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Laboratoire Physico-chimie des Electrolytes et Nanosystèmes Interfaciaux, PHENIX, F-75005 Paris, France.
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The development of a new sample environment enabling X-ray scattering

measurements at small and large angles under mechanical compression and

hydraulic flow is presented. The cell, which is adapted for moderate pressures,

includes beryllium windows, and allows applying simultaneously a compressive

pressure up to 2.5 kbar in the perpendicular direction to the flow and either a

hydrostatic pressure up to 300 bar or a pressure gradient of the same amplitude.

The development of high-pressure devices for synchrotron experiments is

relevant for many scientific fields in order to unveil details of a material’s

structure under relevant conditions of stresses. In particular, mechanical

constraints coupled to hydrostatic pressure or flow, leading to complex stress

tensor and mechanical response, and therefore unexpected deformations

(swelling and pore deformation), are poorly addressed. Here, first the design

of the environment is described, and then its performance with measurements

carried out on a regenerated cellulose membrane is demonstrated.

1. Introduction

Water transport in soft porous membranes is crucial in many

industrial processes such as ultrafiltration or reverse osmosis.

Multiscale characterization of the membranes is needed for

predicting water transport in such materials. Compared with

the case of hard porous materials for which water transport

has been widely investigated (Teixeira et al., 1997; Mitra et al.,

2001; Coasne et al., 2013; Briman et al., 2012; Taschin et al.,

2013), much less work has been devoted to soft materials. This

is likely related to the fact that, in soft matter, numerous

additional effects are at play. Among them, one may quote

surface heterogeneity (hydrophilicity/hydrophobicity hetero-

geneities of the confining surface), the influence of sorption

phenomena, and the role of mechanical effects (both local and

global host deformations) (Klein et al., 2013; Ha & Kim, 2020).

In any case, characterizing the structural evolution (swelling

and pore deformation) of soft membranes under various water

pressures and mechanical stresses represents an important

issue (Rosti et al., 2020; MacMinn et al., 2016). To address

this question, we here present the design of a mild-pressure

cell suitable for investigating poromechanical coupling in soft

porous materials using X-ray scattering. If various setups have

been proposed, such as for example by Le Vay et al. (2020),

Brooks et al. (2010) and Lehmkühler et al. (2019), to the best

of our knowledge the present one has not been reported in the
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literature. The proposed pressure cell enables the simulta-

neous application of hydrostatic (or flowing) pressures up to

300 bar and of mechanical compression in the perpendicular

direction up to �2.5 kbar. After describing the proposed

pressure cell, we demonstrate its performance in presenting

synchrotron measurements performed on a cellulosic

membrane. The choice of this material was motivated by its

well characterized structure under various conditions and

its wide range of applications, including stress under flowing

conditions.

2. Pressure X-ray cell

The sample environment is designed for allowing simulta-

neous application of hydraulic pressure and mechanical

compression in the perpendicular direction. In order to collect

small- and wide-angle X-ray scattering (SAXS and WAXS,

respectively) data, a scattering angle of 20.56� is achieved. The

body material is stainless steel to ensure negligible mechanical

deformations, while beryllium windows provide a high trans-

mission for the X-ray beam. The cell withstands a water

pressure gradient up to 300 bar simultaneously to a

compressive pressure up to �2.5 kbar.

2.1. Cell design

The cell frame’s design is presented in Fig. 1 and drawings

are given in the supporting information. To ensure homo-

geneous pressure on the whole membrane while avoiding

possible corrosion, we chose a stainless steel body. The top

(containing the hydraulic path) and the bottom parts are

assembled with six screws. The compression of the sample can

be tuned by tightening the screws at different torque values.

The relationship between the applied torque and the corre-

sponding compressive pressure was calibrated on a similar cell

with different dimensions as reported by Wolanin et al. (2021)

and still applicable to the present cell. Moreover, finite-

elements-based poromechanical simulations of the stress

distribution in the sample presented in the same paper showed

a very flat residual stress (in the case of hydrostatic pressure,

i.e. no pressure gradient) beside deviation on the very edges of

the samples. The measurement zone is therefore in a well

defined stress region. The main advantage of such a design is

that a linear relationship is ensured until a torque value of

5 N m (1 N m corresponds to �500 bar for this windows size).

Above 5 N m, the pressure/load curve flattens. As shown in

Fig. 1, the stainless steel body is hollowed for the beam path

and indented on its way out to maximize the reachable scat-

tering angle.

Water-tightness is achieved using hydraulic seals purchased

from Elastotech (US 594, 12�22�4/4.5 around the windows

and UTL 593, 27�35�5.5/6.5). A hand pump with spindle

drive (609 28 00 from Top Industries) enables the application

of the hydrostatic pressure, constantly monitored by a digital

pressure sensor. The choice of this hydraulic seal limits the

hydraulic pressure to 300 bar. However, we emphasize that a

higher water pressure could be achieved with another kind of

hydraulic seal.

Mechanical compression is therefore applied in a perpen-

dicular direction with respect to the hydraulic flow. All

measurements were performed at room temperature without

further temperature control other than that of the experi-

mental hutch.

2.2. Beryllium windows

The investigated sample is sandwiched between the two

beryllium windows.

According to the literature, most high-pressure cells for

X-ray studies are built using beryllium (Steinhart et al., 1999;

Winter, 2002; Pressl et al., 1997) or diamond (Woenckhaus et

al., 2000; Quesada Cabrera et al., 2011; McMahon, 2015; Shen

& Mao, 2016) flat windows. In the present case, even though

beryllium is more hazardous than diamond (toxic dust in case

of breakage), we chose to use beryllium for both the input and

output windows (incident and scattered beams) as it exhibits

the best transmittance to tensile-strength ratio (Duesing et al.,

1996). Each window thickness was 5 mm in order to have an

appropriate pressure resistance. The X-ray transmission at

15.7 keV of these two Be windows is 59%. For comparison, it

would have been only 29% for the same thickness of diamond

and 78% with 1 mm of diamond. The two beryllium windows

were purchased from NGK Berylco France (with a purity

>98.5%). In order to enlarge the scattering angle but still

avoid window deformations under pressure, the chosen

diameter (14 mm) is larger than those described previously

(Winter, 2002; Pressl et al., 1997) where pressures up to 3 kbar

were used. Such a combination of body design and windows

choice allows a maximum scattering angle of 20.56� to be

reached.

2.3. SAXS and WAXS curves of the empty cell

Synchrotron experiments were performed on the CRG-

D2AM beamline (ESRF, Grenoble, France) with a wavelength

of 0.775 Å (15.7 keV). We performed simultaneously WAXS

and SAXS measurements using, respectively, the WOS and

the D5 XPAD pixel detectors, the sample–detector distances

being 9.4 and 112.6 cm. The Q calibrations of the scattering
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Figure 1
Sketch of the cell.



signals (Q = 4�sin�/�), where � is half of the scattering angle

and � is the incident wavelength, were realized thanks to

chromium oxide (Cr2O3) and silver behenate (AgBh) powder

standards. WAXS and SAXS two-dimensional data were

corrected by considering the detector distortion and the flat-

field response of the detectors. D2AM programs based on

pyFAI were used to perform data treatment and radial aver-

aging. Scattered intensities were normalized by the transmis-

sion, and glassy carbon scattering was used to convert data

into absolute units. The scattered intensities I(Q) versus Q

were corrected by subtracting the signal of the beryllium

empty cell. Measurements performed at different positions of

the beryllium windows (X and Z axis � 0.5 mm according to

the center) were performed in order to check their homo-

geneities. The empty cell was only measured without hydro-

static pressure (no water) nor mechanical constraint. Since its

subtraction from all the measurements did not create any

particular feature in the data, we believe that its spectrum

does not change with experimental conditions. The corre-

sponding WAXS spectra display all the same scattering and

two diffraction peaks that can be assigned to beryllium

(Nabihah & Shanmugan, 2016; He et al., 2016). This scattering

[Fig. 2(b)] can be perfectly removed from the sample signals

after subtraction.

The SAXS profile of the empty cell (beam centered on the

Be disk) displayed in Fig. 2(a) exhibits high scattering at low

Q that may prevent viable analysis in the Q-range below

0.05 Å�1 for low-scattering samples such as cellulose.

Radiation damage was not expected on D2AM with this

setup (energy = 15.7 keV, transmission values around 60%)

but has been verified by iteration of 30 s cellulose membrane

measurements before the in situ experiments.

3. Application

3.1. Overview on the structural characterization of
cellulose-based materials

Cellulose-based materials have attracted considerable

interest over the past two decades owing to their potential for

many industrial applications (cosmetics, food industry, phar-

maceutical products, etc.), filling the increasing requirements

for environmentally friendly and bio-compatible products.

Thanks to the various valuable properties of cellulosic

materials, considerable research has been performed in

order to understand their structure–property relationships

(Quesada Cabrera et al., 2011; Poletto et al., 2013). The

macroscopic properties of cellulose are linked to its particular

structure, comprising repeating glucose units yielding

numerous architectures. Moreover, thanks to its advantageous

mechanical properties (high mechanical strength and elastic

modulus values) that can be tuned by chemical modifications,

cellulose is used in diverse fields. Most appealing cellulose

properties arise from many parameters such as inter- and

intra-molecular hydrogen bonds, chain lengths and degree of

crystallinity (Poletto et al., 2013).

From a structural point of view, cellulose is a semi-crystal-

line polymer made of ringed glucose molecules. Three

hydroxyl groups are present per repeating unit favoring the

formation of hydrogen bonds between cellulose chains. The

relative stability of cellulose and the cellulose fibrils stiffness

(aggregation of many cellulose chains) is directly promoted by

the intra- and inter-chain hydrogen bonds together with van

der Waals interactions. Both highly ordered crystalline struc-

ture and amorphous regions can be found in cellulose fibrils

at the nanoscale [for instance, cotton fibers have a degree of

crystallinity of �40% (Quesada Cabrera et al., 2011)]. The

mechanical properties are directly related to the ratio between

amorphous and crystalline regions, as well as to the properties

of both individual regions.

Crystallographic studies on various cellulosic materials have

been reported in the literature (Howell, 2008; Liu et al., 2015,

2020; Håkansson et al., 2014; Gubitosi et al., 2017; Garvey et

al., 2005; Bates et al., 2006; Jiang et al., 2012). There are four

different polymorphs of cellulose: cellulose I, II, III, and IV.

Cellulose I (native cellulose) is the natural form of cellulose

while cellulose II (regenerated cellulose) is made from

dissolved cellulose I. It yields reconstituted fibers that can be

useful for specific applications (textile fiber or papermaking

industry for instance). Cellulose III and IVare amorphous and

obtained by treatment of cellulose (I or II) and III, respec-

tively. Within the framework of this study based on SAXS/

WAXS measurements, only crystalline cellulose I and II will

be considered.
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Figure 2
Empty cell scattering spectra: (a) SAXS and (b) WAXS data.



Table 1 gathers the peak positions and their crystallographic

assignation as reported in the literature for cellulose I and II.

There are clear differences on the diffraction patterns for the

two cellulose classes. Type I (native cellulose) displays a higher

crystallization degree than Type II (regenerated cellulose).

Furthermore, a broad halo linked to an amorphous contri-

bution can also be observed. Ergo, cellulose can be treated as

a two-phase system consisting of both disordered and highly

ordered regions (Garvey et al., 2005).

In this paper, we investigated a regenerated cellulose

sample (cellulose II). According to Table 1, the typical

regenerated cellulose structure displays two main features: a

broad reflection of the (110) and (020) planes around 1.45 Å�1

and a peak around 0.9 Å�1 corresponding to the ð�1110Þ plane.

3.2. Experimental data

Regenerated cellulose acetate membranes were purchased

from Merck Millipore and used as received. They have the

form of ultrafiltration disks made of different porosity layers

including a membrane NMWL (nominal molecular weight

limit) of 1 kDa (corresponding to nanometric pores size).

Cellulose acetate materials are industrially synthesized and

can be used in a wide range of applications such as textiles,

composites or polymeric membranes.

The SAXS and WAXS measurements carried out on the

dry and hydrated membranes are shown after empty cell

subtraction in Fig. 3. Reliable signals are obtained in both the

SAXS and WAXS regions, which validates the design of our

setup. The SAXS signals of the hydrated membrane under

various conditions of compressive stress and water pressure,

presented in Fig. S3 of the supporting information, appear

higher than the dry one. This confirms the presence of water in

the cell. No significant difference is visible under the different

conditions however. This may be linked to either the pore size

distribution being out of the SAXS window or intrinsic stiff-

ness of the cellulose. As a matter of comparison, we point out

that variations in the SAXS signals of cellulose aerogels upon

compression have been reported in the literature (Rennhofer

et al., 2019) at smaller Q (< 0.1 nm�1), outside the range of our

analyzable Q-range. Still, the hydrated samples intensity is

higher for Q > 0.05 Å�1, which confirms that water has swollen

the cellulose membrane. We still point out that, with our

pressure cell, in the analyzable SAXS Q-range, i.e. for Q

higher than 0.05 Å�1, valuable informa-

tion can be obtained using another sample

such as Nafion for instance (see Figs. S4

and S5 of the supporting information).

Thus, in the following, we will focus only

on WAXS spectra.

The WAXS pattern of the dry regen-

erated cellulose membrane is presented

in the middle panel of Fig. 3. It exhibits

characteristic peaks of the crystalline

regions of cellulose II, on top of an

amorphous contribution. Upon hydration,
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Table 1
Most common X-ray peak positions and corresponding crystallographic planes for native (Type I)
and regenerated (Type II) cellulosic materials.

The Bragg peaks analyzed in the present work are give in bold.

Type Reference Crystallographic plane Q (Å�1)

I Garvey et al. (2005) (101), ð10�11Þ, (101), (002), (040) 1.03, 1.16, 1.42, 1.59, 2.39
I Poletto et al. (2013) ð1�110Þ, (110), (200) 1.05, 1.17, 1.57
I Liu et al. (2015) ð�1110Þ, (110), (200), (004) 1.06, 1.18, 1.61, 2.42
I Bates et al. (2006) Amorphous halo 1.52
II Liu et al. (2015) ð�1110Þ, (110) 0.87, 1.45
II Li et al. (2020) ð1�110Þ, (110) 0.88, 1.46
II Jiang et al. (2012) ð�1110Þ, (002), (110), (012), (020), (103) 0.87, 1.22, 1.42, 1.44, 1.54, 2.02

Figure 3
(a) SAXS and (b) WAXS spectra obtained for the dry and hydrated
cellulose membranes measured with a standard holder (dry) and in the
pressure cell (hydrated). Errors bars for the WAXS measurements are
smaller than the symbols. (c) The reflection peaks of the dry sample were
fitted with Gaussian functions and an amorphous peak was also added as
a background contribution. The (hkl) values of the two peaks further
analyzed are shown in bold.



a broad contribution appears underneath the dry membrane

signal [Fig. 3(b)].

Based on the literature summarized in Table 1, the

following peak assignment is proposed: 1.01 Å�1 for (�1110),

1.22 Å�1 for (022), 1.47 Å�1 for (110), 1.55 Å�1 for (020), and

2.08 Å�1 for (103).

The two peaks at 1.01 Å�1 and 1.55 Å�1 exhibit the highest

intensities and will be discussed in the following. The crys-

tallographic structure is represented in Fig. 4 together with

these two particular crystallographic planes. The (�1110) Bragg

peak will be related to structural compression within the plane

of the cellulose chains, while the (020) peak is characteristic

of the compression between chain planes. Note that hydrogen

bonds link the sugar units in a zigzag scheme, leading to

interaction within the (020) plane and parallel to the (�1110)

planes.

The cellulose membrane placed in our setup was subjected

to water pressures up to 300 bar and mechanical compressions

up to about 2.6 kbar (torque value of 8 N m). We monitored

the associated structural changes. The empty cell back-

ground was subtracted to remove background and beryllium

Bragg peaks.

We first present in Fig. 5 the influence of the hydrostatic

pressure at two constant compression levels, 3 and 5 N m

(1570 bar and 2420 bar, respectively). At 3 N m, whatever the

water pressure, no valuable changes are observed on both

peaks excepted a tiny shift of the peaks toward the high-Q

region, that could be due to a larger amount of water in the

sample. At 5 N m, compared with 3 N m, the (020) peak is

slightly shifted to higher Q for low water pressure (14 and

100 bar), revealing a tiny contraction of the planes (see the

vertical lines, highlighting this observation). Once the water

pressure reaches 300 bar, the peak shifts back to its initial

position, which shows that water pressure compensates for

the effect of compressive stress. A similar trend, with less

pronounced variations, might occur on the (�1110) peak.

Secondly, the influence of compressive force at two constant

water pressures, 100 and 300 bar, is shown in Fig. 6. Significant

shifts toward higher Q occur for both peaks and water pres-

sures. But we also observe a different behavior for the two

peaks: while the position, intensity and width are affected for

the (�1110) peak, only the position seems to be modified for the

(020) peak. This observation suggests an increase of structural
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Figure 4
View of the structure of cellulose and the crystallographic planes: (a) for
(020) and (b) for (�1110). Structural data from French (2014).

Figure 5
Influence of the hydrostatic pressure at fixed compressive pressure
(torque values of 3 N m and 5 N m). The vertical lines are a guide to the
eye to directly observe the effect of pressure on membrane swelling.

Figure 6
Influence of the compressive pressure at fixed hydrostatic pressure
(100 bar and 300 bar).



disorder with the compression (different arrangement of the

cellulose chains within the fibers). The shift of the position of

the (020) peak is essentially related to the variation of the

distance between the planar sheets (see Fig. 4). It must be

pointed out that torque tightening values of 3 N m, 5 N m,

7 N m and 8 N m correspond to about 1570 bar, 2420 bar,

2560 bar and 2580 bar, respectively (Wolanin et al., 2021),

i.e. to much stronger stresses with mechanical pressure than

those produced with hydraulic pressure. The largest differ-

ences are observed between 5 and 7 N m. Small differences

are observed between 7 and 8 N m, according to the small

effective compressive pressure (2560 and 2580 bar). We also

observe a different behavior for the two peaks: while the (�1110)

peak varies rather linearly with the applied force, the peak

at (020) exhibits a larger variation between 5 and 7 N m

than between 3 and 5 N m, indicating that each direction of

compression does not have the same mechanical response.

Moreover, we observe that, whatever the conditions, the

main differences in the intensity appear on the peak at

1.01 Å�1. This suggests an anisotropy of the compression

module due to an easier distortion of the structure when

compressing the planes of sugar units [plane (�1110)] than when

bringing the vertical alignments closer [plane (020)].

In order to model X-ray peak shapes and extract quanti-

tative information, the two peaks have been fitted with

Gaussian functions. A flat background, identical for all the

measurements, has been added in order to make a comparison

between the different tested conditions.

The d-spacing corresponding to the variation of the peak

position induced by the different applied stresses is presented

in Fig. 7. The aforementioned slight influence of the 300 bar

water pressure (Fig. 5), that induces a swelling of the cellulose

structure, is therefore confirmed.

It must be pointed out that for Type I dry cellulose, the

most significant structural transformations occur above a

compressive stress of several tens of kbars. Several studies

have been devoted to the influence of applying either a

compressive stress (Quesada Cabrera et al., 2011; Rennhofer

et al., 2019; Shinzawa et al., 2011; Ryu et al., 1982) or a

hydraulic pressure (Gonçalves et al., 2020) on the structural

properties of cellulose. On one hand, compressive stress

induces a densification of the network [packing of the cellu-

lose chains (Rennhofer et al., 2019)] leading to more dis-

ordered amorphous structures (Shinzawa et al., 2011). This

was shown by the decrease of d-spacings up to d = 0.5 Å for

the (200) reflection (Quesada Cabrera et al., 2011) and by

a decrease of crystalline peaks intensity associated with an

increase of the amorphous contribution (Shinzawa et al.,

2011). Such a device at wide angles may still be useful, for

cellulose or derivatives, to study slow kinetics effects on

cellulose degradation or swelling in the presence of water

or other solvents (Cantero et al., 2015; Pintiaux et al., 2019;

Frolich et al., 1928).

4. Conclusion

In conclusion, the present pressure environment enables

studying the behavior of soft materials subjected to simulta-

neous compressive stress and hydrostatic pressure by X-ray

scattering. The range of applicable pressures is well adapted

for investigating poromechanical coupling in soft porous

materials. The performance of the whole setup was tested

by synchrotron SAXS and WAXS measurements carried out

on a model structure: regenerated cellulose membrane.

The investigated membrane undergoes moderate structural

modification with compression, in part related to an increase

of the structural disorder. Applying hydrostatic pressure leads

to a slight swelling of the membrane, mainly compensated by

the compression. However, the variations observed by X-ray

scattering are sufficient to be measured and analyzed, thus

demonstrating the benefit and reliability of our setup. Such

a device could then be advantageously used for shedding

new light on the link between multiscale structure and fluid

transport in materials that deform under moderate pressure.

5. Related literature

The following references, not cited in the main body of the

paper, have been cited in the supporting information: Kusoglu

& Weber (2017); Rubatat et al. (2002).
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Figure 7
Extracted peak positions from Gaussian fits (filled symbols) and relative
variations (cross symbols) with respect to the dry membrane.
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