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Silica-Gel Using the Zero Length Column Technique.
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Abstract

In all silica-gel adsorption processes driven by low-grade heat, the kinetics of adsorption of water on
silica-gel is very important in order to optimize design and becomes an essential factor in ultra-low
grade heat applications. A new approach for the determination of the mass transfer coefficient of
water in commercial silica-gel is proposed and demonstrated with measurements on a single particle
using the zero length column technique. Under equilibrium conditions the methodology offers the
key advantage to acquire equilibrium isotherms with thousands of points in less than one day. This
allows to obtain the relationship between vapour concentration and equilibrium adsorbed amount
through numerical interpolation. At higher flowrates, the system operates under kinetic control
therefore allowing the determination of the mass transfer coefficient. The novel approach calculates
all the elements needed to obtain the mass transfer coefficient from the measured signals without
the need to use a specific model. Adsorption and desorption experiments were carried out at
different flowrates and three different temperatures. The kinetic responses can be used to
determine an average mass transfer coefficient, which is consistent with literature values, but a
complex behaviour is observed with surface diffusion as the main contribution to the transport

process.
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Introduction

Adsorption of water on silica-gel is at the basis of several heat-driven applications aimed at
improving energy efficiency including for example: adsorption desalination [1]; adsorptive heat
storage [2,3]; adsorption chillers [4,5]; and desiccant wheels [6,7]. To develop a dynamic model of
these processes it is essential to have accurate equilibrium isotherms and determine mass transfer
coefficients, but measuring these properties for water is a challenge. Volumetric and gravimetric
commercial systems are available to determine individual points on isotherms and are time
consuming experiments [8—12]. Mass transfer coefficients are then measured using a variety of
techniques which require combined heat and mass transfer models [13—16], in addition to a suitable
form of isotherm model which has to also capture accurately the adsorption energy, as the
experiments are performed under non-isothermal conditions. With mesoporous materials such as
silica-gel there is also the added complication that the isotherm exhibits a hysteresis loop leading to
difficulties in representing correctly adsorption and desorption kinetics. For example [17] correlate
water adsorption/desorption kinetics in a chromatographic column using different concentration
dependent parameters for the two branches, leading to an overall kinetic model with 10 parameters
to be determined. Concentration frequency response [15] has been shown to provide accurate
values of mass transfer coefficients at specific concentrations and a full concentration dependence
study would be time consuming. Furthermore, when the measurement is carried out in the
hysteresis loop the coefficients correspond to trajectories on the scanning curves and not the main
adsorption and desorption branches [15]. There is therefore the need for a simple technique that
allows to determine mass transfer coefficients for water over the entire concentration range, in both

adsorption and desorption steps.

The aim of this contribution is to demonstrate the use of the zero length column (ZLC) technique
[18,19] for measuring mass transfer coefficients for the system water/silica-gel. The key innovation

lies in several important features:

1. Low flowrate experiments can be used to determine the accurate shape of the adsorption
isotherm as the ZLC generates thousands of equilibrium points and as a result no model is
needed to obtain the relationship between vapour concentration and equilibrium adsorbed
amount;

2. The small samples used in a ZLC, typically at least 3 orders of magnitude less than a normal
chromatographic column, ensures near isothermal conditions considering also that all of the
gas flows through the ZLC thus providing convective heat transfer in addition to the

conduction to the comparatively large mass of steel surrounding the sample;



3. The measured vapour concentration can be converted to the adsorbed phase concentration
applying the column mass balance [18], thus all quantities needed to determine the mass
transfer coefficient are available;

4. Single beads or fragments can be used ensuring no bed/layer effects and negligible pressure
drops, leading to a system that is easy to represent;

5. The methodology to be used is very different from the traditional approach of matching the
kinetic response under dilute conditions [18,19] in desorption only mode. In fact both

adsorption and desorption kinetics under large concentration swings will be applied.

Theory

The mass balance for a ZLC can be written as
dm dc
Msa + VFE = (Fo)iy — (FA)our (1)

Where c is the fluid phase concentration; 71 is the average adsorbed phase concentration; F is the
volumetric flowrate at the temperature and pressure of the column; M is the mass of the solid in the
column; and Vg is the volume of the fluid in the column, which can be measured from a blank
experiment. During adsorption c;y is the concentration of water coming from the bubbler, while in
desorption ¢;y = 0. As the ZLC behaves as a well mixed cell, coyr = c. Finally, due to adsorption and
desorption the outlet volumetric flowrate will differ from the inlet value. It is possible to show that F
can be calculated from the flowrate of the non-adsorbing carrier, Fc4-, and the measured
concentration with sufficient accuracy for the case of water (v, < 0.1) using [20]

F= ki—ybub (2)

Cbub
where cy,,p and y,,, are the fluid phase concentration and mole fraction of the water coming from

the bubbler.

An integral of the mass balance makes it possible to calculate the adsorbed phase concentration at

any time

Mg(7i — Tig) + Vi (c — co) = [, (F)wdt — [, (F)oyrdt (3)

Equation 3 is the basis for measuring equilibrium isotherms using low flowrates [21], which ensure

that the fluid concentration is always at equilibrium with the adsorbed phase.

. — F C
In adsorption 1y = ¢o = 0 and (Fc);y = i‘”y;b”b, therefore
~—Ybub



— FcarrChu t
Msn = i_y—bzbbt - fO (FC)OUTdt - VFC (4)

While in desorption ¢;y = 0, ¢y = cpyp and the integral of the mass balance can be used to determine

the initial concentration at equilibrium

Mgy = fOOO(FC)OUTdt = VrCpup (5)
giving
Mgn = fooo(FC)OUTdt - fOt(FC)OUTdt — Ve (6)

In order to determine the mass transfer coefficient, the column mass balance is coupled to the mass

balance in the particles

% = ka(nEq - T_l) (7)

where a is the surface to volume ratio and ng, is the equilibrium concentration corresponding to

the fluid concentration c. Therefore, the mass transfer coefficient is given by

ka = %/(nEq — 1) (8)

It is useful to point out that in eq. 8 the mass of the sample appears in both the numerator and
denominator. This means that for the determination of the mass transfer coefficient it is not necessary

to measure accurately the mass of the dry sample.

The important result is that it is possible to obtain the mass transfer coefficient directly from a ZLC
experiment without the need to use a model. ng, as a function of ¢ is measured from low flowrate
equilibrium experiments and correlated numerically, for example with cubic splines. n is calculated

from the integral of the measured signal using eq. 3. Finally, rearranging eq. 1
dn dc
Ms—; = (Fo)y — (F&)our — VP (9)

which requires only the use of a piecewise smooth function to correlate the measured c as a function

. . . dc
of time in order to determine e

Experimental

The ZLC apparatus used in this study is described in detail in [22]. The water content in the carrier
gas is controlled by adjusting, in the range 5-30 °C, the temperature of the bath in which a 100 ml

bubbler is submerged. Two sets of Brooks mass flow controllers allow to operate the system under



low flow (equilibrium) and high flow (kinetic) conditions, maintaining the flowrates with an accuracy
of 1.0% of rate (20—100% FS) and £0.2% FS (below 20% FS) [22]. The experiment consists in flowing
the pure carrier through the ZLC at a set flowrate and switching to the carrier and water mixture at
the same flowrate (adsorption experiment) and after equilibration back to the pure carrier
(desorption experiment). The concentration at the outlet of the ZLC is measured with an Ametek
Dycor Dymaxion quadrupole mass spectrometer and a Rotronic HC2-SM humidity and temperature
probe. The probe gives an accurate reading, +0.8 %RH/+0.1 K, of the actual water concentration at
equilibrium, ¢, while the signal from the fast response mass spectrometer is converted to ¢/cpyp

as a function of time.

The silica-gel used is a commercial sample from Geelay Chemicals Ltd, which has an indicator that
turns from bright orange (dry) to nearly transparent (wet) as water is adsorbed. As the beads are
larger than the ID of a Swagelok 1/8” union used to house the sample, a fragment with a mass of 4.3

mg was cut from a bead and is shown in Fig. 1.
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Figure 1. Detail of the silica-gel fragment housed in the ZLC.

The material consists of only pores below 10 nm as confirmed using a Quantachrome PoreMaster
mercury porosimetry analyser. The intrusion/extrusion curves are reported in the Supplementary
Materials. This measurement allows to determine also a density of the material of 1322 kg/m?3. The

effective diameter of the fragment is therefore estimated to be 1.84 mm.

Prior to each set of experiments at a given temperature the sample was regenerated in situ. Before
the first experiment and after each series of experiments the sample was heated at a rate of
1 °C/min up to 110 °C, held at this temperature for 1 hour, followed by a further temperature ramp

at a rate of 1 °C/min up to 150 °C and held at this temperature for at least 6 hours.

Experiments at 25 °C were carried out at 1 and 1.5 cc/min in order to confirm equilibrium control.
Figure 2 shows the isotherms calculated from the concentration signals using the mass balances

described in the theory section.
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Figure 2. Adsorption and desorption isotherms at 25 °C using two flowrates.

The close agreement of the curves calculated from experiments at two flowrates confirms that
already at 1.5 cc/min the system is under equilibrium control. As a result experiments at 10 °C and
40 °C were carried out only at 1 cc/min. The full set of isotherms measured at the 3 temperatures
and 1 cc/min is shown in Figure 3. At 10 and 25 °C the range of temperatures available in the bubbler
allows to operate the highest concentration above the closure of the hysteresis loop. At 40 °C the
highest concentration is within the hysteresis loop and as a result the desorption branch is a
scanning curve. The shape of the adsorption branch indicates that there is a broad distribution of
mesopores. The fact that the desorption branch does not follow a path parallel to the adsorption
branch indicates that pore connectivity is influencing the system [23,24]. For the purposes of this

study though, given the large number of equilibrium points (>1000) for each branch, the equilibrium
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curves can be correlated by piece-wise smooth functions to interpolate values and obtain asa
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Figure 3. Adsorption and desorption isotherms at 10, 25 and 40 °C.



Results and discussion

The main aim of this contribution is to demonstrate the methodology to obtain directly the mass
transfer coefficient from ZLC measurements without the need of a model. The most important
assumption that is made is that the system remains isothermal, which is typically the case in a ZLC
system [18] for 2 reasons: the first is due to the fact that a very small sample is housed in contact
with a large mass of steel; the second is that all of the gas flows through the column providing
additional convective heat transfer, thus limiting the temperature rise in adsorption and the
temperature drop in desorption. A check of the worst case scenario can be carried out to estimate
the maximum temperature rise estimating the Nusselt number for an isolated sphere using
literature values of the heat capacity [13,25] and the energy of adsorption [13]. Experimentally a

simple check is through a change in carrier gas, which will vary the heat transfer coefficient.

At 25 °C experiments at 11, 22, 33 cc/min (measured at room temperature) were performed. The
concentration signals were then used to calculate the mass transfer coefficients. Figure 4 shows the
results for the highest flowrate, which is also the experiment furthest from equilibrium. Similar
results are obtained for the other two flowrates, indicating that the mass transfer coefficient is

independent of flowrate. The figures for 11 and 22 cc/min are included in the Supplementary

Materials.
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Figure 4. Mass transfer coefficient at 25 °C and 33 cc/min as a function of the reduced adsorbed
phase concentration.
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- values of 0.1 and above 0.9 in Fig. 4 are not shown because the denominator in
Eqbub

eq. 8 is very close to 0 and therefore the calculated coefficients are subject to larger uncertainties,

which are becoming apparent for the desorption curve below - =02
Eqbub

From Fig. 4 it is possible to observe that in desorption the mass transfer coefficient is mildly
dependent on concentration, while in adsorption it has a minimum close to where the isotherm has
the inflection corresponding to multilayer adsorption and condensation in the mesopores. The lack
of symmetry would suggest that there is an internal diffusion process under adsorption conditions,
which would explain the observed concentration dependence. A different process is observed in
desorption, most likely a pore network effect as in the desorption branch of the isotherm. A detailed
investigation of this complex behaviour is beyond the scope of the present study, but we note that
for the purposes of representing adsorption and desorption kinetics Fig. 4 would suggest that an
average mass transfer coefficient would be a reasonable approximation also in adsorption. Figure 5

shows the adsorption and desorption curves along with the predicted responses using ka = 0.0049

s7* for all flowrates.
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Figure 5. Adsorption and desorption kinetics at 25 °C and different flowrates. Calculated curves with
ka = 0.0049 s

At all flowrates the constant mass transfer coefficient provides an excellent match to the desorption
curves. Only at 11 cc/min some slight deviation is observed. Similar arguments can be made for the

adsorption curves, which show a more complex behaviour at all flowrates, but the simple model

captures the overall kinetics.



Table 1: Mass transfer coefficients for water on silica-gel at 25 °C

ka at25°C, s 1 Technique Methodology Sample size Source
0.0049 ZLC Integral step <10mg This work
Single bead
0.0149 — 0.0357 | Concentration-swing Differential step | < 10 mg [15]
frequency response Single bead
0.0009 — 0.0016 | Breakthrough Integral step >10g [13]
Bed of beads
0.0064 Gravimetric Integral step lg [26,27]
Bed of beads

In Table 1, the mass transfer coefficient obtained in this study is compared to values reported in
literature at similar conditions. Very similar mass transfer coefficients for water on silica-gel using
large concentration swings that include the hysteresis loop have been used in the simulation of air
drying using pressure swing adsorption [26,27]. A recent study based on modelling breakthrough
curves [13] gives lower values by a factor of approximately 5, but still of a similar order of

magnitude.

In the literature only a frequency response study [15] measured adsorption kinetics on a single
particle of silica-gel and found that the linear driving force model provided a good representation of
this system, with a mass transfer coefficient approximately 3 to 7 times the value found here. It is
important to consider, though, that in a frequency response experiment both adsorption and
desorption are sampled over a small concentration range and within the hysteresis loop the

trajectory is on the scanning curve [15], not the actual adsorption or desorption branches.

Given the variability in silica-gel samples, see for example [25], these comparisons represent a very
reasonable agreement with the results obtained here, providing a strong validation to the novel

approach presented.
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Figure 6. Mass transfer coefficient at 10 and 40 °C and as a function of the reduced adsorbed phase
concentration.

Figure 6 shows the results obtained at 10 and 40 °C, where the corresponding average mass transfer
coefficient values were found to be ka = 0.0033 st and ka = 0.0071 s respectively. These values,
combined with the result at 25 °C, allow to estimate an activation energy of 19 kJ/mol, which is
slightly less than half the latent heat of vaporization of water and similar to the activation energy
found in large mesopore silica-gels [28]. The activation energy is consistent with surface diffusion as
the main contribution as macro- and meso-pore diffusion without surface diffusion effects would
show an apparent activation energy closer to the energy of adsorption [29]. For the silica-gel used in
this study the adsorption energy is close to the latent heat of vaporization given that the isotherms

shown in Fig. 2 are only slightly apart.

As a final validation of the interpretation of the kinetic responses, experiments were carried out with
helium to determine if the mass transfer coefficient is independent of the carrier gas. Using the
limiting value of 2 for the Sherwood number it is possible to estimate that the external film
resistance is negligible in this system, in agreement with similar assessments in the literature [13].
For both carrier gases it is possible to the estimate that the Knudsen number is greater than 6 for the
largest pores detected in appreciable amount by mercury porosimetry (10 nm), thus transport
should only be a combination of Knudsen flow and surface diffusion. We note that in this case the
mass transfer coefficient should be the same in a ZLC experiment and in a system with only water
vapour present. Figure 7 shows the comparison of the adsorption and desorption results with the

two carrier gases at 25 °C and the highest flowrate of 33 cc/min. The desorption curve shows a small

10



difference between the two experiments in the initial stages, where the response in helium indicates

a larger mass transfer coefficient, followed by convergence to the same rate after the first 250 s.
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Figure 7. Adsorption and desorption kinetics at 25 °C and with nitrogen and helium as carrier gases.

For the adsorption curves there is a more pronounced effect, indicating a faster kinetic process with
helium, particularly in the initial stages. This may indicate either that within the silica-gel particle
there are fractures that do not result in appreciable pore volumes in the mercury intrusion
measurements, which do contribute to the overall mass transfer kinetics, or that in the initial stages
where the rate of water exchange is high the system deviates from isothermal conditions. An

estimate of the maximum temperature swing for helium, assuming no contributions from the metal

components of the ZLC and Nu =5 (highest flowrate), is shown in Figure 8.
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Figure 8. Predicted particle temperature change in desorption at 25 °C and 33 cc/min.

The predicted maximum temperature change with helium is 2 K in the initial 100 s of desorption,
rapidly returning to near isothermal conditions by 200 s, indicating that even in this worst-case
scenario this experiment is very close to isothermal conditions. The maximum temperature swing for
nitrogen is estimated at 13 K, indicating that in this case care should be taken and suggesting that
with nitrogen a ZLC experiment with silica-gel should be carried out with a reduced mass of 1-2 mg
as the condition for isothermal behaviour is proportional to the square of the particle diameter
[18,30]. The actual measured difference between the two gases is relatively small, indicating that the
thermal mass is larger due to the contribution of the metal components, confirming that the helium

experiment is effectively isothermal.

Conclusions

The methodology for the determination of the mass transfer coefficient of water in silica-gel using
the zero length column experiment has been demonstrated for both adsorption and desorption
steps. Using low flowrate experiments to determine the equilibrium isotherms, all elements needed
for the determination of the mass transfer coefficients are available from experiments at high
flowrates. The approach is unique since it allows to determine the mass transfer coefficient as a
function of the adsorbed phase concentration in a single experiment without relying on any model
and without the need to couple heat and mass transfer. Once the flowrate required to achieve
equilibrium conditions is known, the method requires approximately one day to determine the
equilibrium isotherm and a further day to obtain adsorption and desorption results at two different
flowrates. This is very efficient, considering that gravimetric and volumetric experiments will require
several days to determine more than 20 points on each branch of the isotherm and the

interpretation of the corresponding kinetic experiments is not as straightforward.

The results obtained on a commercial silica-gel fragment show a complex behaviour. Integral
desorption experiments are well represented by an average mass transfer coefficient, ka = 0.0049
slat 25 °C, with an activation energy of 19 kJ/mol. Adsorption experiments show a more
pronounced concentration dependence, which shows a minimum at the inflection point of the
isotherm. This is potentially an indication of an internal diffusion process. The asymmetry in the
kinetic response would suggest that desorption is limited by pore network effects, which are

consistent with the shape of the hysteresis loop. The Knudsen number for the largest pores in the

12



silica-gel sample is greater than 6, but a small dependence on the carrier gas was observed when
using nitrogen and helium. This could indicate either the presence of fractures within the silica-gel
particle or deviation from isothermal conditions in the initial stages of the kinetic curves where the
rate of exchanges is highest. A simple analysis predicting the maximum temperature swings in
desorption indicates that the helium experiment is effectively isothermal, while with nitrogen a

smaller sample mass of 1-2 mg would be recommended for the system water/silica-gel.
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Notation

a Surface to volume ratio of solid, m™

c Concentration in the fluid phase, mol m=

c Average concentration in the fluid phase, mol m™
Co Initial concentration in the fluid phase, mol m=

Cpup  Fluid concentration in the fluid phase from the bubbler, mol m=
F Volumetric flowrate, m3s™

Fearr Volumetric flowrate of carrier gas, m®s™

k Surface mass transfer resistance, m s

My Mass of sample, kg

n Average concentration in the adsorbed phase, mol m

Ny Initial concentration in the adsorbed phase, mol m=

Ngq Adsorbed phase concentration at equilibrium with ¢, mol m=
Ngqpup Adsorbed phase concentration at equilibrium with cp,,;,, mol m=
t Time, s

Vi Volume of fluid, m?

Vyup  Mole fraction in the fluid phase from the bubbler

S
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