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Abstract: Metal-organic frameworks (MOFs) have been considleas one of the most
promising candidates for the sorption-based mastoontrol owing to higher energy
efficiency compared to conventional refrigeratiaased systems. In this study, MOF-based
desiccant (MIL-160) was prepared and studied fotewaapor adsorption. MIL-160(Al)
consists of Al-based metal clusters and biomasseterorganic link, which is a green and
environmentally-friendly material for indoor clineatontrol. Here ad/desorption isotherms
were measured and fitted based on the Langmuriapti@o theory. These isotherms
indicated that MIL-160(Al) was a hydrophilic matriwith a turning point at 8%P/P0. The
sorption performance was also investigated and labedi on a 3-D heat and mass transfer
model, which was then validated by a series oktesthe vapor sorption at the metal plate.
Considering some simplified postulations (e.g. tamsisosteric heat during ad/desorption
process, linear driving force theory, equivalerdrthal conductivity of materials), the effect
of different parameters on the moisture transpatewsuccessfully investigated such as the
thickness of MOF layer, porosity, and diffusivitgtc. In this regard, the simulated results
together with the validation provide important gisis into the MIL-160(Al) used desiccant
system.
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conservation

1. Introduction

In the past decades, the total building energy wmpsion has sharply increased over the
world, in which electricity demand for heating, tiétion, and air conditioning (HVAC)
systems accounts for more than 40% of total bugléinergy consumption [1, 2]. To improve
the thermal comfort of the living space, more amarerbuildings are supplied with HVAC
systems to deal with the indoor thermal load. Thiagsy energy consumption in air-

conditioning systems is crucial to the sustainaeieelopment of global energy strategy.

In general, the total cooling load of a buildingnssts of sensible and latent loads.
Traditional air conditioners counterbalance botter&a and sensible loads by cooling the
process air below the dew point and then reheatirtge desired air condition. Though the
refrigeration dehumidification can achieve the fiparpose, the resulted low evaporation
temperature (5-7°C) and reheating process haveeat gmpact on the coefficient of
performance (COP) [3]. In addition, the refrigepatiprocess can even cause severe ozone
depletion and global warming by taking HCFCs or KHF&3 refrigerants [4]. In order to
reduce energy consumption, it is essential to @agvebme other technologies to make an
easy-to-operate and environmentally friendly sysfgn®]. One promising choice to upgrade
such systems is through the introduction of a sidisiccant air-conditioning system based on
the adsorption and desorption mechanism [7, 8].\Windies indicated that solid desiccant
systems can offer many advantages, as they cannhpmake use of solar energy and waste
heat as an energy source to drive the system batusually utilize non-toxic and easily
available water as the adsorbate. However, onealriproblem to limit the widespread
application is the low loading lift of conventior@siccants (i.e. silica gel and zeolite) during

an adsorption cycle, which means that lower loadiftgn per unit kilogram of desiccant



material needs more desiccants employed to meetthered sorption loading. This results
in the complexity and bulky size of the whole sgstf9]. In addition, the amount of the

cyclic loading lift directly depends on the desiacfl0], whose interaction to adsorbate and
intrinsic structure can affect the vapor pressupaldrium and the operating temperature. In
this regard, the selection of desiccants with haglsorption properties can potentially

promote the COP for the air conditioning systeml[f,

Metal-organic framework (MOF) has emerged as amalidandidate for the application in
both closed adsorption heat pump and open desidedmimidifiers due to its highly tunable
and remarkable porosity properties. It is knownt tM&®Fs are mainly constructed by the
integration of metal clusters and organic ligandghwmicroporous structure and
homogeneous. Many reports have demonstrated thay mBDFs have S-shaped water
uptake isotherms, high cycling performance, anddenilregeneration temperature [12, 13,
14]. Seo et al. [15] had demonstrated that twoahnaically porous MOFs, MIL-100, and
MIL-101, are workable to dehumidification with hidtydrothermal stability and sorption
capacity. Xu et al. [16] had compared the dehunailifon performance of HKUST-1 with
silica gel by experimenting with the full-scale mesnt coated heat exchangers. A numerical
study of MIL-101 based cooling system had beenaedawut by Bareschino et al. [17], which
shows higher dehumidification performance than shiea gel-based one. Besides, many
studies [18, 19] had experimentally investigateel $brption performance of different MOF
materials based on the closed water-sorption-dricaillers. The applications in the

dehumidification scenario are also expected.

Recently, a green metal-based MOF, MIL-160, has Ipeeposed for the sorption-based solid

desiccant system, which featured cost-effective ramattoxic properties. The cycling water



loading lift is higher than many traditional andheentional materials (i.e. silica gel, SAPO-

33) [13, 20-23], and the adsorption performancseissitive to temperature at low relative
pressure. Serre et al. [24] firstly proposed a bfdermally stable and biomass-derived
porous material, named MIL-160(Al), using the stheymal method. As an isostructural

solid to CAU-10, this Al-based MOF shows a more etbenit performance in the heat

transformation than some commercial materials iscBAPO-34. Later on, a series of tests
on the open-system prototype were carried out thib#xits superior energy-storage

capacities and stability, and the optimized ancegreynthesis method paved the way for
large-scale production [25]. Wharmby et al. [26kdisRietveld method to investigate the
phase transition of MIL-160(Al) during water adsioop. Cui et al. [27] have conducted a
series of experiments to measure the heat propefitie. specific heat capacity, thermal
conductivity, isosteric heat) of MIL-160(Al), which provides impant information to the

water adsorption applications.

To date, MIL-160(Al) is reported as a new kind oégn and biomass-based MOF material,
featured in large-scale production and good samppierformance. However, little literature
has reported the applications of MIL-160(Al) in theen solid desiccant systems for indoor
moisture control. Herein, we aim to investigate soeption dynamics of MIL-160(Al) to
enhance its operation performance on the matewal during the adsorption and desorption
processes. Firstly, hydrophilic Carboxylate-base@®RV MIL-160(Al) was synthesized
through solvothermal methods, and then the charaat®mn and water adsorption were
carried out as shown in section 2. To determine dgeilibrium equations for the
corresponding isotherms, the Langmurian sorptiothexm model was introduced to fit with
the measured water adsorption dafa.detailed mathematical model based on MOF

desiccants was then developed to elucidate thedmehimass transfer mechanisms between



desiccants and the surrounding air. The governqua®ons and methodology of the water-
MOF pair were demonstrated in sections 3 and 4exctsrely. Except for the material
properties, the other required parameters (e.ghesms model, isosteric heat, diffusivity,
etc.) were obtained from fitting or calculation edson the existed equations, and then the
kinetics simulation using MIL-160(Fe) were discubse section 5 to predict the adsorption
dynamics, which is validated by adsorption testeally, the parameter studies (i.e. cycle
time, porosity and operation conditions, etc.) wasaducted. Under these simple operational
principles, the adsorption-based air-conditioniggtems can achieve indoor hygrothermal

control through water vapor adsorption and desonpti

2. Experiments

2.1 Synthesis

MIL-160(Al) can be synthesized by the solvothernsghthesis route via the chemical
reaction of Aluminum acetate and FDCA (2,5-furaadioxylicacid). 1:1 of Aluminum
acetate and FDCA were mixed in a container fillethwleionized water, and then stirred for
24h under the reflux condition. The reaction praduas purified by deionized water and
ethanol at room temperature for 3h and finally diiiea vacuum oven (100 to produce the

light yellow solid MIL-160(Al) [27].

2.2 Material characterizations

Before isotherms measurements, the morphologi®&sllofl60(Al) were characterized using

a scanning electron microscope (SEM). Fig. 1 shibmsnicrostructure of the MOF samples,
illustrating the intercrystalline voids betweenlgmiishaped crystals. These connected voids
would further widen the area of interface betwerystals and vapor, which facilitate vapor

diffusion. Table 1 has provided the basic strudtumf@armation about MIL-160(Al).



Table 1

Porous properties of MIL-160(Al).

BET surface area  Pore volume Pore diameter
(m’g") (em’ g™ (nm)
MIL-160(Al) ~1200 0.4 0.5

Fig. 1. SEM photos of MIL-160(Al) showing the crystal structure.

2.3 Isotherms and kinetics

A gravimetric analyzer (dynamic vapor sorption, DVS) was utilized to measure the isotherms
and kinetics of this carboxylate-based MOFs by taking advantage of its high accuracy and
stability in the temperature and humidity control during the whole experiments. There are two
holders (reference and sample holders, 5g+0.1ug each) suspended on each side of the
microbalance in the DVS apparatus. Since the microbalance can directly detect the variation
of adsorbent mass over time, DVS can record the adsorbent mass as a function of relative

pressure and time under a given temperature. The schematic configuration of the DVS is

6



shown in Fig.2. Inside the DVS, a built-in heateoyides the isothermal environment, and
the humidifier generates the required amount ofewsaapor. Dry N (99.999% purity) is
ducted to purge the system before the test, andnigs flow controller connected to a
control panel can autonomously control the vapesgure of the mixture (dry and saturated
vapor gas) to the set value. The test conditioasraasured by the humidity and temperature
probes close to the sample holder. Noting that required to calibrate the temperature and

humidity sensors to reduce the measurement emw@aich test.

Prior to the tests, the activation process is cotetlivia vacuum heating at 12@or at least
1h. MIL-160(Al) sample of 50mg has been loaded be sample holder. During the
measurements of isotherms, the ad/desorption pesex different vapor partial pressure run
after the drying process of the test sample. Thegel3 test points of vapor partial pressure,
and the sample approaches the saturated statehrntest point if the ratio of mass variation
meets the conditions of <0.03%. In addition, thepsiise pressure increase (Adsorption) or
decrease (Desorption) is adopted at each setdagt por isotherms tests, the temperature of
the test chamber ranges from 30 ta/5@nd the vapor pressure from 1Pa to 12000Pa. 1As fo
the measurements of kinetics, the gravimetric amealwas controlled with the temperature in

the range from 20 to 45at 65%RH.

Humidifiers Microbalance

: : | L Balance
Pumps ~ purge
— — l é Reference
N holder _
— Sample

Temperature & = )
F humidity probe .-~ holder

Fig. 2. Schematic illustration of the gravimetric analyfmrthe measurement of water



uptake.

2.4 Sorption performance

In Fig.3, the ad/desorption performance tests werglucted on a MOF-coated metal plate,
which was put in a climate-controlled small cham@édre temperature and humidity level
was controlled by an air conditioner and a humadifo provide the inlet vapor flux with the
given temperature and humidity value. Two pairerhperature and humidity sensors were
assembled respectively at the inlet and insidectimate chamber. The bottom side of the
metal plate (4cmx4cmx0.05cm) was attached to artbstatic electric heater to control the
whole ad/desorption temperature<I0[] for adsorption; 700 for desorption). MOF samples
with the thickness of 0.25mm and 0.8mm were praparel coated on the other side of the

metal plate. The climate conditions at the chami@ye maintained at 21, 65%RH.

Humidifier

Room air Vapor inlet )
Small climate chamber

(21°C, 65% RH)

/ Vapor outlet

s

A//
MIL-160(Al) sample (up) l ighi
) Weighing E
Balance —*

Aluminum plate (down) -

Data

Fig.3 The setup of sorption performance tests.

3. Mathematical modeling
A transient multi-dimensional mathematical modeld&escribe heat and mass transfer was

developed in this section to predict the ad/desamgberformance under moist air. To model



the sorption behaviors, Fig.4 shows the schemétikeosimulation model for the adsorption
dynamics, which consists of moisture transportdegihe desiccant and heat transfer in the
desiccant and a thin aluminum plate (supportingMia# block). This model was built based
on the experiments in Section 2.3. In order tortyedescribe the whole ad/desorption state, a
3D model has been built to show the impact frontepggeometry, which is a 3D coordinate
system with time dependence (X, y, z, t). Besidesnsidering that many different
mechanisms are involved in the adsorption and gésar of porous materials, the overall
transport of water inside the desiccant and froendesiccant to the moist air is a complex
process. There are some assumptions on the propwgbdmatical model:
* There was no dead air zone in the test chamberthendistribution of temperature
and humidity are even in the climate chamber;
* The surrounding air states were maintained at the given value;
e The size of the desiccant in thelizection are uniform;
» The water vapor within the intercrystalline voidsdssumed to meet the ideal gas
state;
» Crystalsize, porosity, and mass distribution are spatially uniform;
* The physical properties are not related to tempegati.e. thermal conductivity,

isosteric heat) but depend on water uptake.

or 70C I '

I
| T=Ta= Toa Tuan |
| RH=65% I
I |
| | |
| =
| I : e I =40mm y X :
I —oead
| : : | | : aC RO
c Fo I : f
| : AN £y T.=20Cc | I :
|
R Lre— | MOF sample  Aluminum plate :
| Front view (A=0.5mm) I

Fig. 4. The schematic of the simulation model



3.1 Moisture transport within MOFs

The mass change of vapor over the desiccant zonbecwritten by [28, 29, 30]:

a 1-£0
2+ V- (pu) =V D,Vp — pg—>- 1)
Wherep andp, are the vapor concentration in the intercrystallar and the density of

desiccant [kg m]; € is the porosity of desiccant; w is the amount of the adsorbed vapor
inside the desiccant crystals [kg'ﬁgandi—(‘t} represents the adsorption rate at a given time

and space. According to the Darcy’s law and equnatib state P = pR,T), the velocity

vector of vapor over the porous medium is given by:

AR,

u=—§-VP=— 2 (pVT +TVp) @)
_a%ed
A= T ©

As for the intercrystalline vapor diffusidp,, it can be obtained by the following equation.

d |8R,T
Dy =37 ®)

Wherey is the dynamic viscosity of vapor [kg (mi*§)VP is the pressure gradient within the
intercrystalline pore; d represents the average size of intercrystallineepdhat can be

calculated as a function of crystal size and oV@@osity [m].

3.2 Heat transfer within MOFs

Considering that heat and mass transfer simultahgoacurs throughout the adsorption and
desorption process, equivalent heat capacity, lseatuction, and adsorption heat are
governed by energy conservation, which can be zbxulias [28, 29]:

— 0T 0
PC(op +UV - T) = V- AeqVT + qanpa(1 = &) 5 (5)

pc=(1- 5)pd(cpm + wcpw) + epcpy (6)

Wheregq,, represents the isosteric heat during ad/desorfiti&g’]. It is noted that when the
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ambient vapor was adsorbed within the desiccarttiiermodynamic property of the vapor
phase was similar to its liquid phase, accomparigdthe release of adsorption heat.

According to the Clausius- Clapeyron equation,atigsorption heafg(,;,) can be estimated by

ROInP

Qah=@

(7)

Based on the adsorption model shown in EQ.(9), ¢lqisation is a function of adsorption
uptake fractiondy,,). In Eq. (6), it can be found that the averageinwtric heat capacity [J
(kg-K)'] consists of desiccant,,,, adsorbed vapot,,, and the vapor phase,,. Here the

average thermal conductivity is therefore estimabgd employing a modified Zehner-

Schlunder model [31]:

deq=(1—-VI—e)l,+ (1 —Ve)lp+ (VI—e+Ve—1) =

!
k(l_ﬁ) In Am k-1 — (2)0.9676 (8)
(1_m)2 kedy  1-Ktwf” E

Am Am

3.3 S-shaped isotherm model

The experimentally measured water uptake has bsed to fit with the sorption isotherm
model, which theoretically shows the sorption bétvawef vapor-MOF pair under different
vapor pressure and operating temperature conditibonsorder to simplify the above-
mentioned governing equationsangmurian type isotherm has been applied to disctbe
relationship of the equilibrium concentration ofsatbed vapor with the vapor pressure, P,

and temperature, T. In this case, the S-shapedeisutmodel can be written as below [9]:

g = Lea _ k(&)

= - 9

Mo 14+(K-1)(=) ©)
Where,6 is the fractional wateuptake ; w., and m are the amount of the adsorbed water
vapor [kg kg'] and limiting uptake [kg KdJ; a is the factor that can be obtained from

adsorption experiment®,andP is the saturated vapor pressure and vapor pre$Baie
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respectively. According to Langmuir analogy, theuiggrium constant K here can be
expressed agexp(a-AQ/RT). B is the fitting coefficient; @ indicates the heterogeneity

factor; AQ represents the adsorption characteristics energy.

Considering the calculation of adsorption r%{f:e,a linear driving force model can be applied

and simplified [28, 32, 33]:

d 60
d—(j =—Ds (Weq — W) (10)
WhereD; indicates the vapor diffusion inside the desicaagstal [nf s*]. The evaluation of

D is given and simplified by, = a, - exp(—a,/RT), wherea; anda, can be obtained
from experiments [28]. In this way, the averageoagison rate %) can be calculated by

plugging Eq.(9) into Eq.(10). Then Egs. (1) and {&yether with Eq. (10) describe the

adsorption dynamic model for moisture transport.

3.4 Initial and boundary conditions of the desiteaoated humidity pump
The initial conditions for the whole MOF crystalea

T(x,y,2,0) =Ty, p(x,y,2,0) = py, w(x,y,2,0) = Weq (Po, To) (11)
The boundary conditions for the whole MOF crystatks:

p(0,y,z,t) = p(L,y,z1t) = p(x,0,z,t) = p(x,W, z,t)

=p(x,¥,0,t) =p(x,y,H,t) = pqg (12)
_ . _ (T, Adsorption
Tpl“te(x’ Y, —Hp, t) =T = {Th, Desorption (13)
d
olz=0 =0 (14)
T(x, Y 0' t) = Tplate (x, b2 0' t) (15)
N AeqVT |yepx=0 = hy(Ty = T) + €a(Tyy — T*) (16)

12



Wheree is the emissivity of the sample surface to theiremwment. Noted that in order to
calculate the sorption performance (Fig.3), Fidndves that the Dirichlet boundary is set for
vapor transfer and the third boundary is prepamdheat transfer. The other parameters

mentioned are listed in Table 2.

Table?2

Adsorption properties in the simulation of moisttransport.

Parameter Symbol value

MIL-160(Al)
Density Pa 400-600 kg it
Specific heat capacity cp 1600J (kg- K}
Thermal conductivity A 0.07 W (m-K)*
Porosity € 0.4
Crystal size d 1.5 X% 107°m
Thermal conductivity of

A, 0.018 W (m-K)*
water vapor
Thermal conductivity of

Aplate 2770 W (m-K)!
metal plate
—2x1077T3 4+ 5.9 x 107*T?
Specific heat of water vapor Cpv
+ 0.11T7 4+ 1790

Specific heat of adsorbed

Cow 4200 J (kg- K}
water vapor
Specific heat of metal plate Com 960 J (kg- K}t

3.5 Simulation methodology

13



In the context, the governing equations and auyilequations Eqgs. (1-10) were solved by
employing the finite difference scheme for heat amaks transfer in the desiccant and air.
The computational operation was conducted on COM8€hg structured meshing for the
sorption simulation model shown in Fig.4. The ofieraconditions were consistent with the
experiments, which is listed in Table 2. It is worhentioning that variable time steps have
been adopted to expedite the calculation while mmg@ood convergence. In this regard, the
time step of 0.01s was set considering the religtileege differences at the beginning stage
of simulations. As the calculation continued, tieté difference of vapor concentration in
each node was reduced. Then the time steps inolleving calculation were gradually
increased up to 0.5s. To avoid any abnormal rescdisvergences have been achieved by

setting tolerance as le-6.

Table3

The operation conditions of experiments

Operation conditions Symbol Value
Initial temperature To 210
Initial vapor concentration Po 0.0118kg it
Bottom temperature T 20, AD

7001, DE

4. Resultsand discussion
In the following section, the evaluation of somergmaeters such as isosteric heat and
intracrystalline diffusivity has been made to de thodel calculations, which are compared

with the validation experiments. Subsequently, peter studies have been investigated to

14



observe the effect of different material properaesl geometry to the sorption performance

of MIL-160(Al).

4.1 Sorption isotherm model

Based on the gravimetric analyzer, the experimgntaleasured water uptake of MIL-
160(Al) was shown in Fig.5, and the results indidathat the isotherms were almost S-
shaped during the adsorption process, which isitegs@rom the uniform pore size in the
material. The fitting curves from the Langmurianpgmn isotherm [9] match well with the
experimental data. This means that the fitting aqonarom Eq. (9) can describe the water
uptake of MIL-160(Al) under different vapor pressuand temperature on the adsorption
dynamic model. These measured isotherms also tedidhat MIL-160(Al) is sensitive to
temperature variation. Every 10ncrease in the temperature leads to obvious @saimgthe
turning point (P/P0), at which the material stdines adsorption process. The maximum water

uptake at 30 can approach ~0.38¢ gThe fitting parameters were shown in Table 4.

0.4+

o
w
|

Uptake (kg kg™)
o
1

e
R
1

0.0 0.2 0.4 0.6 0.8
P/P,

Fig. 5. Sorption isotherms of MIL-160(Al) under differei@mperature conditions. Here,
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scatters represent experimental data, curves iteditBng curves (R-square: 0.9678).

Table4

Fitting information of Langmurian model for MIL-16Al) — water system

mg (04 AQ .3

MIL-160(Al) +
0.39 kg kg 1.192 1469 kJ Kg 1.117810*
water vapor

4.2 Isosteric heat of MIL-160(Al)

Since the isotherm model can predict the waterkeptath different vapor pressure and the
surrounding temperature, the isosteric heat carfibve be calculated through the Clausius—
Clapeyron model in Eq.(7). Based on the Langmuaiaalogy, it is found in Fig.6 that vapor
pressure [In(P)] against temperature [1/T] variesdrly with different water uptake fractions
(0). In Fig. (6), the slope of In(P) to 1/T equalg,;, /R, thus the calculated isosteric heat was
52-54kJ mof, barely varying against the adsorbed water. Coetpavith the measured
results [27], the relative errors of these valuesem-8%. In the following simulation, we

adopted the average value of isosteric heat, wikigBkJ mof-.
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1/T (K
Fig. 6. Isosteric heat of water vapor adsorption on MIIG{4) for different water uptake

fractions.

4.3 Intracrystalline diffusivity

Intracrystalline diffusivity plays an important eoln the diffusion of the adsorbed water. In
order to describe the variation of the adsorbedewsabapor in Eq. (10), this value was
obtained through the measurement of sorption kireti MIL-160(Al). Based on the Fick’s

law, the adsorbed vapor mass fraction can be esguleand simplified as follows:

6 _ (2nm)?

=) (17)

we __\'o
E - 1 anl (TL'n)Z €x ( dz

Wherew,, represents the amount of the adsorbed water \zegpibre time approachesd¢o

From Eq. (17), it can be found that the correspogaditracrystalline diffusion ([) can be
obtained from the fitting results when given therage crystal size of 1.5um. According to
the linear driving force model [31], the intracgMine diffusivity function can be expressed

based on Eq. (10) and rewritten as:

In (D—) =_L (18)

aq RTS

17



Eq. (18) indicated that there is a linear relatiopdetween intracrystalline diffusion {Land
the inverse temperature, which conforms to the oredsdata shown in Fig. ¢, anda, are
calculated as 1.08.0™ m? s* and 28299J md] respectively. Consequently, Eq. (18) can be

inserted into Eq. (10) to solve the mathematicatieho

4E-16
3E-16 |
L
— 2B-16 | \\ -
ol % S
] $3
Qm \\%\
E-16 =g =1.05% 10" m*s™ \\%
a, = 28299 ] mol”
0.0031 0.0032 0.0033 0.0034
1/T (1/K)

Fig.7 The variation of intracrystalline diffusion agditise inverse temperature. The

experimentally measured data (Scatter) and thediturve (Line) (R-square: 0.9566).

4.4 Sorption simulation

4.4.1 Model validation

As described in the experimental section, the nreasents of sorption performance were
conducted with two different bottom side surfaceperatures 20 (Adsorption) and 70
(Desorption). Figs. 8 (a-b) have shown the vamatbcyclic uptake during the ad/desorption
process. Based on the volume integration in the GOM the calculated mass variation of

the adsorbed water vapor matches well with the aredsvalues shown in Fig.8 (a) and (b),

18



and the overall discrepancies are within a readenednge of +20% (Fig.8(c)), which
demonstrates a high fidelity model. In additiorg tlesults from experiments indicated that
the adsorption process is slower than the desorptiocess according to the time spent to the
equilibrium state, and this can be explained byiticeease in the intracrystalline diffusivity
due to a higher surface temperature, which confdaoanke Egs. (4) and (10). With 0.25 mm
(0.142g) and 0.8mm (0.463g) of coatings, 0.25mneazting has a larger adsorption and
desorption rate than the one with 0.8mm. The m@joblem is that the thicker coating can
lead to a larger thermal resistance to thermalisiiéin, especially in the case of isosteric heat.
For MOF-160(Al), it is noted that 70 can drive the desiccant regeneration [25], wh&h i

outperforming most of the conventional desiccanewljtes, >90! [34]).

Considering the aspect ratio of x (0.025cm : 4cm and 0.08cm : 4 cm), the observesser
section was shown in Fig. 8(d). With the thicknes8.025cm and 0.08cm, Fig. 8(e) and (g)
demonstrated that a certain ratio of vapor wadnedhinitially in the coating, even after a
high-temperature regeneration process. In Fig. & (h), the coatings of 0.025cm and
0.08cm can approach the saturated state at thefexath adsorption process, which is close

to the maximum adsorption capacity shown in Fig.5.
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thickness =0.25mm and 0.8mm; (¢) Comparison between experimental results and

simulation; (d) Observed cross section; (€) and (¢ Initial adsorption state; (f) and (h) Final

adsorption state.

4.4.2 Parameter studies
Before the parameter studies, the surrounding tiondiare to be provided. For consistency,
it is assumed that surrounding air was maintaine®lal and 0.0118kg M, and the
corresponding properties of the desiccant weredish Table 2. The bottom temperature
during the adsorption process was set at 20 guarantee the isothermal adsorption, which
reduces the adverse effect of the isosteric heag. dir velocity over the surface of the
desiccant coating is neglected. To measure thdaigorperformance, the volumetric uptake,
Un, is determined as a function of time, which isleated as follows:

Un = opa(1 —¢) (19)

Wherew, represents the average uptake [kd]kaf the time of.

1) Cycle time and diffusivity
In this study, the variation of JJwith time is calculated using the validated mo@len that
the thickness of MOF coating is set at 0.25mm, nwestigate the effect of these factors on

the sorption performance of MIL-160(Al).

Fig. (9) compares the temporal variation of voluncaiptake with the different time ratios of
adsorption to desorptionaft: toe). It can be found that under each given cycle tithe
optimization of the time ratio {¢: tbg) can maximum the cyclic performance. As the cycle
time extended (Fig.9 (a) to (c)), the adsorptioocpss gradually approaches the equilibrium

state after 1000s. Based on the vapor transpadeiise desiccant layer, Eq. (1) and (10) can
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demonstrate that the vapor transport is dominatgdeither intercrystalline D, ) or
intracrystalline (Dg ) diffusivity. In this study, the characteristicmie taken for the
intercrystalline diffusivity ¢2/D,~10%s) is much less than that of the intracrystalline
diffusivity (d?/Ds~103s), which indicates that the intracrystalline difftiy determines the

time to the equilibrium state for the desiccantelagonforming to the results in Fig. 9(c).
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Fig. 9 The effect of time ratio at different cycle timas the variation of the volumetric
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uptake and the net cyclic capacity.

Apart from the time ratio and cycle time, Eq.(1@)icates that the crystal size and diffusivity
can also affect the temporal variation in the vadtne uptake. Fig. 10 shows the variation of
volumetric uptake with the same cycle time (1250%) time ratio ({p: tpe=3:1, t,\p=1000s)
but different crystal sizes and diffusion. In Fig(4), the increase in the crystal size can
sharply reduce the net cyclic capacity, and exthedtime to the equilibrium state for both
the adsorption and desorption process. A similanpmenon can also be found with the
decrease in the diffusion in Fig. 10(b). The intyatalline diffusivity is directly related to the
transport of the adsorbed water and thus can atfiectotal sorption capacity. According to
the analysis on the characteristic time for theagrystalline diffusivity, the duration of the
adsorption process should be close to the time stsal’ /D, which means that for a given
material the optimization should weigh the crysiak and diffusion to regulate the temporal

variation of the volumetric uptake. A larger intnggtalline diffusivity will greatly reduce the
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time to the equilibrium state, from nearly100@s € 2 x 1071?) to less than 250%{ = 5 X

10711,
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Fig. 10 The effect of crystal size and diffusion on theiaton of the volumetric uptake and

the net cyclic capacity.

In summary, the different combinations of theseapwaters can result in quite different
shapes in the temporal variation of,.LHere the intracrystalline diffusivity depends the
selection of the desiccant materials (the natumesfccant), while crystal size can maximum
the sorption performance from the structure level. addition, the strategy for the
optimization of cycle time and time ratio can mékk use of the desiccant layers within the
desired time (AD & DE). Assumed that the isostéieat can be removed by the heat source
from the bottom surface immediately, it enableast fapor concentration regulation (strong

dynamics).

2) Porosity and characteristic length (thickness)
Considering the vapor transport theory, it is cliat the porous materials with high porosity
can increase the possibility of collision betweeatew vapor molecules and the materials, but

leading to the decrease of the net cyclic capacitg. variation of the thickness, however, can
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improve the net cyclic capacity, if the isothermahditions are well provided. Thus, for the
desiccant layer with a given porosity, the reasts#ifickness of the desiccant layer benefits
the sorption performance. Given that the reasonadmbinations of the parameters
discussed above {te=1250s, tp: toe=4:1 and d=1.5pum) are applied, Fig. 11 shows the
calculated total amount of the cyclic capacity (,, *V =U,, * A x§) with different

porosity and thickness.
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Fig. 11 Variation of the net cyclic capacity shown as raction of a) porosity and b)

thickness.

In Fig.11(a), it can be found that the porosity aa®rtain effect on the sorption performance,
leading to the increase of the net cyclic capaastyhe porosity decreases. Though the higher
stacking density is preferable, a much lower pdyosnay impede the vapor transport.
Besides, Fig. 11(b) shows the variation in the icychpacity with different thicknesses. For a
given porosity, the increase in the coating thigsnean to some extent improve the sorption
performance. Considering the thermal resistance thedrelease of isosteric heat, the

correlation of the cyclic capacity to the coatihgckness varies from linear to nonlinear.

3) Regeneration and surrounding vapor pressure
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From the measurements of isotherms on MIL-160(Al), the temperature variation can lead to a
change in water uptake, more specifically, the water uptake variation at different vapor
pressure. It is preferable to consume a small amount of energy to drive the ad/desorption
cycles because a high regeneration temperature requires more energy input. Here the sorption
performance of MIL-160(Al) with different regeneration conditions (T.,=50L], 70L], and

90(7) has been simulated in the comparison with one commercial material zeolite 13X [28].

The given simulation conditions (teycle=1250s, tap: tpe=4:1, §=0.25mm and d=1.5um) were

provided.
140 140
: Zeolite 13X
Zeolite 13X
I MIL-160(Al) —— MIL-160(Al)
105 | 105 |-
PN g S RN 7.9 kg m*
«:;_‘ 5 vl o
oL
éf 70 éE 70 |
o 2
<
35+ @ 35+ 4.1kg n;'s
0 J 0 1 1 1 1
50°C 70°C 90'C 0 20 40 60 80
RH (%)
Fig. 12 The effect of regeneration Fig. 13 The effect of the surrounding vapor
temperature on the net cyclic capacity. pressure on the net cyclic capacity
(Treg=70L1).

Based on Eq. (18), the intracrystalline diffusivity changed as the temperature varied. During
the adsorption process, the regeneration temperature can affect the amount of adsorbed vapor
and then change the average ad/desorption rate. The increase in the regeneration temperature
can achieve fast desorption, but the cycling uptake has been boosted limitedly, from 37kg m”
35 86kg m™ (5001-7011) to 86kg m™>—105kg m™ (70 —90L1). The bottom temperature of
7001 during the desorption process is enough to regenerate the MIL-160(Al). In addition, the
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effect of the surrounding vapor pressure has aksnhnvestigated, which is shown as a
function of the relative pressure of the surrougdamr in Fig. 13. It can be found that the
vapor pressure of the surrounding air has a limeféstt on the net cyclic capacity in the high

RH range (RE 50%), showing a slight decrease as RH increasesadtition to the

investigation on the different surrounding vapassure, Fig. 14 has clearly shown the effect
of different surrounding air temperatures on theat@mn of volumetric uptake. It indicates
that MIL-160(Al) is sensitive to the surrounding amperature under the same relative
humidity condition compared with zeolite 13X, buitl of them experience a little variation

of volumetric uptake under the same vapor concgotraonditions.

@), (b),
Zeolite 13X Zeolite 13X
—a— MIL-160(Al) - A~ -MIL-160(Al)
120
90 - <
".7; \A L
\\\A E 90 I AL Al 0 A
£ )
ARG =z
= E
< 2 60
30
30
0 1 1 1 1 O 1 1 1 1
20 25 30 35 20 25 30 35
Surrounding air temperature (°C) Surrounding air temperature (°C)

Fig. 14 The effect of different surrounding air temperaturon the net cyclic capacity

(Treg=70 ).a) RH=65%; b) po=0.0118kg rir.

5. Conclusion

It is known that the adsorption-based system cgirame the whole system's performance
when regenerated by low-grade energy such as \wasteand solar energy. Currently, there
are many numerical works reported to investigagestirption performance of solid desiccant

systems, but the performance of MIL-160(Al) on vagransport was barely reported from
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experiments and simulations. In this study, MIL-@@) was successfully synthesized
through the solvothermal method. The measured SEMacteristics of this MOF sample
have shown its crystal structure illustrating thaper diffusion between crystals. The
isotherms of MIL-160(Al) indicated its ad/desorptiqorocesses under different vapor
pressure and temperature conditions. Based on #rgrhurian sorption isotherm, the
measured water uptake featuring S-shaped curveshathtwell with the results from the
theoretical model given as a function of temperatand vapor pressure. The calculated
isosteric heat of MIL-160(Al) was consistent wittetmeasured values reported in the other
document, and the intracrystalline diffusivity chae obtained from the experiments, which

explains a faster desorption rate than the adsorgine.

To observe the sorption dynamics of MIL-160(Alirgdes, different thicknesses of the MOF
layer were prepared and put on the climate chanitber.simulated results match well with
the experiments, which demonstrate that we devdlapigdelity mathematical model. Based
on the mathematical modeling, some parametric esuabout MIL-160(Al) were conducted
and some conclusions can be obtained:

1) Under the given surrounding conditions, the timenifrthe beginning to the
equilibrium state is determined by the intracrystal diffusivity, which affects the
duration of a whole cycle. And the reasonable trateo of the cycle can make full
use of the desiccant coating. Besides, the optimizaf the ad/desorption process
can also be regulated by weighing the crystal ammkthe selected material.

2) Material properties such as porosity can affect ¥hpor transport and the stack
density, but the sorption performance is limitedtss porosity increases. As for the
desiccant layer with a given porosity, the appraerincrease of the coating thickness

can also improve the net cyclic capacity. Considgethe release of isosteric heat, the
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3)

increasing trend of the net cyclic capacity wasiobsly weakened as the thickness
increases. Thus, after determining the length ©fcde time, the sorption performance
is related to the coating thickness and its poyobitracrystalline diffusivity related to
temperature variation can affect the ad/desorptad®, leading to an obvious change
in sorption dynamics. The balance between the isorperformance and regeneration
conditions pointed out that 70is enough to regenerate the MIL-160(Al) coating
while the thickness is around 0.025cm.

Compared with the commercial material (zeolite 13¥)e balance between the
sorption performance and regeneration conditionstpd out that 70 is enough to
regenerate the MIL-160(Al) coating of 0.25mm. Ame tsurrounding vapor pressure
(i.,e. RH) has a limited effect on the net cyclipaaty of MIL-160(Al) in the high

RH range (RE50%), while the increase of the surrounding airgerature may lead

to the decline in the net cyclic capacity underdhme RH condition.

Since there are many parameters that could playingortant role in the operating

performance of a solid desiccant system, computatianalysis can provide the insights to

design and optimize the MIL-160(Al) used solid deant systems. In this regard, green

biomass-derived MIL-160(Al) outperforms some corti@mal materials (i.e. zeolites) and

MOFs (i.e. Cr-based) in either sorption capacigeneration conditions or toxicity.

Nomenclature

Com

Cpv

Specific heat of the desiccant [J
Ts Bottom side temperature [K]

(kgK) ]

Specific heat of vapor phase [J
Twai Wall temperature [K]

(kgK) ]
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Cpw

Ds

Dy

Po

Jan

AQ

Ta

To

Specific heat of the adsorbed water

vapor [J (kgK)™]

Equivalent diameter of the
desiccant crystal [m]
Intercrystalline pore diameter [m]
Intracrystalline diffusivity [ 7]
Intercrystalline diffusivity [ s7]
Heat transfer coefficient [W

(M*K)7]

Vapor pressure [Pa]

Initial vapor pressure [Pa]

Adsorption heat [kJ md]

Universal gas constant [J (i) ™]

Adsorption characteristics energy

[kJ kg']

Time [s]

Temperature [K]
Chamber air temperature [K]

Initial temperature [K]

u Velocity [m sY]
U, Volumetric uptake [kg ]
XY, Z 3D coordinate [m]
Greek symbols
a, B Fitting parameters
The amount of the adsorbed wate
®
vapor [kg kd']
The equilibrium amount of the
(Deq
adsorbed water vapor [kg kb
@, Average uptake [kg kY
Stefan-Boltzmann constant [W {m
o
“K)]
p Concentration of vapor [kg
Concentration of the adsorbed
Pd
water vapor [kg ]
€ Emissivity
€ Porosity
A Thermal conductivity [W (nK)™]
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Highlights

A novel carboxylate-based and green MOF MIL-160(Al) has been used for indoor

climate control;

Intracrystalline diffusivity of MIL-160(Al) layer is experimentally measured and
fitted to the Arrhenius equation;

The dynamic performance of MIL-160(Al) is investigated through experiments and
simulations;

Parametric studies are conducted to provide insight into the enhancement of the

sorption performance on the material level.
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