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Abstract

We report a new method for measuring water desorption from soft and non-compact materials,
including in-vitro biomaterials. It makes use of a new instrument, the AquaFlux, for measuring
water vapour flux density. An important feature of this instrument is the precise control of the
microclimate to which the samples are exposed. This ensures that the measured flux densities are
repeatable, irrespective of ambient humidity conditions. This poster presents details of the method
and exploratory results on biomaterials, including excised human stratum corneum and human hair.
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Introduction

The AquaFlux is a newly developed instrument for the non-invasive measurement of water vapour
flux density from arbitrary surfaces [1,2]. It uses a cylindrical measurement chamber of 7mm
diameter and 16mm length, one end of which isin contact with the surface of interest. Water vapour
from this surface diffuses towards the opposite end of the measurement chamber, where it is
removed by freezing onto an electronically cooled condensing surface. To a first approximation, a
steady vapour flux gives rise to a linear distribution of vapour density along the length of the
measurement cylinder. According to Fick'sfirst law of diffusion, the flux density can be determined
from the gradient of vapour density. In the AquaFlux, this gradient is measured by means of
humidity and temperature sensors.

The instrument was developed in the form of a versatile and rugged hand-held probe for measuring
in-vivo water vapour flux density. However, the measurement head can be coupled to other
apparatus, once the standard TEWL/SSWL end-cap has been removed. In the present case, it was
used to measure water desorption dynamics of biomaterials in-vitro. Briefly, the samples were held
in purpose-designed desorption chamber caps and pre-conditioned in hydrating atmospheres
controlled by means of saturated salt solutions. Desorption rates were then measured by coupling
the chamber caps to the AquaFlux measurement head and recording time-dependent flux density

curves.

Theory

The AquaFlux measurement chamber has the form of a cylinder, whose interior space is assumed
small enough for convection and other forms of mass transport to be damped out by boundary
losses, leaving diffusion as the only transport mechanism. Its geometry, illustrated schematically in
Figure 1, is open at one end and closed at the opposite end. The open end acts as a measurement
orifice, which can be placed in contact with atest surface in order to measure the water vapour flux
emanating from it. The closed end is a metal surface, acting as a condenser whose temperature is
maintained below the freezing point of water in order to remove water vapour from the air in its
immediate vicinity. The geometry is described by a cylindrical co-ordinate system with the z-axis
coincident with the axis of the measurement chamber. The measurement orifice and test surface are

a the origin (z=0), and the condensing surface is at z=L.. A combined sensor for relative
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humidity (RH) and temperature, referred to as an RHT sensor, is located at z= L, typically half

way between the test and condensing surfaces.
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Figure l: Schematic cross-section through an AquaFlux measurement chamber.

During a measurement, water vapour from the test surface enters the air in the measurement
chamber and diffuses towards the condenser, where it is deposited as ice. In the absence of natural
convection and other forms of mass flow, molecular diffusion remains as the only transport
mechanism, described by the one-dimensional form of Fick’sfirst law
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In Eq.(1), J (kgm?s?) is the flux density, Dya (m?s™) is the mass diffusion coefficient for water
vapour in air and ry (kg/m®) is the water vapour density. If the test surface emits a constant flux
density, then a steady-state water vapour distribution is eventualy established within the
measurement chamber, where of the water vapour entering the measurement orifice at z=0 is

removed by the condenser at z=L.. This steady state solution of Eq.(1) leads to a linear

distribution of water vapour density with position, given by

J >(Lc - Z)
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where r . isthe water vapour density at the condenser. The key quantity in these measurementsis

VvC
the vapour density immediately above the sample surface, because this defines the boundary
condition for evaporation. It can be calculated from Eq.(2) smply by substituting z=0. More

useful in practiceis RH, which is calculated from

IX,
rVE( c)+ D,

M ()

RH, =100x ©)

where RH, is the percentage relative humidity and Ak is the equilibrium (or saturation) vapour

density, which can be computed from a parameterisation of the saturation vapour pressure curve (eg
[3]) and the ideal gaslaw.
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Figure2: Microdimate RH immediately above atest surface at a sample temperature of 21°C.
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Figure 2 shows RH, immediately above the test surface for typical conditions of atest surface at
room temperature, ¢, =21°C, with D, =242 10°n?’s?, L. =16mm, q.=-13.4°C. This

curve defines the boundary conditions for evaporation from the test surface. Note that the theory

predicts a linear rise, with a consequent possibility of RH, values exceeding 100% at high flux

density values. This is clearly not attainable physically, and the approach to saturation is more
likely to be asymptotic in nature, with the instrument responding non-linearly at high flux density.

Results and Discussion

Experiments to study water desorption from in-vitro biomaterials were conducted using the

apparatus shown in Figure 3.
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Figure3: Apparatusfor studying water desorption dynamics from in-vitro samples.

Samples were placed into the sample wells (7mm diameter and 2mm depth) of teflon chamber caps
and pre-conditioned at room temperature by exposure to atmospheres of controlled RH for typically
24 hours. They were then coupled to the AquaFlux measurement head and flux density time series
were measured at ~1sintervals, until all the free water from the sample had evaporated.

Figure 4 shows a comparison of desorption dynamics between samples of hair, cotton, SC and
polyester, pre-conditioned at 81% RH and measured under identical conditions. A normalised flux
scale is used in this case, partly because different amounts of sample were used and no
microbalance was available, and partly because the normalised scale makes it easier to compare the
desorption dynamics of different samples.
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Figure4: Normalised desorption curvesfor hair, cotton, SC and polyester, pre-conditioned at 81% RH and measured

under identical conditions. The black curveistheinstrumental response in the absence of asample.

Such curves can be characterised by two main properties, namely (i) the rate of decay of flux
density, and (ii) the integrated area beneath the curves. The samples can be characterised by three
properties, namely (a) effective surface area, (b) permeability and (c) water affinity. The
relationships between these five quantities are complex, but some general statements can be made
in the above case. Polyester has a similar decay time to the instrumental response in the absence of
a sample, indicating it has a low affinity for water. The cotton and hair flux density curve have
much longer decay times, indicating that they have large affinities for water. SC is between these
extremes, with arapid initial decay rate, followed by alanguid tail. This may be interpreted in terms
of free and bound water.

Typical flux density curves for excised SC are shown in Figure 5. The desorbed water, calcul ated
from the areas beneath these curves (with an instrumental correction applied) is shown in Figure 6.
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Figure5: Water vapour flux density curvesfor excised SC pre-conditioned under different RH conditions. The
distortion of the RH=100% curve is thought to be due to sample wrinkling during drying.
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Figure6: Desorbed water from SC pre-conditioned in atmospheres of controlled RH. Experiments at different

temperatures can be used to measure sorption isotherms.
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Similar measurements were performed on human hair, where static electricity made it difficult to
load samples into the teflon chamber caps. The results are displayed in Figures 7 and 8. Note the
much longer decay times, indicating a greater affinity for water than excised SC.
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Figure7: Water vapour flux density curvesfor human hair pre-conditioned under different RH conditions. The

discontinuity of the RH=83% curve is due to acomputer crash.
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Figure8: Desorbed water from hair pre-conditioned in atmospheres of controlled RH.

The set-up shown in Figure 9 can be used to measure membrane transpiration. In this case, the test
membrane is mounted between a reservoir containing a saturated salt solution and the AquaFlux

measurement head.
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Figure9: Apparatusfor studying water transpiration dynamics through in-vitro membranes.
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Figure 10 shows a family of transpiration curves for excised SC. Figure 11 compares the
transpiration rate of SC with that of FlexiGrid (Smith & Nephew), a membrane used for wound

dressing.
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Figure 10: Water vapour transpiration through excised human SC. The membraneis clamped between the AquaFlux

measurement head and areservoir of controlled RH containing saturated salt solutions.
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Figure11: Comparison of water vapour transpiration through excised human SC and a membrane used for wound

dressing.

Conclusions

The experiments illustrate the ability of the AquaFlux to characterise water desorption and
transpiration properties of biomaterials. Work is now in progress to develop atheoretical framework

within which such measurements can be evaluated quantitatively.
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