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ABSTRACT: Composite materials made from fibrous support coated with agro-polymers are widely commercialized for different appli-

cations. But, their transfer properties have only been sparingly studied despite their importance in membrane technologies or food

packaging. Furthermore, most of past studies on the topic have been focused on the impact of surface properties of the support on

the final coated material structure and its properties; leaving unexplored the potential impact of the in-bulk structure of the support.

This study demonstrated the influence of in-bulk structure and especially fibers refining degree of 4 kraft papers (SP28, 36, 60, and

80) on the structure, and surface and gas transfer properties of their respective wheat gluten (WG) coated papers (WGP28, 36, 60,

and 80). Paper presenting a high fibers refining degree (SP28) exhibited very tight and narrow in bulk fibers network which pre-

vented most of the WG-coated layer penetration, maintaining an important WG apparent layer on top of the paper and a small

fibers/wheat gluten composite zone inside (WGP28). Such structure gave strong “WG-like” properties to the final coated material

with moderate oxygen permeation and high permselectivity (1.50 3 10211 mol m22 s21 Pa21 and 8.09, respectively for WGP28)

whereas the highly impregnated structure of coated papers built on lowly refined papers (SP80, with wide and loose structure) gave

coated materials presenting weak “WG-like” properties, supposedly due to a thick composite zone presenting interfacial defects, with

higher oxygen permeation and very limited permselectivity (11.90 3 10211 mol m22 s21 Pa21 and 1.06, respectively for WGP80).
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INTRODUCTION

During the last 20 years, protein-based polymers have been the

focus of many studies on food packaging materials due to their

low price, and their biodegradable and renewable character,1–3

and their unique functional properties as gases and vapor per-

meations.4,5 However, their poor mechanical properties, either

too brittle at low relative humidity or not rigid enough at high

relative humidity,5,6 needs to be improved for further industrial

applications and the route of (nano-) composite materials has

been already explored. Among the availability of a large range

of processes and (nano-)fillers, protein based matrixes rein-

forced in bulk with micro17–10 or nanoscale2,8,11–18 fibrous fillers

have been, by far, the most studied despite finding limited

industrial applications up to now. In comparison, the yet al-

ready widely commercialized polymer-coated fibrous supports

(such as papers or cardboards) have been subjected to less

scientific attention and the existing studies have been mostly

focused on the surface properties of these composites19–23 or

their mechanical properties (to a lesser extent).23–25 Only

limited considerations have been given to their gas (O2 and

CO2) or vapor transfer properties, which are of main interest in

food packaging science considering the importance of oxygen,

carbon dioxide and moisture on the preservation of food prod-

ucts.25–28 In addition, to better understand the final properties

of protein coated on fibrous support, several studies have been

conducted on coating and drying conditions,29,30 the nature of

proteins,31,32 the chemical composition of the support,25,27 the

surface treatment of the support.20,25 But surprisingly, no study

has taken into consideration the impact of the structure of the

support paper that is correlated to the refining degree of fibers.

This study proposes to investigate the impact of the in-bulk

fibers network organization of a fibrous support on the result-

ing structure and gas (O2 and CO2) transfer and surface proper-

ties of protein-coated material. Four industrial untreated kraft

papers of same chemical composition but different basis weight

and pulp refining degree have been chosen as fibrous supports

for coating due to their widely available character, and common

use for food packaging applications (e.g., sachet for bread or
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fresh fruits and vegetables). Wheat gluten (WG) have been con-

sidered for coating because of its very interesting gas transfer

properties: relative humidity dependent gas transfer and surface

properties and high permselectivity ratio (CO2 permeation / O2

permeation) at high relative humidity,4 especially for fruits and

vegetable packaging.5,33,34 Four WG-coated papers were pro-

duced in identical conditions from the four different supports

and their final properties (surface and gas transfer) were dis-

cussed in relation with their structure and the in-bulk structure

of their respective coating support.

EXPERIMENTAL

Materials

Kraft papers (Terrana) of different basis weights 28, 36, 60,

and 80 g m22 (supplier data) were provided by Gascogne

Paper (Mimizan, France) to serve as support papers hereinafter

named Support-Papers (SP) 28, 36, 60, and 80, respectively.

Samples of pastes used to process the kraft papers were also

kindly provided by Gascogne Paper. Wheat gluten (WG) pow-

der, containing 7.2 wt % of moisture and 76.5 wt % of protein

was provided by Amylum (Mesnil St Nicaise, France). Acetic

acid and sodium sulphite, also used to prepare the coating

solution were purchased from Aldrich (St Quentin, France).

Sodium dodecyl sulphate (SDS), 1,4-dithioerythitol (DTE) and

iodoacetamide (IAM) for WG fractions quantification were

purchased form Aldrich (St Quentin, France). For sample

preparation to transmission electron microscopy, Technovit

7100 embedding kit was purchased from Labonord (Temple-

mars, France).

WG Solution Preparation

A WG coating solution (21.23 wt %) was prepared at room

temperature according to a 3-step procedure,27 slightly adapted

to match the desired quantities. First, 30 g of WG powder was

poured into a box and dispersed under shaking in 50 mL of a

sodium sulphite/deionized water solution (0.06 g/50 mL). This

solution worked as a reducing agent of the disulfide bonds.

Then, after 30 min of settling, the pH of the solution was set to

4 by adding a 50/50 v/v. solution of acetic acid and deionized

water. Finally the solution was adjusted to 130 mL by adding

deionized water and the whole mix was stirred and left to rest

for a day.

WG Coating Process

Adequate procedure for coating process was determined

empirically with the goal to reach a sufficient coating weight

(>10 g m22) and to obtain a continuous and homogenous

gluten layer.

Prior to coating, all Support-Papers were stored in a relative

humidity (RH) controlled box set at 30% RH. The coating was

performed on the raw side of the paper at room temperature

using an Erichsen coater equipped with the blade n�8 featuring

a spire width of 1mm and at a speed of 10 mm s21. Three

milliliters of the WG coating solution were necessary to

perform the coating. These WG-coated papers will be referred

hereinafter as WG-Paper (WGP) 28, 36, 60, or 80 depending

on the Support-Paper coated. After coating WG-Papers were

dried slowly at room temperature and below 50% RH during

2 h.

Following the same procedure, some Support-Papers of each

basis weight were also swelled by coating with acidified (pH 4)

deionized water for impregnation calculation purposes.

All materials were stored at 30, 60, 90, or 100% RH and 25�C,

depending on their further characterization.

Thickness Measurements

Average thicknesses of Support-Papers, swelled Support-Papers

and WG-Papers were determined at room temperature and 30%

RH with a hand-held digital micrometer (Mitutoyo instru-

ments) from 10 measurements randomly taken over the paper

surface.

Basis Weight and Coating Weight

To evaluate the basis weight of each Support-Paper, 9 square

pieces (5 3 5 cm) of paper were cut and weighed at room tem-

perature and 30% RH with a precision balance (Adventurer

pro, Ohaus). The results were then processed to get back to the

meter square scale.

To assess the coating weight, 9 square pieces (5 3 5 cm) of both

Support-Paper and WG-Paper were cut and left to dry during 24

h in a ventilated oven at 103�C. They were then placed to cool

into a desiccator containing silica-gel. After 1 h they were taken

out and weighted with a precision balance. The coating weight

(Cw) in grams per meter square was calculated as follows:

Cw5
wWGP2wSP

A
(1)

where WWGP (g) is the weight of a WG-coated paper piece, WSP

(g) is the average weight of Support-Paper pieces and A (m2) is

the area of a piece.

Impregnation Calculation

To evaluate the part of the WG coating solution that penetrated

into the paper, the percentage of impregnation of the coated

layer was calculated as follows:

% Impregnation51003 12
WGapp

es

� �
(2)

where eWGapp (lm) is the apparent thickness of the WG-coated

layer (remaining on top of the paper) and es (lm) is the thick-

ness of self-supported wheat gluten film (here present inside

and on top of the paper).

eWGapp was calculated from:

eWGapp5eWGP2eSwP (2.1)

where eWGP (lm) is the total thickness of WG-Paper and eSwP

(lm) the thickness of its respective swelled paper.

es was determined according to the following equation previ-

ously demonstrated32:

es51:63Cw (2.2)

where cw (g m22) is the coating weight of the WG-Paper.

Microscopy Observation

Scanning Electron Microscopy. Scanning electron microscopy

(SEM) observations of the paper pulps and wheat gluten-coated
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papers cross sections were performed on small pieces (1 3 1 cm)

directly mounted on stub with double-sided carbon tape. After

degassing under vacuum, samples were observed with a Scanning

Electron Microscope S-4800 Hitachi (Japan). All micrographs

were obtained using an accelerating voltage of 2.5 kV.

Transmission Electron Microscopy. Transmission electron mi-

croscopy (TEM) observations of the WG-Papers cross-sections

were performed on thin slices after embedding of the samples

in Technovit epoxy resin. A transmission electron microscope

H7100 from Hitachi (Tokyo, Japan) was used for observation at

a voltage acceleration of 75 kV.

Wheat Gluten Fractions Quantification by SE-HPLC

Extraction of proteins and SE-HPLC analysis were performed

on WG powder grinded from the apparent WG layers of each

WG-Paper and on lyophilized WG powder from a control “WG

casted film” (WG coating solution casted onto a Plexiglas plate

following the “WG coating process procedure). The procedure

was carried out as previously described by Morel et al.,35 by

performing two sequential extractions. The first with a 0.1 M

sodium phosphate buffer (pH 6.9) containing 1% SDS, and the

second with the same buffer and a sonication step to disperse

SDS-insoluble glutenin polymers. Supernatants obtained from

these extractions were injected onto a size exclusion column

TSK-G 4000-SW (Merck, France) (7. mm 3 30 cm) equipped

with a TSK 3000-SW (Merck, France) guard column (7.5 mm,

7.5 cm). SDS-insoluble glutenin polymers (Fi) content was

obtained from the total area of the chromatogram of the second

extract. The contents in the other protein fractions were

obtained from the first extract profile: early-eluted fractions,

F1 and F2, included SDS-soluble glutenin polymers; following

fractions, F3 and F4, included mainly gliadin; the last eluting

fraction, F5, included mainly albumin and globulin. The area

under the peak corresponding to each fraction was expressed in

% of total protein, estimated from the sum of the total areas

under the chromatograms of the two extracts, once corrected

for their different solid-to-solvent ratios.36 The percentage of

total glutenin polymers can be calculated as the sum of Fi, F1,

and F2; Fi alone gives the percentage of unextractable glutenin

polymers.

Contact Angle Measurements

Wettability. Wettability of the Support-Papers was evaluated by

contact angle measurement using a contact angle meter Digi-

drop from GBX (Bourg de Peage, France), equipped with a

diffuse light source, a CDD camera (25 frames per second). The

measurements were taken at 30% RH and 25�C. Prior to the

measurements, the papers were cut in 5 x 50 mm bands, stuck

on a glass slide using double sided adhesive and left during 2

days at the desired RH inside RH controlled chambers. The sen-

sitivity of Support-Papers surface to wetting was investigated by

measuring the behavior of a liquid drop (3 lL) of WG coating

solution, ultra-pure water and paraffin oil, onto the paper

surface. Both the initial wettability and the rate of change in

wettability were investigated. Wettability (�.s21) was determined

by measuring changes in averaged value of contact angles

(measured on both sides of the drop) of the liquid drops with

time. The evolution of volume and width basis of the drop as a

function of time were also recorded to assess the contribution

of absorption (mL s21) and spreadability (mm s21) which are

two phenomenon involved in wettability. All measurements

were performed in triplicate.

Surface Energy. The surface energy of both Support-Papers and

WG-Papers was calculated using the Owen-Wendt equation and

linear regression with value of wettability equilibrium angles for

diiodomethane, ultra-pure water and ethylene-glycol as entries.

These wettability angles were determined via the technique

described above. The Owen-Wendt equation is written as

follows:

c L3ð11cos hÞ52

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c d

L3 c d
S

q
12

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c p

L3 c p
S

q
(3)

where h is the angle of the drop at equilibrium in degree, hL

the energy of the liquid phase and hL
d and hL

p its disperse and

polar component and hS the energy of the solid phase and hS
d

and hS
p its disperse and polar component. All energies are

expressed in mN m21.

Wetting Envelope. The wetting envelope of a material can be

determined knowing its surface’s polar (hS
p) and disperse (hS

d)

surface energy components. The polar and disperse fractions of

the liquid (hL
p and hL

d) for which the contact angle is 0� (cosh
5 1) were calculated with the same equations after Owen-

Wendt. When this polar fraction was plotted against the dis-

perse fraction, a closed contour for cosh 5 1 was obtained.

This contour was the wetting envelope, the limit between total

and partial wetting of the material.

Bendtsen Roughness Measurements

The Bendtsen roughness (ISO 5636-3) of the Support-Papers

was measured by Gascogne Paper (Mimizan, France) using a

Bendtsen porosimeter model 6 with the entering air pressure set

at 200 kPa. Five measurements were taken on each Support-Pa-

per and the result was expressed in mL min21. Bendtsen rough-

ness allows evaluation of the fibers refining degree of a paper:

the higher the Bendtsen roughness, the lower the refining

degree.

Gas Transfer Measurements

To assess the O2 and CO2 permeation of materials, a dynamic

method using gas chromatography was used for WG-Papers

and a static method using oxygen and carbon dioxide sensi-

tive optical sensors for Support-Papers (due to high permea-

tion of Support-Paper that saturated the gas chromatograph

detector).

The O2 and CO2 permeation of Support-Papers were assessed

in triplicate at 25�C with a static method using O2 and CO2

content monitoring spots and optic fibers from Presens

(Regensburg, Germany).37 Prior to measurements, the material

was placed at the desired RH for one day to equilibrate. It

was then placed on top of a permeation cell containing both

one O2 spot and one CO2 spot situated in a RH controlled

chamber (Froidlabo, France). The cell was flushed with a gas

mix consisting in 50% nitrogen and 50% carbon dioxide until

the amount of O2 inside went under 1hPa and the amount of

CO2 around 5hPa. The flush was then stopped and the cell

hermetically closed. The amount of O2 and CO2 inside the
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cell was monitored via the spots and optic fibers and the per-

meation was calculated as follows:

Pex5
J

DP3A
(4)

where Pex referred to O2 or CO2 permeation of the sample

(mol Pa21 m22 s21), J the flux of gas going through the mate-

rial in mole per second, DP to the difference in pressure exerted

by the gas on each side of the film in Pascal and A to the sur-

face of the material in meter square.

The O2 and CO2 permeation of WG-Papers were assessed in

triplicate with an isostatic and dynamic method using gas phase

chromatography at 25�C. Materials were placed in a permeation

cell. The inferior and superior chambers were each spread by a

30 mL min21 flux of permeant gas (O2 or CO2) and vector gas

(Helium) respectively. The RH of the gas flux was set thanks to

a bubbling flask containing water and placed in a cryothermo-

stat regulated at a properly chosen temperature. The differential

temperature imposed between the cell and the cryothermostat

permitted the establishment of the desired RH in the chamber

(60 or 100%). The permeation cell was coupled to a gas chro-

matograph GC3800 from Varian (Les Ulis, France) equipped

with an automatic valve to online analyze the evolution with

time of permeant gas concentration in the superior chamber of

the cell (analysis of 1 mL of sample at prescribed times). The

gas chromatograph was equipped with a filled column Porapak-

Q from Chrompack (Les Ulis, France) of 2 m length and 0.32

mm diameter for separating O2 and CO2, with thermal con-

ductibility detector (TCD).The gas (O2 or CO2) permeation of

the material was determined as follows in the international sys-

tem unit:

Pex5
DQ

Dt3A3DP
(5)

where subscript Pex referred to O2 or CO2 permeation of the

sample (mol Pa21 m22 s21), DQ was the number of mol of gas

that pass through the film, Dt was the time for which permea-

tion occurs, A was the exposed film area and (DP) is the differ-

ence in pressure exerted by the gas on each side of the film. Gas

permeation was then expressed in mol m22 s21 Pa21 unit. For

total O2 and CO2 desorption and RH stabilization, materials

were placed prior to measurements in the permeation cell using

Helium to spread both chambers.

Calculation of WG Composite Layer Theoretical Oxygen

Permeability

To calculate the theoretical WG composite layer (Figure 7, appa-

rent WG layer 1 interaction zone) permeability to oxygen

(PO2(WGcomp)), the permeability (i.e., permeation time thickness)

of the Support-Papers and the WG-coated paper were first

calculated by dividing their permeation value by their respective

thicknesses. Then the PO2(WGcomp) was calculated as follows

(adapted from the conventional equation for global permeability

of layered composite):

PO2ðWGcompÞ5
eWGcomp

eWGP

PO2 ðWGPÞ
2 eSP

PO2ðSPÞ

(6)

where eWGcomp, eWGP, and eSP are the thicknesses of the WG

composite layer, the WG-Paper and the Support-Paper respec-

tively, PO2(WGP) and PO2(SP) are the oxygen permeability of

WG-Paper and Support-Paper respectively.

RESULTS AND DISCUSSION

Characterization of Support-Papers

In Bulk Structure. Four Terrana kraft Support-Papers of iden-

tical chemical composition but different basis weights were

provided under the form of sheets: SP28, SP36, SP60, and

SP80. Their basis weight varied from 29.67 g m22 for SP28 to

79.84 g m22 for SP80 together with their thickness from

40.55 lm for SP28 to 92.04 lm for SP80 and their Bendtsen

roughness from 36.8 for SP28 to 231 for SP80 (Table I).

Bendtsen roughness value, which relies on the ability of air to

penetrate in-bulk paper, is considered as a good indicator of

paper porosity and so far is related to the refining degree of

fibers (the lower the Bendtsen roughness value the higher the

refining degree of the fibers).38 When decreasing thickness of

paper produced at the industrial scale, basis weight concomi-

tantly decreases, and pulp needs to be more refined to ensure

sufficient mechanical resistance.39 Higher refining implies a

higher inter-fiber bonding capacity and so a better paper

cohesion because of an enhanced surface fibrillation with a

stronger cohesion between fibers due to the presence of many

microfibrils.40

As evidenced by SEM observations of the different paper

pulps (Figure 1), SP28 and SP36 exhibited more microfibrils

than SP60 and SP80, and their Bendtsen roughness

was lower, suggesting a tighter and less porous in bulk

structure.

This was confirmed by oxygen and carbon dioxide permeation

measurements at 25�C and 100% RH (Table II): gases permea-

tion slightly decreases with increase of the refining degree of the

Support-Papers. For example SP80 was 4.4 times more permea-

ble to O2 and 1.7 times more permeable to CO2 than SP28.

That is in agreement with previous work on eucalyptus pulps

where reduction of gases permeation was also attributed to a

Table I. Support Paper Structure Characterization (20�C and 30% RH)

Sample
Support paper
basis weight (g m22)

Thickness of
support paper (lm)

Bendtsen
roughness (mL min21) Fiber’s refining degree

SP 28 29.67 6 0.13 40.55 6 1.25 36.8

SP 36 35.38 6 0.37 49.72 6 1.47 102

SP 60 62.40 6 0.38 75.68 6 2.21 246

SP 80 79.84 6 1.03 92.04 6 2.22 231
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more intricate fibers network.38 It is also worth noting that all

Support-Papers appeared to be somewhat less permeable to

gases at moderate humidity (data not shown) than at very high

humidity as previously demonstrated41,42; e.g., SP28 presented a

PeCO2 of 0.35 x 1028 mol m22 s21 Pa21 at 60% RH against

9.17 x 1028 mol m22 s21 Pa21 at 100% RH. This is attributed

to the swelling of cellulosic fibers in high RH conditions, that

increases gases diffusivity.41 Whether differences in gases perme-

ation were correlated to the different porosity of support

papers, whatever the RH considered, all values remained charac-

teristics of highly porous systems.

Surface Properties

Surface properties of the four support-papers were assessed

through different contact angle measurements. First, the wetting

envelope of each Support-Paper was calculated at both 60 and

over 90% RH (Figure 2). No significant difference in wetting

envelope was demonstrated; surface energies were circa 40 N

m21 at 60% RH and 33 N m21 at 90% RH, whatever the Sup-

port-Paper, and the dispersive component remained higher than

the polar one whatever the RH. When RH increased, the disper-

sive component was slightly lowered without significantly affect-

ing the polar one and then the hydrophobic character of papers

was slightly reduced. Considering that liquid placed on the

same chart is supposed to wet the material partially if outside

the wetting envelope or totally if inside, Support-Papers were

supposed to all be only partially wet by hydrophilic compounds

such as water and partially to fully wet by hydrophobic ones

such as paraffin oil. Then, droplets of the WG-coating solution,

water and paraffin oil were deposited at the surface of support

papers and static and dynamic contact angle measurements

were performed at 30% RH and 25�C to simulate coating con-

ditions (data not shown). Wettability (combination of absorp-

tion and spreading phenomena) of all support papers to WG

coating solution and water was negligible with initial contact

angle measured close to 90� and 110�, respectively. This indi-

cated a low affinity between the Support-Papers and aqueous

solution such as the WG coating solution. Initial contact angle

and wettability of paraffin oil were around 30� and 10�.s21,

respectively, whatever the support paper tested. As expected,

Table II. Gas Transfer Properties (PeO2, PeCO2, S) of Support-Papers and Wheat Gluten-Coated Papers at 25�C and 100% RH

Support-Papers Wheat Gluten-coated papers

Sample

PeO2 PeCO2

Sample

PeO2 PeCO2

S
10211

(mol m22 s21 Pa21)
10-11

(mol m22 s21 Pa21)
10-11

(mol m22 s21 Pa21)
10-11

(mol m22 s21 Pa21)

SP 28 27900.00 6 660.00 9170.00 6 170.00 WGP 28 1.50 6 0.04 12.10 6 0.13 8.09 6 0.27

SP 36 40800.00 6 1780.00 5030.00 6 140.00 WGP 36 3.35 6 0.02 17.40 6 0.07 5.21 6 0.04

SP 60 43000.00 6 0.92.00 6820.00 6 160.00 WGP 60 8.78 6 0.14 13.90 6 0.35 1.58 6 0.05

SP 80 51900.00 6 0.65.00 6770.00 6 140.00 WGP 80 11.80 6 0.10 12.50 6 0.37 1.06 6 0.04

Figure 1. SEM views of Terrana Support-Papers – Impact of the refining degree on the presence of micro-fibrils (32500).
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both results confirmed that all Support-Papers were of hydro-

phobic nature at low RH.

With differences in fibers refining and then porosity of support

papers, difference in their wettability to various liquids was also

expected. Indeed the hydrophobic nature of paper has been

demonstrated to be emphasized by surface roughness43 which is

generally correlated to the refining degree of the fibers. Thus

the lowest refined papers (SP60 and SP80) were supposed to be

more hydrophobic than the two others (SP36 and SP28). But,

all papers used in this study were subjected to a mechanical

treatment inherent to the Terrana paper production. This treat-

ment implies friction on felt inducing folding of both fibers and

micro-fibrils onto the paper surface that likely blotted out the

difference in surface properties.

Structure of WG-Papers

As described in the material and method section, Support-

Papers were coated with a WG solution and dried slowly at

room temperature (2 h and 20�C). Depending on the basis

weight of the Support-Papers, these coated materials were

referred to as WG-Paper 28, 36, 60, or 80 (WGP28, 36, 60, 80).

The thicknesses of WG-Papers ranged from 62.78 to 108.17

lm, for WGP28 and WGP80, respectively. Their coating

weights (Cw) were almost identical with values from 14.48 to

15.60 g m22 and would lead to a WG-coated layer with a the-

oretical thickness around 24 lm (es), assuming no penetration

of the layer inside the papers (Table III). TEM (Figure 3)

observations of the WG-Papers cross sections evidenced the

presence of a continuous WG layer in all samples. However, a

significant decrease of the apparent WG layer thickness was

observed with decrease of fibers refining. It should be noted

that measurement of the accurate thickness of each apparent

WG layer could not be performed on TEM micrographs

because of the swelling induced by the preparation of samples

for TEM observations (for instance, apparent thickness of

WGP28 was 40 lm, much more than the maximal and theo-

retical value of 24 lm). SEM observations of the cross sections

of the WGP were also performed and confirmed the presence

of a continuous WG layer on top of every paper. As there was

no swelling during preparation, measurement of the apparent

thickness of this layer was possible on WGP36 and WGP60

(Figure 4). However, sample preparation was difficult and

Table III. WG-Papers Structure Characterization (20�C and 30%RH)

Sample

Coating
weight
(Cw)

Theoretical
thickness
of apparent
WG-Layer (es)

Thickness of
WG-paper
(eWGP)

Thickness of
respective
swelled
support-paper (eSWP)

Thickness of
apparent WG-layer
(calculated) (eWGapp) Impregnation

(g.m-2) (lm) (lm) (lm) (lm) (%)

WGP 28 14.64 6 0.46 23.43 6 1.03 62.78 6 0.47 43.10 6 1.13 19.68 6 1.41 15.00 6 3.21

WGP 36 15.01 6 0.69 24.02 6 1.56 69.61 6 0.08 53.71 6 1.31 15.90 6 1.52 33.51 6 8.87

WGP 60 15.60 6 0.78 24.96 6 1.77 93.39 6 1.03 86.30 6 2.27 7.09 6 2.87 71.45 6 13.61

WGP 80 14.48 6 0.14 23.165 6 0.32 108.17 6 0.87 100.01 6 2.59 8.10 6 3.20 65.02 6 9.97

Figure 2. Wetting envelopes of the Support-Papers at 25�C and 60%RH and 90%RH.
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important spreading of gluten from the apparent WG layer

onto the fibers was observed when cutting WGP28 and

WGP80, thus no estimations were done.

To more accurately assess the apparent thickness of WG layers in

each of the WG-Papers, this parameter was determined from cal-

culation (eq. 2.2.1). Results (Table III) were coherent with SEM

measurements for WGP36 and WGP60 even if they slightly dif-

fered probably because of minor WG spreading onto fibers and

the local character of SEM observations. As noticed on TEM

micrographs, the apparent thickness of the WG layer decreased

with decrease of fibers refining and, most of all, WG layers were

all thinner than the theoretical thickness (24 lm), whatever the

WG paper considered. Albeit there was no affinity between

support papers and the WG coating solution during contact

angle measurement, forced spreading (due to mechanical action

of the coating blade) led to penetration of the coating solution

into paper. This was quantified with the percentage of impregna-

tion (eq. (2.2)) and it appeared that the higher the refining

degree of the fibers, the lower the percentage of the WG-coated

layer impregnated: from 15% impregnation for the WG layer of

WGP28 against circa 70% for WGP60 and WGP80 (Table III).

WG-papers were then all considered as tri-layered composite

materials with an apparent layer of WG proteins, a composite

zone with a combination of WG proteins and fibers.

Differences in impregnation of WG papers were related to the in

bulk structure of their relative support papers. They were

Figure 3. TEM cross-section views of the WG-Papers (31000)—Illustration of the impact of the Support-Paper on the thickness and regularity of the

WG layer. White dotted line indicates the Paper/WG separation. Note: Vertical black marks on the micrograph came from self-folding of the thin layers

of material before embedding and are not representative of any potential defect on the WG-layer.

Figure 4. SEM cross-section views of the WG-Papers (31000)—Evaluation of the thickness of the apparent WG layer. White dotted line indicates the Pa-

per/Gluten separation.
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considered as porous systems exhibiting different size of pores

related to their refining degree, from a tight and narrow network

in highly refined paper (as SP28) to a loose and coarse network

in lowly refined paper (as SP80). After deposition at the surface

of each support, WG proteins—consisting in molecules of vari-

ous molecular weights (MW): glutenin polymers between

150,000 g mol21 and more than 5 millions g mol21, monomeric

gliadins between 17,000 and 70,000 g mol21, and then small pro-

teins (albumin and globulin) with less than 17000 g mol2144–

47—elute and split through the fibers network depending on their

size (molecular weight) and/or the size of voids (pores) within

the support papers. Then protein composition of the apparent

layer of WG papers may be affected by this elution profile. But,

no differences were observed in the protein composition of the

apparent layers of the WGP. Indeed, with SE-HPLC, it was possi-

ble to determine that they all presented a composition of 1.5%

high MW glutenins, 17.0% low MW glutenins, 11.5% x-gliadins,

52.0% a-b-h-gliadins, 14.5% albumins-globulins and 3.5% insol-

uble fractions which was very similar to the protein composition

of a control “casted wheat gluten film”: 1.4% high MW glute-

nins, 13.8% low MW glutenins, 10.0% x-gliadins, 55.7% a-b-h-

gliadins, 16.2% albumins-globulins, and 2.9% insoluble fractions.

However it remains possible that a separation took place within

the apparent layer with the high MW proteins remaining at the

very surface of the material and the low MW proteins in the

depth of the WG layer (towards the composite zone). In any

case, given the differences in impregnation observed, the penetra-

tion speed of the WG coating solution was different depending

on the refining degree. The lower the refining degree of the fibers

(and the bigger the pore size, e.g., SP80), the faster and deeper

the penetration of the coating solution (e.g., WGP80).

Surface and Gas Permeation Properties of WG-Papers Related

to Their Structure

Surface Properties of WG-Papers. The surface energy of each

WG-Paper was determined at 60 and over 90% RH with

different reference liquids to obtain their wetting envelopes

(Figure 5). For each considered RH, no significant difference

between WG-Papers was observed which was consistent with

the identical apparent WG layer protein compositions observed

earlier.

Whatever the humidity, surfaces of the wetting envelopes of the

WG-Papers (Figure 5) were higher than those of their respective

Support-Papers (Figure 2): surface energy reached 55 or 56 N

m21 for WG papers against 40 or 33 N m21 for support papers,

respectively at 60% or 90% RH. Considering the dispersive and

polar components of wetting envelopes of the WG-Papers and

their respective support papers, it appeared that the WG coating

increased the resistance to wetting by dispersive liquids (such as

oil) but decreased the resistance to polar ones (like water). This

was predictable since WG films exhibit a strong hydrophilic

character at the considered relative humidities.48 It can be noted

that contrary to Support-Papers, the surface properties of WG-

Papers were significantly affected by the relative humidity. De-

spite a very similar surface energy at both 60 and 90%RH, they

differed in their behavior towards polar or dispersive liquids.

The WG-Papers were more sensitive to polar liquids such as

water and less sensitive to dispersive ones than at 60% RH. For

instance, WG-papers were totally wet by oil at 60% RH but

only partially wet at 90% RH. The higher sensitivity to polar

liquids was expected since WG films are known to exhibit a

RH-dependent water sorption behavior characterized by an ex-

ponential shape between 60 and 100% RH, as previously evi-

denced.48,49 As a consequence, the affinity between WG-Papers

and hydrophobic liquid is reduced at high RH.

Gas Transfer Properties of WG-Papers. Gases (oxygen and car-

bon dioxide) permeation of each WG-Paper was assessed at 25�C
and 100% RH (Table II). Values, ranging from 1 to 17 x 10211

mol m22 s21 Pa21 were almost in the same range than previous

published data on WG-coated papers27 (coating weight higher

Figure 5. Wetting envelopes of the WG-Papers at 25�C and 60%RH and 90%RH.
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than 20 g m22) at 80% RH, between 11 x 10211 and 38 x 10211

mol m22 s21 Pa21. All WG-Papers exhibited far lower (103–104

times) O2 and CO2 permeation values than their respective Sup-

port-Paper, proving that (i) the apparent WG layer was continu-

ous and (ii) coating weight was above the 10 g m22 limit in all

WG papers. Those two conditions have been previously demon-

strated to be compulsory to bring enhanced barrier properties to

the WG-coated materials in comparison to their supports.25,27

While PeCO2 of WG-Papers remained quite the same whatever

the WG-Paper tested at 100% RH, PeO2 of WG papers increased

when increasing the impregnation and decreasing the thickness

of the apparent WG layer: WGP60 and WGP80 presented an O2

permeation 3 to 12 times higher than WGP36 and WGP28 (Ta-

ble II). As a consequence, the permselectivity ratio was concom-

itantly decreased from 8 for WGP28 to 1 for WGP80. And so,

only WGP28 (and to a lesser extent WGP36) presented the high

permselectivity characteristic of WG materials at high RH.4,50,51

Furthermore, only WGP28 displayed the RH-dependent gas per-

meation behavior of WG materials which is marked by an

increase in O2 and CO2 permeation together with an increase in

permselectivity ratio (PeCO2/PeO2) when increasing RH from 60

to 100% RH.4,50,51 Indeed, it presented a PeO2 of 1.23 x 10211

mol m22 s21 Pa21, PeCO2 of 1.10 3 10211 mol m22 s21 Pa21,

and a permselectivity ratio of 0.9 at 60% RH (data not shown)

against 1.50 x 10211 mol m22 s21 Pa21, 12.10 x 10211 mol m22

s21 Pa21, 8.09, respectively, at 100% RH.

To go deeper in the understanding of the gas transfer behav-

ior of the WG-Papers, the oxygen and carbon dioxide per-

meability (PO2 and PCO2, permeation multiplied by

thickness) of the apparent WG layer of the WGPs, were cal-

culated using eq. ((6)) for bilayer composite and assuming

the composite layer presented a very permeable character, as

paper (Table IV).

At 100% RH, it appeared that the PO2, PCO2, and S of the appa-

rent WG layers were different depending on the WGP. Such results

were not expected given the similar protein composition observed

for every apparent WG layer. These unexpected differences could

be attributed to a bias in the estimation of the real apparent and

continuous WG layer thickness. Indeed, the interface between the

composite zone and the apparent WG layer is likely not flat since

some fibers may have penetrated into the apparent WG layer illus-

trated on TEM micrograph of WGP60 (Figure 6).

In case of coating on highly refined papers (e.g., WGP28),

which presents a thick apparent WG layer, the impact of this

bias would remain very limited whereas in case of coating on

lowly refined papers (e.g., WGP60 and WGP80), which present

a very thin apparent WG layer, it would be very important, as

illustrated in (Figure 7).

Such considerations may explain why the PO2 of the apparent

WG layer increased from 300 3 10218 mol m21 s21 Pa21 to

945 3 10218 mol m21 s21 Pa21 for WGP28 and WGP80,

respectively. Consequently, for lowly refined papers, the PO2 of

the apparent WG layer may have been overestimated due to the

presence of an important fibers/WG composite part in the

thickness considered; a composite part presenting a high perme-

ability towards oxygen due to the presence of preferential diffu-

sion path at the fibers/WG interface. Knowing that the driving

force in CO2 permeability of WG materials is the sorption

capacity,50 the presence of fibers in the apparent WG layer may

reduce the CO2 accessibility to target amino-acid of WG.50 As a

consequence, the CO2 permeation of WGP 60 and WGP 80 is

underestimated compared with a pure WG layer. Concomitantly

this bias affect the permselectivity of lowly refined coated papers

and explained their weak WG-like behavior compared with the

strong WG-like behavior of highly refined coated papers.

Finally the transfer properties of the apparent WG layer of the

material presenting the strongest WG-like behavior, WGP28,

was compared to the ones of self-supported casted WG films

Figure 6. TEM cross-section views of the WGP60 (31000)—Illustration

of the nonflat character of the composite zone/apparent WG layer inter-

face. White dotted line indicates the Paper/Gluten separation.

Table IV. Calculated Gas Transfer Properties (PO2, PCO2, S) of the Composite Layer of Each WGP

Sample RH %

Thickness
composite
layer (lm)

PO2 composite
layer 10-18

(mol m21 s21 Pa21)

PCO2 composite
layer 10218

(mol m21 s21 Pa21)
S composite
layer

WGP 28 60 24 278 261 0.9

WGP 28 100 24 359 2915 8.1

WGP 36 100 24 804 4181 5.2

WGP 60 100 24 2107 3342 1.6

WGP 80 100 24 2835 3015 1.1
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from the literature. It appeared that the RH dependent gas

transfer properties were well correlated between the apparent

WG layer of WGP28 and the self-supported casted WG films

with a strong increase of PO2 and S with RH increase from 60%

to over 95% in each case. However, at 100% RH, the PO2 and

PCO2 calculated for the apparent WG layer of WGP28 were sig-

nificantly lower than the one of the self-supported casted WG

film (4.3 times and 15 times lower for PO2 and PCO2 respec-

tively). But these differences could easily be explained by the

mandatory presence (for mechanical purposes) of glycerol

inside the self-supported casted WG films that greatly enhance

their permeabilities by acting as a plasticizer.48,52

CONCLUSIONS

While the enhancement of gas barrier properties of paper when

coated with wheat gluten (WG) proteins has been previously

reported, this work brings a new understanding on the underly-

ing mechanisms affecting structuring and consequently gas

transfer properties of WG-coated paper. It appeared possible to

modulate the gas transfer properties of WG coated papers

(WGP) by selecting fibrous support presenting different fibers

refining degrees. Increasing fibers refining led to a tighter and

narrower network that would limit the penetration of the coat-

ing solution within the paper during the coating/drying process

and thus reduce the impregnation of the coating solution in the

support. Marginal impregnation ensured a limited thickness for

the fibers/WG composite zone and the presence of a thick appa-

rent WG layer that would bring WG-like transfer properties to

the coated material. On the contrary, low fibers refining created

a loose and coarse in bulk network, that led to a thick compos-

ite layer and a thin apparent WG layer and thus to a material

presenting weak WG-like behavior. This principle was not con-

sidered specific to gluten coating on kraft paper and can cer-

tainly be applied to any protein coating (such as soy proteins,

whey proteins, etc…) on any fibrous support (bleached pulp

for instance). In addition, this way of modulating gas transfer

properties could find application in packaging science, as it was

the purpose here, but also in membrane sciences.
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