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Abstract

This paper describes the development of a design technique using hygrothermal numerical
modelling for top-down predictive design and optimisation of water vapour sorption
isotherms to match any humidity buffering application. This was used to inform the design
and synthesis of two new mesoporous silica (MS) materials suitable for specific applications.
To validate the technique, the new materials were experimentally assessed using gravimetric
dynamic vapour sorption (DVS). The experimental isotherms closely matched the optimised
isotherm predictions from the design stage, and a positive correlation was observed between
the rate of change in adsorbed water content, Aw and the time taken to exceed the permissible
upper limit of humidity, ¢iu in a closed environment. A positive non-linear correlation was
determined between the interior volumetric moisture load, wm and the mass of adsorbent
required to fully achieve humidity buffering between specified lower/ upper limits (pi,and
¢iu). The kinetics of water vapour sorption/ desorption were found to have general agreement
when using the current hygrothermal numerical model. Current hygrothermal models appear

to significantly underestimate the rate of adsorption/ desorption in rapid-response mesoporous
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silica type materials. This is perhaps largely due to the current lack of consideration for

scanning curve prediction within hysteresis loops and so is a priority for future research.

Keywords: hygrothermal modelling; water vapour isotherm; isotherm design; humidity

buffering

Nomenclature

w = f(gp)
u(p)
Dw(w)
RH

ml

H

hy

t

T

Jp

Suffixes:

Bulk density

Specific heat capacity
Moisture-dependent thermal conductivity
Relative vapour pressure (pv/psat)
Bulk porosity

Water vapour sorption isotherm
Water vapour diffusion factor
Liquid water diffusivity

Relative humidity; where ¢-100
Volumetric moisture load

Total enthalpy

Latent heat of phase change
Time

Temperature

Vapour permeability

interior
exterior
lower limit

upper limit

kg/m3
JI(kg K)

W/(m K)

m3/ms3

kg/m3

m2/s
%
g/h/m3
J/m?3
J/kg

S

K

kg/(msPa)
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1. Introduction

Regulation of the psychrometric variables within pre-defined upper/ lower limits, to match the
requirements of ‘closed environments’ (e.g. cars, aircraft, buildings, incubators, laboratories,
archives, etc.) accounts for the vast majority of global energy consumption and all associated
emissions [1-3]. The study of hygrothermics considers an enclosed volume of air in which the
psychrometric conditions are isolated from the exterior environment by limiting the exchange
of heat, air, and moisture. In relative humidity (RH) buffering applications desirable
hygrothermal behaviour is a material’s capacity for simultaneous buffering of fluctuations in
energy (air enthalpy) and mass (water vapour) concentration with respect to equilibrium
moisture content [4, 5]. Some examples of moisture buffering applications in closed
environments are preventing mould formation [6-9], building fabric damage [10-12],
regulating thermal comfort for human activities [13-17], and energy efficient retrofit of
existing/ older buildings [18-20]. On the other hand, disregarding RH buffering from
hygrothermal materials lead to energy and cost penalties. These are caused by relying on
continuous use of air conditioning (normally oversized) regardless of occupation, reducing the
efficiency of the systems and increasing the energy consumption [21-23]. Advanced
mesoporous materials could be then used to fully buffer fluctuations in psychrometric
variables by designing them to have hygrothermal properties compatible with the pre-defined

upper/ lower limits of any closed environment.

Hygrothermics studies the coupled phenomena in porous solids that occur as a result of
adsorption, diffusion, and desorption of heat and moisture (liquid and vapour phases). The
moisture storage function is one of several hygrothermal functional properties, where w = f(¢p)
defines the non-linear relationship between the mass of adsorbed water and the ratio of vapour
pressure to saturation vapour pressure; known as a sorption isotherm when at constant

temperature. The maximum value for w depends on n, corresponding to total pore volume,
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whilst A(w) describes the positive dependency of thermal conductivity on w. The summation
of ¢, for the adsorbent and adsorbate describe stored energy, whilst substantial heat transfer
can occur due to both heat of adsorption and evaporation/ condensation of the adsorbate
during transport. In the hygroscopic domain, the (Fickian) diffusion coefficient is a function
of relative vapour pressure, 1(¢) as a result of pore network constriction by condensation
filling. In the capillary domain, the water diffusion coefficient is a function of water content,
Dw(w) [24, 25]. This leads to the well-known contra- and counter flow mass transport

scenarios in hygrothermics (see Fig. 1) [26, 27].

The morphology and volume of the pore network in mesoporous silicas can be easily
modulated through the synthesis process (using surfactants as a template for polycondensation
of silica species) by controlling the temperature [28, 29] and reaction time [30, 31]. This
makes them an ideal template material from which to control and synthesise hygrothermal
functional properties with respect to RH buffering. Significant interest in these materials has
previously focussed on catalysis [32-34], separation [35-37], gas adsorption [38-40], and drug
delivery [41, 42]. However, hygrothermics not only has to consider isothermal physisorption
but also the temperature-dependency of heat & moisture diffusion and storage, as well as the
moisture-dependency of thermal conductivity and heat storage. Hygrothermal models are
constitutive and so require bulk-scale functional properties as inputs to represent mesoporous
solids. The bulk-scale properties are therefore statistically-averaged representations of the
mesopore-scale behaviour. In recent work, two important principles were established for the
hygrothermal behaviour of mesoporous solids: (i) an empirical correlation between mesopore
diameter and the kinetics of RH buffering [43], and (ii) prediction of the required adjustment
to the hygrothermal functional properties of one mesoporous solid in order to duplicate the

behaviour of another [20]. However, the relationships between structure (mesopore geometry,
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physisorption and hysteresis) and properties (hygrothermal functions) are still neither
quantified nor fundamentally understood.

The aim of this study was to develop a hygrothermal numerical modelling technique that
enables top-down predictive design of the ideal water vapour sorption isotherm for any RH
buffering application. The parameters for design would be a closed environment of volume, V
in which the upper and lower limits for psychrometric variables (Tmax, Tmin, @max, @min) Were
specified. This technique was developed using three pre-existing materials from a previous
study, and then used to inform the synthesis of two new MS; both having hygrothermal
properties optimised to suit two different closed environment scenarios. The water vapour
sorption isotherms and RH buffering behaviour of these two materials were then assessed

experimentally.

2. Experimental

2.1. Synthesis and characterization

The two new pure silica MCM-41 samples were synthesized from fumed silica as silica
source, cetyltrimethylammonium bromide (CTAB) as structure directing agent or template,
tetramethylammonium hydroxide (TMAOH) and water. In a typical synthesis, 1.9 g TMAOH
and 4.6 g CTAB were dissolved in 34.1 g of distilled water under stirring at 35 °C, following
which 3.0 g fumed silica was added to the solution under stirring for 1 h to obtain a
homogeneous gel of molar composition SiO2:0.25CTAB:0.2TMAOH:40H,0, which was left
to age for 20 h at room temperature. The aged gel mixtures were then transferred into a
Teflon-lined autoclave and heated, under static conditions, at 150 or 180 °C, for 48 h. The
solid product was then filtered off, washed with water and dried in air at room temperature to
yield the as-synthesized sample. The surfactant templates within the as-synthesised sample

were removed by calcination (heating ramp rate of 5 °C/min) at 550 °C for 6 h. The final
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calcined silica samples were designated as MCM-41-x where X is the synthesis

(crystallisation) temperature, i.e., 150 or 180 °C.

2.2. Material Characterisation

Powder X-ray diffraction (XRD) analysis was performed using a PANalytical X Pert PRO
diffractometer with Cu-Ka radiation (40 kV, 40 mA), 0.02 step size and 50 s step time.
Nitrogen sorption isotherms and textural properties were determined at -196 °C using a
conventional volumetric technique by a Micrometrics ASAP 2020 sorptometer. Before
analysis, the samples were first dried at 130 °C and then outgassed under vacuum at 200 °C
for 12 h. The surface area of the materials was determined using the standard Brunauer—
Emmett—Teller (BET) method based on adsorption data in the relative pressure (P/P,) range
of 0.05 - 0.2, and pore volume was calculated from the amount of nitrogen adsorbed at P/P,
of ca. 0.99. Pore size distributions were obtained using density functional theory (DFT)

analysis of adsorption data.

For enabling calibration of the hygrothermal modelling technique, three pre-existing
mesoporous solids (MS 3.3, 4.7 and 8.3) of varying pore diameter and pore volume were taken
from previous research [43] (see Table 1). Pore diameter was controlled during synthesis [43]
by using alkyltrimethylammonium (CnH2n+1(CHs)sN* n=16 and (CnHzn+1(C2Hs)sN*, n=12, 16
[44] with large head group surfactant [45]. Pore geometry and specific surface area were
measured in the same study using the Barrett—

Joyner—Halenda (BJH) and BET methods with N2 physisorption, and validated against high
resolution transmission electron microscopy (HRTEM) and small-angle X-ray diffraction
(SAXRD). The hygrothermal functional properties were determined using modified transient
plane source (MTPS), differential scanning calorimetry (DSC) and DVS techniques, the

results of which are summarised in Table 1. For this study, the validity of Kelvin’s equation
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was therefore assumed, and the cumulative pore volume histogram obtained from the water
isotherms found good agreement with the mean pore diameters determined using the BJH

method [43].

2.3. Design of hygrothermal properties

Existing hygrothermal model packages include (but not limited to) WUFI, DELPHIN, HAM
and MATCH [46] which have been validated against experimental data over the past 15+
years, and addressed as part of the Annex 41 project [47]. Physical models are often used to
simulate bulk-scale hygrothermal behaviour and to validate numerical model predictions for
heat and moisture transport/ storage [48, 49]. Currently, all hygrothermal numerical models
must (as a minimum) accurately represent the following bulk-scale transport and storage

phenomena [50]:

e heat storage in dry materials and any absorbed water

e heat transport by moisture-dependent thermal conduction
e latent heat transfer by vapour diffusion

e moisture storage by vapour sorption and capillary forces
e moisture transport by vapour diffusion

e moisture transport by liquid transport (surface diffusion and capillary flow)

The Warme und Feuchte Instationar (WUFI) hygrothermal numerical model, WUFI+ v2.5.3
(Fraunhofer, Germany), was used for this study [51, 52]. The LHS of Eq. 1 represents the
moisture storage function, which is proportional to the derivative of the water adsorption
isotherm (0w/0¢). The transport terms on the RHS of Eq. 1 are described by the divergence of
liquid and vapour flow. While vapour pressure (pv = ¢-psat), which is the driving potential for
vapour flux, is strongly temperature-dependent (saturation pressure psat ~ €exp(T)), liquid flow

is governed by capillary forces which are assumed to be a function of RH only (i.e. from
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Kelvin condensation). The LHS of Eq. 2 describes the enthalpy of air inside the closed
environment, whilst the RHS describes heat transport due to solid conduction and diffusion of

heat associated with the specific enthalpy of vapour water.

. dw @
Moisture balance: ﬁ . a_(f =V (DWV<p +6,V(p- psat)) Eqg. 1
Energy balance: 222X = . (AVT) + h,V - (8, V(¢ - Eq. 2

nergy balance: —— = V- (AVT) + h,V - (8, V(¢  Psar)) Q.

2.3.1 Approach to water isotherm design

For RH buffering applications it was hypothesised that the optimum isotherm would have the
maximum theoretical pore volume and a steep w: pv/po gradient between the upper (¢max) and
lower (¢min) limits of a given scenario. Following the same logic, this would imply that all
candidate isotherms could be described by a transition from Type | to Type V (inclusive). For
a closed environment with internal moisture sources (either fixed, intermittent or variable) the
material will fail if the (user-defined) upper limit for indoor RH (¢max) is exceeded.
Conversely, if infiltration by exterior air (with much lower moisture content) occurs, the
material will fail if the lower limit for indoor RH (¢min) cannot be reached. An optimum
sorption isotherm is therefore one that can maintain the fluctuation ¢(t) between the upper/
lower limits (pmaxand gmin) Of the given scenario. If after subsequent cycles the capacity for
moisture storage decays, then after N cycles the fluctuation between gmax and gmin can no
longer be maintained and the adsorbent must be fully outgassed for re-use. The initial
approach was to (i) generate new isotherm candidates by modifying the isotherms of existing
MS 3.3, 4.7 and 8.3 materials (see Section 2.3.3), (ii) conduct sensitivity analysis to correlate
the effects of isotherm modification on RH buffering behaviour (see Section 3.1), and (iii)
develop a refinement technique to produce an optimum isotherm for any closed environment

scenario (see Section 3.2 to 3.4).
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2.3.2 Sensitivity analysis

Sensitivity analysis was conducted by selecting the MS materials (MS 3.3, 4.7 and 8.3) from
previous research [43]. The fluctuation of ¢(t) and the material’s capacity for humidity
buffering were assessed for a closed environment scenario in which the operating limits were
omax = 0.70 and gmin = 0.55, and the number of moisture loading cycles, N = 60. Each cycle
comprised 2 h moisture generation (at a rate of 2.5 g/h) followed by 2 h of no moisture
generation (4 h total). The closed environment comprised a thermally and hygrically isolated
box (where V = 1 m®) with an air infiltration rate of 0.35 ACH h’. The initial indoor/ outdoor
air humidity (¢i = 0.5, e = 0.5 respectively) conditions were isothermal (Ta, = 23°C). The
fabric comprised 2 mm thick vapour barrier (S¢ = 1500 m) and 240 mm thick vacuum
insulation panel (4 = 0.001) (Fig. 2). A non-visualized internal component comprising 2 mm
thickness of mesoporous solid (area/volume ratio = 0.12 m?) was used and the hygrothermal
functional properties taken from Table 1. The parameters for the numerical model were set to
have: (i) increased accuracy and adapted convergence, (ii) net volume = 1 m®, (iii) time step 1
min, (iv) optional climate (50% RH/ 23 °C), (v) inner climate calculated, (vi) initial boundary
conditions (50% RH/ 23 °C), (vii) ‘fine’ mesh grid spacing, and (viii) calculation accuracy of

0.5% / 0.5°C for RH and Ta, respectively.

2.3.3 Candidate isotherms

The first set of candidate isotherms were introduced (A1 - As) and derived from MS 8.3, each
having identical moisture storage capacity (identical Aw = 671 kg m3) within the specified
@iL - giu range, i.e. 0.45 - 055; 0.5 - 0.6; 0.55 - 0.65; 0.6 - 0.7; 0.65 - 0.75; 0.7 - 0.8 (Fig. 3a).
Fig. 3b shows the modal pore diameters derived from Kelvin’s equation ranging from 2.85
nm to 6.56 nm, hypothetically created by altering pore wall thickness such that pore volume
remained unaltered (see Fig. 4b). The region of the isotherm between ¢i (1% inflection point;
the onset of multilayer physisorption) and giu (2" inflection point; the percolation threshold)

corresponds to the available moisture storage capacity, Aw for RH buffering between upper/
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lower limits (see Fig. 4a). A second set of isotherm candidates (B: - B4) were introduced by
proportionally reducing the total pore volume (y-axis adjustment) from 90% to 60%. The Az
candidate isotherm was used as a reference and so the modal pore diameter remained constant
(Fig. 5). The water absorption coefficient A derived from MS 8.3 was used for all candidates,
and the capillary transport coefficients (Dws and Dww) for use in the hygrothermal numerical

model were calculated after producing the water vapour isotherm [26].

2.3.4 Standardization and parametric studies

The next series of hygrothermal simulations aimed to determine the total permissible moisture
load (g/h) per unit mass (kg) before RH buffering failure occurred. Candidate isotherm As,
with an assumed area/volume ratio of 0.1200 (equivalent to 0.15 kg/m?®), was used as the
reference (based on the previous simulations) and parametrically assessed against a set of
eight new area/volume ratios: 0.0405, 0.0810, 0.1619, 0.2024, 0.2429, 0.2834, 0.3239, and
0.3643. This was done in order to set the standardization process of volumetric moisture loads
(wmi) in 1m2 at N = 60. Same parameters for the hygrothermal numerical modelling were set
as described in Section 2.3.2. For ventilation sensitivity analysis, the simulations were
expanded at three different ACH (0.25, 0.5 and 0.7 h%). The effect of ¢ in diluting/
intensifying the interior moisture load was simulated. For this the simulations were expanded
by adding five new different ¢, values (e = 0.2, 0.3, 0.4, 0.6 and 0.7). For both cases, the
internal moisture loads in the hygrothermal numerical modelling were added progressively
until material’s failure was found; this set the curve of total moisture loads that a specific
quantity of material can cope. The accuracy of the curve was within 3%, so the error bars

would not be visible in some cases.

A representative selection of the wmi curves from previous parametric assessment (ACH =
0.25htand ¢ =0.5; ACH=0.7hand ¢ =0.5; ACH=0.35h"and ¢ =0.2; ACH=0.35 h'!
and ¢ = 0.7) were used in order to predict the total permissible moisture loads for the rest of

10
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the isotherm candidates designed (Az, Az, As, As, As, B1, B2, Bs, and Bs). Expanded
hygrothermal simulations were done by selecting any x-axis and y-axis values (quantity of
material and wmi, respectively) from the predicted curves (see Section 3.3) and setting them
into the hygrothermal numerical modelling. The aim was to determine whether the fluctuation
of ¢(t), and the material’s capacity for RH buffering within the specified operating limits (pmax

= 0.70; gmin = 0.55), could still be maintained.

2.3.5 Hygrothermal model validation

The water vapour isotherms for the two new materials were determined by gravimetric DVS.
A DVS Advantage-2 series (Surface Measurements Systems Ltd., London, UK) with
incorporated ultra-microbalance (1pg sensitivity) and fully automated weighing/ purging was
used to independently control Tq, and RH to an accuracy of +0.5 K and £1.5%, respectively
(vapour pressure accuracy +1.5% p/po). The data was recorded automatically in 1 min time-
steps using Advantage Control Software (ACS). Previous to the test and taring of the ultra-
microbalance, the chamber was left to fully equilibrate at 23 °C and at constant nitrogen flow
(10 sccm) for 1 h to ensure stability for baseline measurements accuracy. All samples were
outgassed under vacuum at 120 °C for 12 h. A pre-heating sequence was set in the ACS
(heating ramp rate of 2 °C/ min, from 23 °C) at 150 °C for 1 h prior to testing, to ensure that
w = 0. A counter weight in the reference pan was set to zero, and the dry samples (~ 0.02 g)
were loaded to set the initial mass. A full cycle of 21 steps (sorption/ desorption) was
programmed to increase with a targeted relative vapour pressure from ¢ = 0.05to 1 (¢ = 0.05
intervals) along with the change in mass step (0.001%/ min) until equilibrium moisture
content (EMC) was reached. This was performed at Tq, 23 °C and to a constant water vapour

flow rate of 100 sccm (0.1 L/ min).

A set of three experiments of water vapour sorption/ desorption kinetics aimed to establish the

accuracy of the numerical model were undertaken using the DVS Advantage-2 series. The
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Kinetics of the moisture uptake was meant to sequentially fluctuate between pre-defined RH
limits (20 - 30%; 30 - 50%; and 50 -70%). Each cycle comprised 2hrs of moisture sorption
(30 - 50% RH) followed by 2hrs of moisture desorption (50 - 30% RH) for a total period of
16 hrs (4 complete cycles). All samples were outgassed under vacuum at 120 °C for 12 h prior
to testing. The same pre-heating sequence was applied using ACS, as previously described.
Additionally, the samples were pre-conditioned within the DVS at constant mass to ensure
that woo, W3 and wso were at EMC before the cycles started. The same steps for taring and
equilibration of the chamber were done, and the samples (~ 0.02 g) were loaded to set the
initial mass. This was again performed at Tqa, 23 °C and to a constant water vapour flow rate

of 100 sccm (0.1 L/ min), as with previous experiments.

The hygrothermal numerical model setup was designed to sequentially perform the kinetics of
the moisture uptake between the pre-defined RH limits (20 - 30%; 30 - 50%; and 50 - 70%)
over a set number of cycles (as described previously — see Section 2.3.2 for description of the
closed environment and the parameters of the numerical model). Scaling of the volume from
the DVS chamber (Ven = 0.0002945 m?®) to the physical model (V = 1 m®) was done in order to
proportionally set the infiltration rate of 100 sccm (0.006 m? h!) and the material quantity
(0.02 g). As a result, a constant ACH = 20.37 h and area/ volume ratio (0.01) of the non-
visualized component was estimated. The initial w was set according to each test (EMC at
W20, W3g and wso) intended to perform each sorption/ desorption cycle at constant temperature,

where Tqp = 23 °C.

3. Results and discussion

3.1. Sensitivity analysis of candidate isotherms

Fig. 6 shows the simulated RH buffering results for MS 3.3, 4.7 and 8.3 over the 4-hour cycle.

Repeated long-term loop cycling of the material resulted in progressive decay of their

12
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capacity for humidity buffering in cases where the moisture load was always positive, i.e.
where no infiltration of lower moisture content air occurs. This decay caused the material to
fail after N number of cycles when the fluctuation of ¢(t) exceeded the giu limit. There
appears to be no dependent correlation between N and modal pore diameter, where for MS
8.3, N=6.5; MS 4.7, N = 3.5; and MS 3.3 N = 8.5. It was found that the number of decay
cycles, N, was highly sensitive to the value of Aw between gi - piu limits, i.e. controlled by ¢
(x-axis) adjustments to the sorption isotherm and hence pore size distribution. From Fig. 7a it
appears that the largest proportion of water uptake (candidate isotherm As) corresponds to the
longest time for material failure. Furthermore, Fig. 7b shows a positive linear correlation
between the moisture storage capacity in the operating range of the isotherm (giL - ¢iu), In
this case Awss.es5, and the time taken to exceed the ¢iu limit. Fig. 7b shows that this linear
correlation persists for B: - B4, where reduction in pore volume gives a proportional increase
in elapsed time before buffering failure (or N cycles). The slope of Aw/ t linear correlation
approximates that for other candidate isotherms that have been designed for different ¢iuand

iL limits (Fig. 8a- ).

3.2. Closed environment parameters

Fig. 9a-b shows the simulated results where a non-linear positive correlation was found
between the interior moisture load per unit volume inside the closed environment, and the
minimum quantity (mass) of adsorbent required to achieve buffering between ¢iLand ¢iu. As
the background air infiltration to the closed environment (ACH ) increased, the moisture
content of the infiltrating (exterior) air either adds to or subtracts from the interior moisture
load (g/s) and so the minimum mass of adsorbent required can be adjusted in accordance with
the trends shown in Fig. 9a-b. If ¢i,. < ge < ¢iu, then the RH buffering capacity of the
adsorbent, and the surface area: volume ratio of adsorbent required becomes sensitive to ACH

L If pe< giy, the surface area: volume ratio of adsorbent reduces whilst N increases, and the
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interior moisture loads can potentially be wholly offset by infiltration alone. Conversely, if ge
> giu, N decreases and the adsorbent may not be able to buffer the closed environment unless

ACH " is very low.

3.3. Moisture loads prediction

As the number of decay cycles N is highly sensitive to Aw, the permissible moisture loads
before failure (in this case at N = 60) could confidently be estimated for any candidate
isotherm and any closed environment scenario. Fig. 10 shows the dependency of Aw on the
added/ subtracted moisture load from infiltrating air (including infiltration rate) at different
outdoor air humidities, ge. Expanded numerical simulations showed good agreement where
the @i - giu limits were not exceeded at N = 60. This hygrothermal numerical modelling
technique can therefore be applied to generate wm/ adsorbent mass graphs for any closed
environment scenario, from which the optimum surface area: volume ratio and air infiltration

rate can be selected.

3.4. Experimental work and model validation

Fig. 11 shows the water vapour isotherm (sorption/ desorption cycles) for the two new
materials (MCM-41150/ MCM-411g0); both, having a distinctive Type V isotherm and type H2
hysteresis loop. From Fig. 11 it appears that there is a close fit between the ideal designed
isotherms (MS-5.38 and MS-8.24) and the experimentally achieved ones, indicating a good
correlation between their modal pore diameter and total pore volume. This was found to be
56% and 42% from the total pore volume (MS-5.38 and MS-8.24) for the cases of MCM-
41150 and MCM-411g0, respectively. This indicates that for MCM-411go the difference in total
pore volume and modal pore diameter can be tuned by varying pore wall thickness during

(crystallisation) synthesis by controlled temperature variation.
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The moisture content between ¢ = 0.65 and 0.80 was found to be Awes.so = 407.5 kg m™ for
MCM-411s0, AWgs-s0 = 256.4 kg m™ for MCM-411s0. Whereas between ¢ = 0.70 and 0.85, this
was found to be Aw7o-ss = 267.7 kg m™ and 307.0 kg m™, respectively. The numerical
simulations showed that the resultant progressive decay of their capacity was highly sensitive
according to their highest Aw values. Evidence of this is shown in Fig. 12 for the RH
buffering results where the number of decay cycles, N was ~ 1.7 times higher for MCM-41159
compared to MCM-411g0. Here, the onset of multilayer physisorption (i.e. steep slope of Aw
gradient at ¢ = 0.65 - arrow seen in Fig. 11) is clearly higher for the MCM-41150. This resulted
in lowering the fluctuation of ¢(t) below the ¢iu limit. Conversely, Fig. 13 shows a significant
increase in the number of decay cycles (N = 12) for MCM-411g0, which corresponds to a

higher Awzo.ss = 39.3 kg m= compared with MCM-411so.

Fig. 14 shows the comparison between the experimental DVS and numerical simulations
results for the three water vapour sorption/ desorption kinetics experiments (A, B and C).
Experimentally, EMC was achieved within N = 4 with a distinctive steep sorption/ desorption
gradient (suggesting rapid response for moisture sorption/ desorption) for all cases except
MCM-41150 operating at 50 - 70% RH. This could partially be an indication of pronounced
scanning curves within this region of the H2 hysteresis loop, and partially as a result of
having a higher Aw gradient (Awso.70 = 179.5 Kg m) compared with MCM-411g0 (see Fig. 11
and Fig. 14c). With the exception of MCM-411g0, operating in the 20 - 30% and 30 - 50% RH
ranges (full sorption/ desorption reversibility), it was found that the numerical predictions for
both the moisture uptake capacity and the rate of sorption (kinetics) were typically
underestimated. This could be attributable to the current absence of hysteresis loop and
associated scanning curve predictions within state-of-the-art hygrothermal simulation

techniques, and so clearly highlights this as a priority for future research.
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4. Conclusions

A top-down predictive design tool that enables the design of an ideal water vapour sorption
isotherm for any RH buffering application was developed and experimentally tested. The
simulated results of this technique probed MCM-41 type materials and found that they can
provide a wide range of suitable candidates for synthesizing/ modulating mesopore geometry
and to enable optimisation of hygrothermal functional properties with respect to RH

buffering. Evidence of this was found in the close fitting between experimental and designed
isotherms and within a range that can be accurately matched or predicted by the design tool.
Consistent agreement was found when correlating pore volume with pore wall thickness
variance from the synthesis process, indicating a positive correlation between their Aw and the

time in time in exceeding ¢i,u.

The simulated results showed that for any RH buffering application, the progressive decay for
humidity buffering was independent of modal pore diameter and had a positive correlation
with Aw between the gi L - gi,u limits. Evidence of this was found in a positive linear trend
between Aw and the time taken to exceed ¢iu. This suggested that when designing an ideal
isotherm for a specific application, adjustment of the maximum Aw should be allocated
between the operating limits ¢i. - ¢iu. A methodological illustration of the refinement
technique logic for the design process of an ideal isotherm is presented in Fig. 15; a brief
summary of steps (a) to (f) referred to it are as follows:

a) Preliminary assessment using the hygrothermal numerical model for any MS material
(light blue line) under a specific buffering application, where fluctuation of ¢(t) is
analysed within/ outside the ¢i,uand gi,. limits

b) Design a set of isotherm candidates from the MS material (light blue line), using its
maximum w to set the maximum theoretical n possible

c) Corresponding PSD histogram derived from the isotherm candidates in (b)
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d) Sensitivity analysis for all new candidates in (b) using the hygrothermal numerical
model from (a). The aim is to find the most suitable water isotherm for the application

e) The ideal water isotherm is found (pink line) at a corresponding gradient between 1.
and ly, which steadily allowed for hygrothermal buffering at a higher number N of
cycles from (d)

f) Further adjustment of the water isotherm related to ¢ (x-axis) and w (y-axis)
adjustments, results in a variety of modal pore diameter and pore volume respectively

for any kind of buffering applications

Expanded numerical simulations showed that for a closed environment, a positive non-linear
correlation between the total permissible wmi and the mass of adsorbent required to fully
achieve buffering between ¢i and ¢i,u was established. It was found that the RH buffering
capacity and the volume ratio of the adsorbent were controlled by ge and ACH *;
undermining/ improving the material’s failure at N cycles. Furthermore, the permissible wm
changes proportionally with Aw from an ideal isotherm, and therefore could confidently be
estimated for any candidate isotherm and any closed environment scenario. On the other hand,
it was evident from the experimental results that the kinetics of the dynamic behaviour of
water vapour sorption/ desorption (possible presence of scanning curves development within a
specific hysteresis loop) is still not fully implemented by current hygrothermal numerical
models. However, in this study some exceptions were found (MCM-411goat the 20 - 30% and
30 - 50% RH limits), from which the concept of full sorption/ desorption reversibility enables

hygrothermal structure-properties assessment.
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601 8. Tables

Material Opore  LPury n [en 2 Wi Wsg Wsg Wy A H
nm  kg/m’ m’m’ Jkg'K WmK kg/m’ Kg/m®s"*
MS 334 33 501 0.76 1011 0.05 1279 247 346 2112 454
MS 4.7 4 47 336 0.85 1866 0.05 8 33 105 363 0.561 7.13
MS 83" 8.3 618 0.76 1691 0.05 5 86 295 865 0.550 10.52

Table 1 — Hygrothermal functional properties for mesoporous silicas — * Values taken from

reference [20, 43]
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