostly water (m/z = 18) and small portion
of CO, (m/z = 44) as deduced from the total ion concentration
(Fig. 2e). As demonstrated by the IR, at 430 °C CO,, was the main
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component (Fig. 2f). From the MS, no HF (m/z = 20) was observed
in either of the two temperatures, which is in agreement with the
FTIR analysis. We anticipated that degradation of the polymeric
coating would lead to CF, (m/z = 50) and CF (m/z = 31) signals
from the MS, but none were observed. Yet from the collected
mass spec even when extending the range to m/z 100 (see ESIT)
there was no signal detected implying that the fluoro alkyl tails
are not decomposing even at high temperatures.

Temperature-resolved (or time-resolved) 3D FT-IR and 3D
mass spectra were also generated (Fig. 3a and b respectively).
Fig. 3a shows the FT-IR of evolved gas species over the range of
temperature during the incineration of 24 h silane treated
paper. Once again, CO, and H,O are the main constituents
released from thermal degradation. Temperature-resolved
3D mass spectrum (Fig. 3b) shows significant amounts of CO
(m/z = 28), which can be attributed to incomplete combustion
of the paper. However, CO, and H,O as expected, are the main
and dominant products.

Liquid and solid phase

The solid by-products (ash) of thermally degraded functional-
ized paper was analyzed via energy-dispersive X-ray spectros-
copy (EDS) (Fig. S671). Fluorine was detected when silanized
paper was heated until 350 °C, however, above 700 °C the
element was absent from the by-product. To track the location

Absorbance

Temp. I°C

Fig. 3 Temperature-resolved 3D FT-IR (a) and mass spectrometry
analysis (b) of high-density paper treated with fluorinated organo-
silicon with a reaction time of 24 hours.
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Fig.4 Study of the phase transformation of the functionalized paper upon heating. Three products where collected from the paper degradation
as shown in the schematic; (a) ash residue was analyzed by EDS; (b) distillate was analyzed by NMR and (c) gas phase by-product analyzed by

TGA-IR-MS.

of fluorine, silanized paper was heated to temperatures above
700 °C and the evolved products were collected in a distillation
column (Fig. 4b). NMR (*°F, 'H and "*C) spectra were collected
from the distillate (ESI Fig. S7-S91). The NMR spectra verifies
the presence of fluorine in the distillate, showing that the
surface polymer (from silane treatment) distills out of the paper
during thermal degradation instead of forming toxic H-F (Table
1).

The use of fluorinated organosilicon reagent for the control
of wetting properties of cellulose can be easily performed, in an
affordable procedure, as reported.” The widespread imple-
mentation of hydrophobic paper devices has been limited due
to safety concern that originates from the notion that thermal
degradation always leads to deleterious effect on human health
due to generation of highly toxic HF by-product. This study,
however, shows that incineration of cellulose treated with per-
fluoro alkyl silane (up to 800 °C) does not generate HF as
confirmed by TGA-FTIR-MS and NMR analysis. This work
provides evidence that hydrophobic paper treated with orga-
nofluorine reagents can safely be disposed by incineration (with
concomitant recovery of the perfluorinated reagent), a primary
method of waste disposal where proper biomedical waste
management is not available. This study informs the adoption
and management of paper-based devices especially in devel-
oping world, illustrating that controlling the surface modifica-
tion process enables better recovery of the fluorinated alkyl

Table 1 Summary of data showing the presence or absence of fluo-
rine at different temperatures in different pyrolysis products. The
fluorinated materials are limited to the residue at low temperature but
distil off (liquid) at higher temperatures. No detectable fluorine is
observed in the gas phase

Presence of fluorine

Temperature a b c

350 °C / ND X
>700 °C X \/
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chains mitigating environmental contamination or generation
of the toxic HF.
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