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ABSTRACT

This thesis main objective is to design an efficient adsorptive process to extract water from
thin air using MOFs as adsorbents and solar energy to regenerate the adsorptive bed. MOFs are
promising materials in water adsorption-related processes. Five MOFs were selected, namely
Aluminum Fumarate, CAU-10, MIL-160(Al), MIL-100(Fe), and MIL-125(Ti) NH»>. The
samples were provided by the Korean Research Institute of Chemical Technology (KRICT)
through a partnership with LA/LSRE-LCM. MOFs were characterized employing different
techniques (e.g., SEM, XRD, N2 adsorption at 77 K, and TGA). Adsorption equilibrium and
dynamic behavior were assessed, and a mathematical model was developed, using the
adsorption equilibrium isotherms and fixed-bed experiments to validate it. The model is able of

describing the experimental dynamic behavior of the fixed-bed in the bench scale unit.

Adsorption equilibrium isotherms were measured in a temperature range between 283 and

343 K, and pressure between 0 and 6 bar, employing a gravimetric method. CO,, N, and O,

adsorption equilibrium isotherms were measured on MIL-160(Al), MIL-100(Fe), and MIL-
125(Ti) NHo. Indeed, COsz is the gas that presents a higher affinity towards MOFs. H,O vapor
adsorption equilibrium was studied on all MOFs and obtained data were regressed against
adsorption equilibrium isotherm models (Cooperative Multimolecular Sorption model,
Langmuir model, Dual Ising-Single Langmuir model, and Polanyi's potential theory). All the
water adsorption equilibrium isotherms exhibit a step-like shape (S-shaped isotherms). Type
IV isotherm is shown on Al-Fum, CAU-10, and MIL-125(Ti) NH», while MIL-160(Al) and
MIL-100(Fe) follow a Type V and Type VI isotherm, respectively. The MOFs presented
themselves suitable for water harvesting in arid regions (P/P, < 0.3), except Al-Fum, which
presented a steep step between 25 % and 38.5 %. MIL-100(Fe) presented two steps (0.21 <P/P,
<0.30 and 0.36 < P/P, < 0.40) due to the presence of two different cavities (25 and 29 A) on

its structure.

Water adsorption dynamic behavior was studied through breakthrough curves for a single
component (H20, CO, and N»), and multicomponent. The breakthrough experiments were
conducted in a fixed-bed bench-scale unit at 1.0 bar and 298 K. The water adsorption dynamic
behavior was in agreement with the expected from the water vapor adsorption equilibrium

isotherms for all MOFs. This fact leads to conclude that only adsorption equilibrium contributes
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to the dynamic response on water adsorption, under the experimental conditions. Water co-
adsorption with CO; or N> presented similar behavior as water vapor adsorption against an inert
background, allowing us to conclude that these gases do not have a significant impact on H,O
adsorption. Additionally, the fixed-bed model developed does not consider any competition
between H2O and the permanent gases, and even then is capable to predict well the water

adsorption dynamic behavior.

Adsorption of CO, and H>O and its co-adsorption were studied on MIL-160(Al), MIL-
100(Fe), and MIL-125(Ti) NHa, by Diffuse Reflectance Infrared Fourier Transform (DRIFT)
measurements. The interactions of CO2 and H>O with the MOF’s structure (organic ligands,
metal cluster, and functional groups) under the controlled in situ DRIFT cell environment were
studied, as well as the stability of MOF structures after adsorption/desorption cycles and
exposure at different temperatures. For the three studied MOFs, Diffuse Reflectance Infrared
Fourier Transform Spectroscopy (DRIFTS) analysis revealed a high capability of regeneration
during the adsorption/desorption cycles, and the structure remains stable during the water vapor

contact and after exposed at different temperatures.

To define the best-operating conditions for regeneration with solar energy, the effect of
irradiation power and solid temperature were studied on MIL-125(Ti) NH». The experiments
were performed under laboratory-controlled conditions using a solar simulator where the

adsorbent bed is irradiated under simulated solar light.

A water harvesting process from thin air by adsorption and its posterior condensation from
the regeneration outlet stream was designed. The cyclic adsorption process is composed of two
co-current steps, feed and purge. On MIL-125(Ti) NHo,, the highest productivity was achieved
on the TSA design process against the PTSA or PTSA coupled with a buffer tank process. TSA
process (column volume — 0.98 m®) allowed to achieve maximum H,O productivity of 111
1-day! for MIL-125(Ti) NH, and MIL-160(Al), while for CAU-10 and MIL-100(Fe) one can
harvest 84.0 and 79.8 1-day!, respectively (regeneration temperature — 373 K, condensation

temperature — 283 K, and flowrate — 0.30 m3-s™).



RESUMO

O primordial objetivo desta tese corresponde ao desenho de um processo adsortivo eficiente,
com a finalidade de extragdo de 4gua a partir da atmosfera, usando estruturas metal-organicas
(MOFs) como adsorventes, e recorrendo a energia solar para regeneragao do leito adsortivo. Os
MOFs sdo materiais auspiciosos em processos relacionados a adsor¢ao de agua. Cinco MOFs
foram selecionados para o estudo, sendo eles o aluminio fumarato, CAU-10, MIL-160(Al),
MIL-100(Fe) e MIL-125(Ti) NH,. As amostras foram fornecidas pelo KRICT, através de uma
parceria com o LA/LSRE-LCM. Os MOFs foram caracterizados recorrendo a diferentes
técnicas (por exemplo, SEM, XRD, adsor¢do de N> a 77 K e TGA). O equilibrio de adsorcao e
o comportamento dindmico foram avaliados, bem como foi desenvolvido um modelo
matematico, usando as isotérmicas de equilibrio de adsor¢ao e experiéncias em leito fixo para
a sua validacao. O modelo ¢ capaz de descrever o comportamento dinamico do leito fixo obtido

experimentalmente.

As isotérmicas de equilibrio de adsor¢ao foram medidas, através do método gravimétrico,
na gama de temperaturas entre 283 e 343 K e a pressdes compreendidas entre 0 e 6 bar. As
isotérmicas de equilibrio de adsor¢do de CO2, N2 e O, foram medidas no MIL-160(Al), MIL-
100(Fe) e MIL-125(Ti) NH». O CO; ¢ o gas que apresenta maior afinidade para com os MOFs.
O equilibrio de adsor¢do de vapor H>O foi estudado em todos os MOFs e, aos dados obtidos,
foram aplicados modelos de equilibrio de adsor¢do (Cooperative Multimolecular Sorption,
Langmuir, Dual Ising-Single Langmuir e Teoria do Potencial de Polanyi). Todas as isotérmicas
de equilibrio de adsor¢ao de dgua exibem uma forma semelhante a um degrau (isotérmicas em
forma de S). As isotérmicas do tipo IV sdo observadas no CAU-10, Al-Fum, e MIL-125(T1)
_NH>, enquanto que o MIL-160(Al) e MIL-100(Fe) seguem uma isotérmica do Tipo V e Tipo
VI, respectivamente. Os MOFs apresentaram-se adequados para captacdo de dgua em regides
aridas (P/P, < 0.3), exceptuando o Al-Fum pois apresentou degrau acentuado entre 25% e
38.5%. O MIL-100 (Fe) apresentou dois degraus (0.21 < P/P, < 0.30 e 0.36 < P/P, < 0.40)

devido a presenca de duas cavidades diferentes na sua estrutura (25 e 29 A).

O comportamento dindmico da adsor¢do de 4dgua foi estudado através de curvas de ruptura
para um Unico componente (H20, CO; e N2) e com multicomponentes. As experiéncias foram
conduzidas numa coluna de leito fixo, a escala laboratorial, a 1.0 bar e 298 K. O comportamento

dindmico de adsor¢do de agua estava de acordo com o esperado a partir das isotérmicas de
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equilibrio de adsorc¢ao de vapor de dgua para todos os MOFs. Esse fato leva a concluir que, nas
condi¢des experimentais, apenas o equilibrio de adsor¢do contribui para a resposta dindmica na
adsor¢do de agua. A co-adsorcdo de agua com CO; ou Nz apresentou comportamento
semelhante a adsor¢do de vapor de 4gua em fundo inerte, permitindo concluir que esses gases
ndo tém impacto significativo na adsor¢do de H>O. Adicionalmente, o modelo de leito fixo
desenvolvido ndo considera qualquer competicdo entre H>O e os gases permanentes, € mesmo

assim, ¢ capaz de prever bem o comportamento dinamico de adsor¢do de 4gua.

A adsorcao de CO» e H>0O, bem como a sua co-adsor¢ao, foram estudadas no MIL-160(Al),
MIL-100(Fe) e  MIL-125(Ti) NH»>, recorrendo a medicdes por reflectancia
difusa por transformada de Fourier (DRIFT). As intera¢des de CO2 e H,O com a estrutura do
MOF (ligantes orgénicos, aglomerados metalicos e grupos funcionais) foram estudadas em
ambiente controlado in situ na célula de DRIFT, bem como foi realizado o estudo da
estabilidade das estruturas do MOF apos os ciclos de adsor¢dao/dessor¢do e exposicao a
diferentes temperaturas. A andlise através da espectroscopia de infravermelhos de reflectancia
difusa por transformada de Fourier (DRIFTS) nos trés MOFs revelou uma alta capacidade de
regeneragdo durante os ciclos de adsor¢do/dessor¢ao, permanecendo estavel a estrutura dos

MOFs durante o contacto com vapor de dgua e apos exposta em diferentes temperaturas.

O efeito da poténcia de irradiagdo e a temperatura do sélido foram estudados no MIL-125
(Ti) NH> com o intuito de definir as melhores condi¢des de operagdo para a regeneragdo com
energia solar. As experiéncias foram realizadas no simulador solar, em condi¢des controladas

laboratorialmente, em que o leito adsorvente ¢ irradiado sob luz solar simulada.

Um processo de captagdo de dgua a partir do ar por adsor¢do foi desenhado, ocorrendo
condensagdo da agua através da regeneracdo da corrente de saida. O processo de adsor¢ao
ciclica ¢ composto por duas etapas em co-corrente, sendo elas a alimenta¢do e purga. Com MIL-
125(Ti) NHo», a produtividade mais alta foi alcancada no processo de TSA, em oposi¢do ao
PTSA e PTSA acoplado a um tanque de reserva. O processo de TSA (volume da coluna - 0,98
m?) permitiu atingir a produtividade maxima de H>O de 111 1-dia”! para MIL-125(Ti) NH» e
MIL-160(Al), enquanto para 0 CAU-10 e MIL-100(Fe) é possivel coletar 84.0 € 79.8 1-dia™!,
respetivamente (temperatura de regeneragdo - 373 K, temperatura de condensagdo - 283 K e

caudal — 0.30 m?*-s™).
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1 RELEVANCE AND
MOTIVATION




Chapter 1

1.1 Global water crisis

The water crisis is one of the primary global risks based on its societal impact, particularly
the access to safe drinking water (H20) in regions with a dry (arid) or mainly dry (semi-arid)
climate [1]. The World Economic Forum considers water crisis as one of the world’s global
risks of society and industry [2]. Currently, the emerging markets of countries such as China,
India, and Indonesia, are affected by water scarcity [3]. Indeed, according to the Food
Agriculture Organization of the United Nations (FAQO), water scarcity is defined as “an excess
of water demand over available supply” [4]. Availability of water supply is dependent on
natural and anthropogenic factors, while water demand is only dependent on anthropogenic
factors by nature [4]. Malin Falkenmark, from Stockholm's Natural Science Research Council,

points the aridity, drought, and water stress as the causes for the water scarcity [5].

Several factors, such as the increase of world population and the improvement of living
standards, and expansion of irrigated agricultural lands, contribute to the rise of water demand
[6, 7]. Indeed, the agriculture sector is the largest global water consumer (69% of annual water

withdrawals) [8] against industry (19%) and domestics sectors (12%) [9].

More than 40% of the present world population has lack of water [10]. Over the past decades,
the rate of demand for water is two times higher than the population growth rate [11, 12]. About
66% of the world population (4 billion) faced water scarcity episode for at least one month a

year [13].

In 2015, about 159 million people collected directly drinking water from surface water,
wherein 59% of them lived in sub-Saharan Africa [14, 15]. According to the FAO, in 2010, at
least 50% of drinking water is provided from groundwater [16] (Figure 1.1). Indeed, in 2012,
2.5 billion people used only groundwater for their basic daily needs [17].
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Figure 1.1. Groundwater development stress [18].

It is expected an increase in physical water stress due to climate change and the increase of

the world population and consequently, their water demands (Figure 1.2) [19].
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Figure 1.2. Levels of global water stress - the ratio of total freshwater withdrawn annually by

all major sectors [9].

Climate change leads to an increase in the severity and frequency of extreme weather
episodes [8]. Figure 1.3 presents the occurrence of floods and droughts for the period of 1996
to 2015.
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Figure 1.3. Country-level overview of the occurrence of droughts (a) and floods (b) between

1996 and 2015 [20].
1.2 Portugal water crisis

1.2.1 Water demand

In Portugal, daily water consumption per person is about 192 L [21]. This consumption is
fulfilled by national resources (surface and groundwater) [21]. Agriculture is the sector with
the highest water consumption in terms of volume (> 80%) [22]. Water distribution, in terms
of sectors, is very variable along river basins as shown in Table 1.1. Alentejo is the region with
the highest water consumption in the agriculture sector, while for North region the water

consumption is higher in the urban sector.
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Table 1.1. Water consumed by the main sectors in the hydrographic regions of Portugal [23].

Urban supply 51.7 259 27.2 10.8 27.8

Agriculture na 553 65.4 83.2 57.0
Livestock na 0.6 0.5 na na
Industry 44.6 17.9 6.5 4.6 4.0

Tourism 2.2 na na 1.0 11.2
Golf 1.5 0.3 0.4 na na
Energy na na na 0.4 na

1.2.2 Climatology

In mainland Portugal, the frequency of extreme climatic phenomena occurrences is
increasing, particularly drought situations, in the last decades (Figure 1.4), and mainly from
February to April [24-26]. Due to the geographic location, mainland Portugal is prone to occur
regular drought episodes, particularly in its Southern regions [26, 27].

Feb. Mar. Apr.
1961-1970
!
1971-1980
/
L]
1981-1990 #i
= ] 0s0-099 Light precipitation
001-049 Normal (rain)
) > ) . ) 049-000 Normal (drought)
' 099--050 Light drought
1991-2000 - -
% 7 | | 149--100 Weak drought
. . |:] -199--150 Weak to moderate drought
- - - ‘ ¢ I 250200 Moderate drought

Figure 1.4. PDSI! monthly average in the decades 1961-1970, 1971-1980, 1981-1990, and
1991-2000 in mainland Portugal [28].

! Palmer Drought Severity Index (PDSI) - detects and classify dry periods accordingly with their intensity.
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Figure 1.5 presents the number of consecutive months, which recorded the severe or extreme
droughts of 1944-1945, 1948-1949, 1964-1965, 1974-1976, 1980-1983, 1990-1992, 1994-
1995, and 2004-2006. From 2004 through 2006, 100% of mainland Portugal suffered periods
of severe and extreme drought, and in some regions, these periods lasted between seven and
nine months [10, 26]. The winter of 2019 was considered by the Portuguese Institute for Sea
and Atmosphere (IPMA, IP) as a very dry and hot winter [29]. Indeed, the 2019’s winter ended
with all of the Portuguese mainland affected by drought (Figure 1.6) [30].

2004-05
1984-85
1880-92

1980-83

=

1874-78

Drought years

1864-65

1848-48

1943-48

71T
0 20 40 50 &0 100

% of territory with severe and extreme drought

Figure 1.5. Percentage of the Portuguese territory affected by severe and extreme drought

situations in the period of 1941 to 2006 [10].
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Figure 1.6. Climate classification per year (January and February 2019 — very dry and very hot),
PDSI February 2019 [29, 30].
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In consequence, the mainland Portugal arid area increased from 58% (1980 to 2010) to 63%,

in the 2010 decade (Figure 1.7) [31].

- Semi-and

Dry sub-humid

Wot sub-humid 0 0 80 60
- Wt 20 4 120 1 e

Figure 1.7. Spatial representation of the aridity index? [31].
1.3 European water policies

The access to water is a human right; therefore, policies and targets are being developed to
attend this goal. In 2000, the Member States of the United Nations defined the Millennium
Development Goals (MDGs) after the sign of the Millennium Declaration [15]. The seventh

2 Aridity Index (A1) — ratio between the local precipitation (P) and the potential evaporation (ETP) from 1980 to 2010, classified as
Semi-arid: 0.20 — 0.50

Dry sub-humid: 0.50 — 0.65

Wet sub-humid: 0.65 — 1.00

Wet: > 1.00
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goal aimed to ensure environmental sustainability with a target of 88% availability of drinking
water sources, by 2015 [15]. This goal was established in 2010 (Figure 1.8); yet, in 2015, about
32% of the 215 countries still did not achieve such a goal (Figure 1.9).

1990 2015

BN SURFACE WATER
UNIMPROVED
OTHER IMPROVED

I PIPED ON PREMISES

Figure 1.8. Global drinking water coverage and MDG target trends (%), 1990-2015 [15].
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I LMITED OR NO PROGRESS
INSUFFICIENT DATA OR NOT APPLICABLE

Figure 1.9. MDG target achievement for drinking water [15].

On September 2015, the Member States of the United Nations approved the 2030 Agenda
for Sustainable Development covering 17 Sustainable Development Goals (SDG) (Figure 1.10)
[15]. Goal 6 of this ambitious agenda, embraces to “Ensure availability and sustainable

management of water and sanitation for all” [15].
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Figure 1.10. Sustainable Development Goals [32].
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This goal has eight specific targets to address all aspects of the freshwater cycle [15]:

6.1) safe drinking water;

6.2) adequate sanitation and hygiene;

6.3) water quality and wastewater;

6.4) water use and scarcity;

6.5) water resources management;

6.6) ecosystems;

6a) international cooperation;

6b) stakeholder participation.

Indeed, the European Commission has established water as one of the main focus areas of
the "Climate action, environment, resource efficiency, and raw materials challenge" in the

Horizon 2020 programme.
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Portugal does not have a national policy or plan with the aim of drought mitigation [33].
Indeed, drought management is dispersed in several regulations of the sectors affected, as well

as in municipal contingency plans (Table 1.2).

Table 1.2. Management instruments for drought planning in Portugal [33-36].

Convention on cooperation for the protection

1998 and sustainable use of Portuguese-Spanish Iberian Peninsula
river basins
2001 River Basin Plans River basins - Regional
2002 National Water Plan National
2005 National Water Law National
2005, 2012 Drought Commissions National
2001 National Program for Efficient Water Use National
(PNUEA)
2010 National Strategy for Climate Change National
adaptation (ENAAC)
2011-2012 River Basin Management Plans River basins - Regional
} Specific Water Management Plans (PEGA) Local
y Municipal contingency plans Local
y Regulations for irrigated areas Local
2000 - 2006 Strategic Plan for water supply and treatment National
2007 - 2013 of wastewater (PEAASAR)

1.4 Future perspectives

In 2050, the worldwide population is expected to grow by about 2 billion people relatively
with 2019 (7.6 billion) [37], with about 2.4 billion people living in Sub-Saharan Africa [38].
This population increase will lead to an expected global water demand about 20 to 30% higher
than the actual [39]. Indeed, according to the International Water Management Institute

(IWMI), it is expected to increase about 40% by 2030 [40].

Figure 1.11 indicates the countries most affected by extreme water stress, which are mainly

located in Asia, North Africa, and Middle East.
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Water Stress by Country: 2040

ratio of withdrawals
to supply
Low (< 10%)
Low to medium (10-20%)
Medium to high (20-40%)
M High (40-80%)
W Extremely high (> 80%)

Figure 1.11. Global water stress forecast for 2040 [41].

In 2050, it is expected that about 1.8 billion people will be affected by water stress, with 80%

of them living in developing countries [40, 42].
1.5 Objectives and Outline

With this dramatic scenario for water demand shortly, it is the main objective of this thesis
to develop an efficient technology that allows water harvesting from air. This technology will
be adsorption based and will exploit the potential of new emerging materials to act as water
sponges, such as the Metal-Organic Frameworks (MOFs). For this purpose, adsorption
equilibrium isotherms of pure component (carbon dioxide (CO,), nitrogen (N2), oxygen (O>),
and H>O vapor) were measured at different temperatures. Breakthrough experiments were
performed under different conditions to evaluate the dynamic behavior of adsorbents in fixed-
bed experiments. The interactions between the adsorbates (e.g., H>O, CO») and the adsorbents,
the stability of the shaped adsorbents regarding water vapor exposure, and the adsorption
kinetics over/within in MOFs powder/crystals, was assessed by vibrational spectroscopy,
namely by using an experimental reaction set-up equipped for in situ Diffuse Reflectance
Infrared Fourier Transform Spectroscopy (DRIFTS) analyses. These results were essential for

the mathematical modelling of the adsorptive process and model validation. The study of

12
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regeneration of the adsorbent bed was performed in a solar simulator and allowed to assess the
effect of operating conditions (e.g. irradiation intensity) on the efficiency of the regeneration

step.

The thesis is divided into eight chapters described below.

Chapter 1 provides a vision of the water demand all over the world and the projections for
the future. Chapter 2 focuses on the most relevant studies, and main results in the field of water
generation technologies, as well as the adsorbent materials applied, namely the MOFs. Also, a
brief overview of energy involving global consumption trends and renewable energies is
presented. In Chapter 3 a detailed description of methodology and equipment is provided. An
overview of selected adsorbents and the reasons for their choice is reported. Additionally,
characterization techniques are presented. A complete explanation of the mathematical model
developed to describe the adsorption dynamic behavior in an adsorber (fixed bed and
Temperature Swing Adsorption (TSA)) is presented in Chapter 4. This chapter also includes
the adsorption equilibrium models and the theoretical isosteric heat of adsorption. In Chapter
5, Chapter 6, and Chapter 7, the main results for each adsorbent material are reported,
including the selected experimental conditions. The textural, morphologic and crystallographic
properties of each adsorbent were evaluated by using classical characterization techniques, such
as N> adsorption at 77 K, Scanning Electron Microscopy (SEM), and X-ray diffraction (XRD).
Adsorption equilibrium and adsorption kinetics were assessed for the five selected materials.
Studies related to bed regeneration with solar energy are also reported in this chapter. Finally,
the design of TSA processes for water production was performed, for each adsorbent, the
employed methodology is described, including the optimization of the operating conditions.
Chapter 8 summarizes the main achievements and conclusions obtained during this work and

presents suggestions for future work.
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2.1 Water harvesting

According to FAO, water harvesting (WH) corresponds to “collection of runoff for its
productive use” [1]. Water harvesting techniques have been used throughout thousands of years
[1, 2]. In the Negev Desert of Israel, WH schemes with 4000 years or more were discovered
[3]. These schemes present irrigation systems using walls to channelize and collect floodwaters
[3]. Babylon, Israel, Tunisia, China, Africa, and North and South America's regions are some
examples where ancient WH structures were implemented centuries ago [4-11]. However, only
in the 1970s and 1980s, the interest for water harvesting techniques increased due to widespread
droughts in Africa [1, 12]. Rainwater collection, terracing, small dams, runoff enhancement,
runoff collection, flood spreading, water holes and ponds, are some examples of the practiced

WH [13].

The climate change and the world's population growth are factors that origin water stress [14].
To cover the lack of potable water, several techniques are being developed along with the
traditional water sources. Nontraditional water sources such as seawater, fog and dew, and

atmospheric water vapor are being considered to produce potable water [15].
2.1.1 Water extraction techniques

Desalination is one of the solutions that contributes to diminishing water scarcity [16, 17].
In this technique, the dissolved salts present in saline water are removed converting it to
drinking water [18]. Desalination is an ancient technique; indeed it was discovered a description
from Alexander of Aphrodisias (200 AD) in which sailors boiled seawater in a bronze vessel
and the steam was then adsorbed by large sponges located in the mouth of the vessel resulting
potable water [18, 19]. Distillation, dew evaporation, reverse osmosis, electrodialysis, and
electrosorption are current water desalination methods [20, 21]. This technology has been
developed in the past five decades [22] and the first systems presented high energy demand and
high costs of implementation and process [21]. Minimization of energy utilization is one of the
concerns related to this technology [23]. Nowadays, the use of renewable energy (solar, wind,
and geothermal), and strategies for reducing energy-consumption are being developed and

implemented [24-26].

Over the past two decades, the production of water for domestic and industrial use by this

technology has substantially increased [18, 27]. Although in 2004, only 0.4% of the water use
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was achieved by desalination (approximately 14 km?3-year'), it is expected that by 2025 its
contribution will double [28, 29]. In March of 2019 was estimated 15906 desalination plants
across 177 countries, reaching approximately 95.4 million m*-day! (34.8 km*year')
worldwide desalination capacity [30]. Until 2030 is expected an increase of 9% or more per
year of the desalination plants global capacity [18]. Worldwide desalination plants are mainly

concentrated in the coastline, and these are larger than the ones present inland (Figure 2.1).

Capacity (m*/d) Customer Type

1,000 - 10,000 ® Municipal
10,000 - 50,000 ® Industry

() 50,000 - 100,000 ® Irrigation
100,000 - 250,000 ) Power

()>250,000 9 Othar

Figure 2.1. Worldwide distribution of operational desalination facilities and capacities

(>1000 m*-day™') according to water-consuming sector [30].

In non-coastal arid regions, this technique is not suitable to be applied due to the nonexistence

of saline water resources [31].

In areas where no viable liquid water source is available, such as arid regions, war zones,
natural calamity areas, heavily chemically/biologically contaminated water supply areas, water
in the atmospheric air can be considered as a possible water source. Indeed, on Earth, while the
surface freshwater sources (rivers and lakes) only sum up to 1200 km?, there are 14,000 km? of
water in the air [32]. Water harvesting from the air provides water with sufficient quality for
drinking [33], does not have spatial limitations and can be powered by renewable energies [34].
Besides, the capture of water from the air does not influence the hydrological cycle neither

removes water from critical sources nearby, contrariwise to desalination [35].
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The moist from atmospheric air can be extracted by different Atmospheric Water Vapour
Processing (AWVP) technologies, which are divided into three categories, according to

Wahlgren [36] (Figure 2.2) classification:

Type 1
surface cooling using heat pumps or radiative cooling

Type 2
water vapor concentration by desiccants

Type 3
convection induced/controlled in a structure

Figure 2.2. AWVP technologies for the extraction of moisture from atmospheric air.

Tu and his co-workers [37] present a similar categorization of Atmospheric Water
Generators (AWG) technologies, dividing them in three major classes: integrated systems,
vapor concentration, and direct harvesting (Figure 2.3). Direct harvesting and vapor
concentration can be subdivided according to the need for an external power or not [37].
Furthermore, Milani et al. [38] classified moist air dehumidification technologies into two
dehumidification strategies: via cooling surfaces and via desiccants (Figure 2.4). The choice for
the best extraction method depends on the atmospheric and meteorological conditions, as well

as on the economic factors [31].

Figure 2.3. Atmospheric water generators classification [37].
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Moist Air
Condensation

Via Cooling a
Surfaces Desiccant
: } ‘ ‘

Figure 2.4. Air dehumidification methods classification and main materials. (AMR — active
magnetic regenerator, M.Hydride — metal hydride systems, TAR — thermoacoustic
refrigeration, TEC — thermoelectric cooler, VAR — vapor absorption refrigeration, VCR — vapor

compression refrigeration, PSSASS — polystyrenesulfonic acid sodium salt) [38].

Water collection from fog is a technique practiced for a long time. Reports about fog drip
from trees in California were recorded at the beginning of the 1890s [39], and at early 1900s,
projects to collect water from fog started in South Africa (Table Mountain) [39, 40]. Other
studies (e.g. Nagel study [41] and Kerfoot study [42]) followed this aim of water collection
from fog; however, most of them were not successful due to the lack of knowledge about
physics involved in the process of water collection [39]. In 1987 started a new era of fog
collectors with the development of the second larger operational fog-water collection project
(large fog collectors) in Chile, by a collaboration between researchers from Chile and Canada
[39, 43]. The 100 fog collectors (each 12 m long by 4 m high) allowed a maximum production
of 20 I'm2-day! [33].

Table 2.1 summarizes some of fog water harvesting potential worldwide, presenting the
location of the fog harvester, the operation period, number of fog days per year, the water amount
obtained, and the study reference. From the list of works presented, it is possible to observe a
significant variability in the amount of water captured (range of 0.93 — 41.8 I-day!'m?) depending

on the local, the number of fog days during the period of the study, and relative humidity (RH).
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Table 2.1. Summary of literature review of fog collectors implemented worldwide.

Fog Fog water
Country Operation period . collection Reference
(days-year”)  (L-day'-m?)
Canary Islands Tenerife (Anaga) 2006-2010 354 10 [33, 44, 45]
Cape Verde Serra Malagueta 2003 365 12 [33, 45]
Alto Patache 1997-2010 365 7.8
Cerro Guatalaya 1997-2001 - 0.93
Cerro Moreno 1999-2001 - 8.26
Chile [33, 45, 46]
Paposo 1999-2001 - 3.36
Falda Verde 1998-2000 - 1.43
El Tofo (Chungungo) 1987-2002 365 2.98
Colombia Andes Mountain May 2008 — Feb. 2009 210 2.0 [33, 47]
Ecuador Pachamama Grande 1995-1997 210 4 [33, 48]
Guatemala Tojquia 2006-2010 210 6 [49]
India Coimbatore - - 7.7 [50]
Namibia Central Namlb Desert 1996_1 997 - 2.4 [5 1 ]
Naya Bazar Feb. 1998—Apr. 2000 - 1.4-33.0
Nepal [52]
Megma May 2000 —Sep. 2000 - 17.4 - 41.8
Peru Megjia 1995-1999 210 11.8 [33, 45]
Lepelfontein ~ 188 4.6
South Africa 1999-2001 [33, 53]
Soutpansberg 200 2
Spain Valencia 2007-2010 142 33 [33, 54, 55]
Yemen Hajja 2003-2005 - 4.5 [33, 56]

The collection of fog droplets depends on the diameter of the droplets, the fog-laden wind

speed, and the nature of the collection surface (area and mesh efficiency) [57, 58]. Fog

collectors can operate in regions with less than 1 mm of rain per year [14]. The most common

method of fog collection is using a vertical mesh, perpendicular to wind direction, allowing to

trap fog droplets (Figure 2.5) [37, 59]. Then, the condensed water is drained to a collector by
gravity [37,59, 60].
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b

Figure 2.5. Typical fog water collector with fog harvester arranged in the perpendicular

direction of the wind [59].

According to Schemenaeur and co-workers [58], for a fog collector to be efficient it is
necessary to fulfill three criteria in terms of location: (i) located in regions with frequent fog
events; (ii) positioned in high-elevation areas (e.g., mountains); and (iii) windy places. The
constant need for high relative humidities in the air (about 100%) is a restriction in its
application on sites with typically low RH [14]. Another problem is the uncertainty of climate
change in the long term, with Johnstone and Dawson [61] suggesting a significant reduction in
fog frequency in the Pacific basin, while Haensler and his co-workers predict a rise in the

Atlantic areas [62].

One of the first studies dealing with water extraction from atmospheric air was patented in
the former USSR as early as in 1947 [63]. The invention consists of a vertical system and
inclined channels in the soil which collects water by cooling moist air to a temperature below
its dew point. Dew harvesting is a renewable process of producing a significant amount of
water in isolated or arid regions [64-66]. The methodology of collecting fresh water from dew
in deserts has been practiced since ancient times [66]. It is believed that Ancient Greeks, who
founded Theodosia (6" century BC), used dew collectors to fulfill their water demand [67, 68].
Radiative (also known as passive) and active condensers are the two main types of dew

condensers (Figure 2.6) [69].
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Radiative Active Cooling liquids
condenser condenser
Ground-coupled

heat exchangers
Cooling systems

Dual airflows

Seawater

cooling

Solar
regeneration

Regenerative

desiccant Heat exchanger

Dual air paths
and chambers

Figure 2.6. Dew condenser technologies (adapted from [69]).

Passive dew condenser (PDC) is dependent on the physical process responsible for dew
collection and does not rely upon any energy input [69]. It is one of the most promising and
most accessible technologies to collect water from the atmosphere [70, 71]. This technology
recorded its highest yield in a range of 0.3 — 0.6 L-day!'m™ in regions facing water scarcity
(arid and semi-arid regions) [71-73]. Nevertheless, radiative condensers are affected by several

factors that limit their application (Figure 2.7).
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Condenser
— design and
materiality | Air chemistry
and physics
Position and
— local
environment
Weather
conditions

Figure 2.7. Factors that affect dew collection and water quality of a passive dew condenser
(adapted from [74]).

Table 2.2 reports some examples of the potential radiative condensers supports during dew
seasons worldwide, using different methodologies or combinations of methodologies, shapes,

and materials.
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Table 2.2. PDC types implemented worldwide.
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Table 2.2. PDC types implemented worldwide (cont.).
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Active dew condensers (ADC) are an innovative alternative to produce higher yields of
water by using additional energy inputs [69]. Although relative humidity also influences their
efficiency, other weather conditions (e.g. sky emissivity, wind speed, and topography) don't
have much impact contrariwise to radiative condensers [81]. Though the earliest active dew
condensers were developed in the 1930s, only after the 1980s the interest on them has increased,
due to the commercialization of mechanical refrigeration [36, 37]. They are a tool for water
management in areas with water quality or quantity deficit [37]. The water yield is dependent
on the active condenser design and can vary between 20 1-day™! (small portable drinking water
unit) up to more than 200,000 1-day! (agricultural water devices) [82]. Design is the principal
factor that affects energy consumption and recently, active condensers are designed to minimize
the consumption of energy or use renewable energy to power the unit (e.g., solar energy) [37,
69, 82, 83]. Artificial cooling systems are based on a refrigerant fluid circulating by a
compressor through the condenser [82]. Then, an expansion valve leads the refrigerant to the
evaporator which allows cooling of the surrounding air to its dew point leading the condensation
of water vapor on its surface (Figure 2.8) [82]. A water reservoir, purification and a filtration
system are coupled to the active condenser, excepting for agriculture purposes where
purification and filtration may not be required [82]. The rate of water generation depends on

ambient air temperature, size of the compressor, and relative humidity [84].

condenser

N

expansion
valve

- w
compressor

-

y
evaporator

Figure 2.8. Scheme of a typical single-stage compression refrigeration system (adapted from

[85]).

Low maintenance and operation costs and low initial investment are some of the advantages
of active condenser using cooling condensation mechanism [69]. The ability of water
condensation, even when the ambient temperature is higher than dew point temperature, makes

this technology more efficient than radiative condensers [69]. The possibility of freezing the
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evaporator coils and the probability of low water production-effectiveness during the low

airflow periods are some disadvantages addressed to this method [69].

Water capture by desiccants (liquid or solid) through adsorption processes is the most
common type of active dew condenser [69, 82]. The desiccant (e.g., silica and zeolite) is
exposed to moist air and then, the water is removed by a stimulus source (heat) and collected
(Figure 2.9) [69]. The most common desiccants such as alumina, zeolite, and silica gel, although
present high water vapor adsorption capacity, demand high temperatures (> 160°C) to perform
water desorption efficiently [86]. Metal-organic frameworks, nanoporous inorganic materials,
and composite materials are some examples of desiccant materials that present high water-
uptake performances (Figure 2.10) [37]. The capacity of hygroscopic materials to extract and
retain water, makes this technology more efficient than radiative dew condenser [69]. Besides
the need for energy input, the high initial costs of desiccant materials and the need to be replaced

periodically are some other disadvantages of regenerative desiccant technologies [69].

air/vapor mixture -

(a) Adsorption p— Adsorption in ﬂ
Stage desiccant

. water vapor liquid wate:
(b) Desorption heﬁ' Desorption from —p T e “
Stage desiccant ondensatio

Figure 2.9. Basic water harvesting by sorption-based process: (a) moist air adsorption on

desiccant; (b) desorption of water by applying heat to the desiccant with subsequent

condensation [87].

31



Chapter 2

1.2
Arid regions Humid regions Fog regions

—=— ACF/LICI

[ —=— MIL-101

| —#— MOF-801-P
—&— AIPO4-LTA

-—&— Co2Cl2(BTDD)

—— Zeolite 13X

[ —e— SG/LiCl

| —9— Ui0-66

—&— MCM-41

L —t— SG

o
®

o
o

©
N
T

Water uptake, kg/kg

o
N
T

0.0 |

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure, P/ P0

Figure 2.10. Desiccant materials with high potential for water-harvesting systems applications

[37].

The performance and efficiency of water capture by sorption-based processes are dependent
on heat and mass transport properties, mainly material and component-level properties (Figure

2.11) [87].

Material Properties / Component-level Properties
Adsorption Equilibrium Pore Packing Thermal Parasitic
enthalpy uptake volume porosity conductivity heat loss
Intra- Inter- Vapor
Crystal size g?:st:l crystalline crystalline transport to thliflz:erss
¥ diffusivity diffusivity condenser

Adsorption System
Performance

Figure 2.11. Factors that influence the adsorption water system performance [87].

In sorption-based processes, a cyclic scheme must be designed to regenerate the adsorbent
in order to operate it continuously. The regeneration of the adsorbent can be done by increasing
the temperature in a process termed Temperature Swing Adsorption (TSA). According to

Furukawa et al. study [88] exist three essential requirements in all sorption-based system with
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porous material: (i) water stability and high cycling performance; (ii) water adsorption isotherm
should exhibit a steep uptake (“S” - shaped isotherm), with the pore filling or condensation into
the pores occurring at low relative pressures; and (iii) high water vapor adsorption capacity
[88].

Regarding the regeneration step, solar-thermal-driven water harvesting can be a promising
renewable energy process and solar energy can be used in its direct or indirect forms [89]. In
arid regions with low humidity, there is an excellent sunlight availability (> 7 kWh-m2-day!,
which is equivalent to 7 hours of 1 sun (1 kW-m2) per day) [90]. The main advantage of the
solar air heating system is that the necessary energy for the endothermic desorption process is
provided by an inexhaustible natural resource (sun), which will lead to a significant reduction
in energy costs. Recently, the scientific community started to use solar energy to powered
AWGs by sorption-regeneration-condensation method, and dew water harvesting by
sorption chiller [91, 92].

Table 2.3 presents three basic configurations of sorption-regeneration-condensation systems
(glass-covered greenhouse sorber, sandwich plate sorber, and packed columns sorber) [37]. The
information included in the table covers the configuration type and its structure, material used
and its composition (Comp.), operating conditions (temperature (T), relative humidity, pressure
(P)), water production (experimental and/or simulation), and reference (Ref.). Solar-powered
sorption-based systems with an active condenser (e.g., packed columns sorber [93, 94]) present
high potentiality to be applied in compact systems, providing efficiency and wide adaptability
[37].

Dew water harvesting by sorption chiller systems provides a continuous production if
coupled with a heat storage system [37]. Further tests are necessary since some scientific studies
reported that this system might not be efficient due to its complexity and expensive
development; however, these assumptions are only based on the results obtained in the simplest

adsorption chillers [92].
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Table 2.3. Water extraction by sorption-based AWGs.
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Table 2.3. Water extraction by sorption-based AWGs (cont.).
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The performance of AWGSs can be evaluated by three parameters: (i) moisture recovery
ratio (RR); (ii) the specific energy consumption (SEC); and (iii) the specific water production
(SWP) which corresponds to the water collected per day per unit collector area [37]. Passive
condensers are usually evaluated by SWP, while RR and SEC (equations 2.1 and 2.2,
respectively) are used to assess the water productivity of active condensers [37, 98]. The

following equations can evaluate water harvesting by direct cooling

RR = g (1 —%e2) 2.1)
SEC = iT:;‘ ~ C, C_Z) (%’;Z) + hyg (2.2)

with 7; and T..n¢ representing operating/feed temperature and condensation temperature,
respectively; & and &r are the mass and heat-exchange effectiveness of the condenser,
respectively; d; and dcona corresponding to saturated humidity ratio at temperature of inlet air
(77) and condensation temperature (7cona), respectively; C, is the specific heat capacity and m#:o
is the moisture harvested per unit mass of dry air; Ay is the enthalpy of condensation and Qcona
correspond to the total cooling load of the air, resulted by the sum of sensible heat load
(temperature change of moist air) and the latent heat load, related to Az [37, 99]. Gido and his
co-workers defined a similar index to assess the process efficiency, which is the Moisture

Harvesting Index (MHI) [100] and is defined as

MHI =22 2.3)

PDC and passive sorption-based AWGs present low SWP due to inefficient radiative cooling
capacity and low RR, respectively [69, 101]. Solar-powered sorption-based systems with active
condenser present high potential, as mentioned before, although some challenges for its
performance should be overcome: (i) inadequate design leading to heat losses and/or no reuse
of heat before and after the condensing step; (ii) disregard possible kinetic limitations in terms
of adsorbent selection and adsorber design; (iii) ineffective application of energy on adsorbents
during water production; and (iv) lack of cost-effective heat sinks to obtain maximum water

production [37].
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2.2 Adsorbents and water adsorption

Adsorption is a surface phenomenon based on the exposure of a solid surface (adsorbent) to
a gas or liquid (adsorbate) [102-104]. The earliest known use of adsorption corresponds to the
manufacture of bronze by the Egyptians and Sumerians in 3750 BC, who used charcoal
(activated carbon) for the reduction of copper, zinc, and tin ores [103]. However, only in 1881,
the designation of “adsorption” as defined by the physicist Heinrich Kayser appeared in the
literature [103]. Adsorption processes can be employed in separation [105, 106], purification
[107, 108], or storage [105, 106] techniques, and is based in two steps (adsorption and
desorption). Activated carbon, silica gel, activated alumina, and zeolites are some of the most

common commercial adsorbents.

The type of bond formed in the adsorption process leads to its classification as chemisorption,
physisorption, or electrostatic sorption [102-104]. Chemisorption involves the formation of a
strong or even not reversible chemical bonding between adsorbent and adsorbate, while
physisorption results from the establishment of a weaker and unstable bond yet reversible,
including the Van der Waals forces [103, 109]. Table 2.4 presents the most significant
differences between the two types of sorption identified by Inglezakis and Kralik [103, 110].

Table 2.4. Main divergent characteristics between chemisorption and physisorption [103, 110].

Bonding forces Chemical bond Van der Waals
Adsorption Usually high
Low temperatures
temperature temperatures
High enthalpy values Low enthalpy values
Adsorption enthalpy ]
(typically 40-800 kJ/mol)  (typically 540 kJmol™)
Dissociative and Nondissociative and
Reversibility . .
irreversible fully reversible
Saturation uptake Monolayer adsorption Multilayer adsorption
Kinetics of adsorption Very variable Fast
Multilayers No Yes

The electrostatic sorption, also known as ion exchange, involves the bonding of ions with

charged functional groups through Coulomb attractive forces [103].
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Adsorption equilibrium and adsorption kinetics are essential phenomena that affect the
capacity of adsorption and diffusional resistance, respectively, and are important tools to
understand the adsorption itself [111]. Ideal adsorbent should present a good balance between
sorption capacity and kinetics. Accordingly with Do, the porous solid adsorbent should present
a large surface area or micropore volume, as well a large pore network with the aim of
molecules transportation into the adsorbent interior [111]. Likewise proposed that a ”good
adsorbent™ must present a combination of micropores (diameter < 2 nm) and macropores

(diameter > 50 nm) [111].

Adsorption equilibrium isotherms allow to quantify the adsorption capacity of the adsorbent
and provide information about adsorbent and adsorbate properties. In 1985, physisorption
isotherms were divided into six types by the International Union of Pure and Applied Chemistry
(IUPAC) [112]; however, the emergence of new typologies of adsorption equilibrium isotherms
due to new pore structures led to an updated classification by I[UPAC in 2015 [113]. Figure
2.12 presents the actual IUPAC isotherm classifications. Type I isotherms are associated with
microporous adsorbents displaying small relative external surface area comparatively to the
pore surface area [113, 114]. Type I(a) isotherms are related to narrow microporous (width <~
1 nm), while for Type I(b) isotherms result from larger micropores and possibly narrow
mesopores (<~ 2.5 nm) [113]. Type II isotherms are given by nonporous or macroporous
adsorbents exhibiting monolayer (until near the inflection point - B) and multilayer adsorption
[115, 116]. Type III also results from nonporous or macroporous adsorbents; however, it
presents weaker adsorbent-adsorbate interactions with no discernable inflection point [113,
116, 117]. Type IV isotherms result usually from mesoporous adsorbents (> 20 A diameter)
showing an inflection point occurring near the completion of monolayer followed by pore
condensation [113, 115, 116, 118]. What distinguishes Type IV(a) from Type IV(b) is the
presence of capillary condensation accompanied by hysteresis [113, 116]. As in Type IV
isotherms, Type V is given by mesoporous adsorbents with adsorbate—adsorbent interactions
[115, 116]. In the case of Type VI isotherms, also called stepped isotherms, they are associated

with multi-layer adsorption on uniform nonporous surfaces [113, 115].

38



State of the art

Amount adsorbed —————

I(a) I(b)
e — F —
I 11
-~
B e
\
IV(a) IV(b)
s /)t
v VI
{ | -

Relative pressure ——————jmm—

Figure 2.12. IUPAC classification of physisorption equilibrium isotherms [113].

Besides the knowledge of adsorption equilibria, the understanding of adsorption kinetics is

crucial because it provides critical information to design an efficient adsorber [111, 119].

Adsorption kinetics is affected by transport mechanisms and the diffusivity of the gases.

2.2.1 MOFs

MOFs or porous coordination polymers (PCPs) are porous crystalline hybrid materials [ 120].

These porous crystalline structures result from the connection between inorganic clusters, also

known as secondary building units (SBUs), by organic ligands in one, two, or three dimensions

creating open crystalline frameworks with permanent porosity [121, 122]. These different

possible connexions lead to a large diversity of topologies, resulting in a great variety of

porosity and surface area [123, 124]. Additionally, the inherent tunability by the interaction of

the organic ligands with functional moieties increases the diversity of potential materials
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exponentially [125-129]. In the 2000s, thousands of new structures were developed, and in mid-
2000s, these materials gain the status of a new class of adsorbents grouped alongside activated
carbons and zeolite [116]. The number of MOF materials has increased significantly in the past
decade, recording in 2016 ca. of 70,000 materials [130]. MOFs have potential for numerous
applications in different areas, such as in hydrogen storage [131], catalysis [132], heat pumps
[133, 134], sensing [135], drug delivery [136, 137], and adsorption/separation [138, 139].
Recently, the interest of MOFs for water vapor capture increased (Figure 2.13) [37, 87, 98, 140-
142]. Indeed, a few recent publications demonstrated the great potential of robust MOFs in
water adsorption related processes, being stable during several water adsorption/desorption
cycles [143-147]. Design of any adsorption-based process requires the adsorption equilibrium

and kinetic data for the adsorbate-adsorbent pair to be employed.

Total publications

1400 -
1200 -
1000 -
800 -
600 -
400 A

200 A

0 T T T —
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Figure 2.13. Number of publications per year (topics: water adsorption and metal-organic

framework(s)) [148].

Water sorption-based applications require that the MOF must be hydrolytic stable, present
high adsorption capacity, and high selectivity towards water [14]. The hydrolytic stability
(thermodynamic and kinetic) is based on the MOF structural properties [14, 116]. MOFs
thermodynamically stable present an inert metal cluster that avoids irreversible hydrolysis,
providing structural stability upon exposure to water vapor and liquid water [116, 118].
Thermodynamic stability is affected by the strength of the metal-ligand bond, and by the
energetic position of frontier orbitals of metal [14]. The strength of the metal-ligand bond is

ruled by the acidity of metal ion and the basicity of protonated linker [14]. The knowledge of
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pK. values is a valuable tool to design thermodynamically stable MOFs [140]. MOFs with
highly charged metals (e.g. Ti*', Zr**, and Hf*") tend to present high stability towards water
(Figure 2.14) [88, 149, 150].

NH
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Figure 2.14. Strength of metal-ligand bond: a) pK, values comparison between carboxylic acid

(H3BTC and H>BDC) and pyrazole linkers (H;TPB and H>DPB); b) Periodic table divided
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according to three categories: blue — hard acid, green — intermediate acid, and yellow — soft acid

[140].

Kinetic stability of the framework requires more complex parameters than thermodynamic
stability, such as steric hindrance, the rigidity of SBU and/or linker, and the electronic
configuration of the metal [116, 140, 151]. Hydrophobicity and steric factors are the two major
structural properties that characterize the kinetic stability of MOFs [116].

Burtch et al. [118] developed a conceptual flowchart (Figure 2.15) to establish the stability
mechanism, thermodynamic or kinetic stability; and defined criteria to classify MOFs in terms

of water stability (Table 2.5).
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Stability Mechanism

Governing Structural Properties

Unfavorable for irreversible
hydrolysis reaction to occur
under any water loading

Inertness of Metal Cluster

Metal-Ligand Bond Strength
Ligand effects
- pK, of coordinating atom

Metal species

Metal effects
- Oxidation state
- lonic radius
-Pauling rules

Lability with Water

- Reduction potential
- Irving-Williams sequence
- LUMO energetics

Coordination geometry

Water could hydrolyze the bond, yet...

Not favorable because water
molecules cannot cluster near
metal site

Water approaches metal site,
but not favorable because of
transition state energetics

Hydrophobicity

Water unable to adsorb in pores
- Pore hydrophobicity

Water unable to cluster near metal
- Internal hydrophobicity

Steric Factors

Around Metal Site
Ease of water approach
- Metal coordination #
- Structural transitions

Around Labile Ligands
Ease of displacing ligand

- Interpenetration

- Ligand rigidity and sterics

Kinetic Stability

Figure 2.15. Stability mechanism factors that govern water stability in MOFs [118].

Table 2.5. Criteria for water stability classification of MOFs (adapted from [116]).

Thermodynamically
stable

High kinetic stability

Low Kkinetic stability

Unstable

Stable after long-term exposure to
aqueous solutions: day(s) in pure
water; day(s) in acid-base or
boiling conditions
Stable after exposure to high
humidity (> 80% RH);
decomposes after short exposure
times in liquid water
Stable under low humidity
exposure (< 40% RH)
Degradation occurs after any
moisture exposure

Adsorbent or catalyst
under wide range of
conditions; aqueous and
vapor phase

Industrial applications
with high humidity
streams

Processes with pre-
dried gas conditions
Mild separations under
moisture free conditions
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Hydrophobic-hydrophilic properties of MOFs are related to the shape of the water adsorption
equilibrium isotherms (Figure 2.16) [14, 116]. Figure 2.16 presents the relation between the
hydrophobic-hydrophilic properties of MOFs and isotherms shape [14, 116].

Strongly

hydrophilic
°
@
£
o]
w
3
£ | (b) (c)
=
S
E
g Strongly
< hydrophobic

(d)

PP,

(4]

Figure 2.16. Different typologies of isotherm shapes according to its character hydrophilic
and/or hydrophobic [152].

A characteristic Type I isotherm is presented as (a) with lower water adsorption at low
relative pressures quickly reaching the maximum uptake [14, 118]. Isotherm (b) can represent
Type I or Type IV isotherm, presenting less hydrophilic nature than the previous isotherm due
to its small slope at low relative pressures [14]. Isotherm (c) corresponds to a Type V isotherm
with low loadings at low relative pressures due to the formation of clusters instead of a
monolayer [14]. This isotherm could reach the same maximum capacity than in (a) and (b) but
at higher relative pressures, indicating the existence of a hydrophobic pore system [14].
Isotherm (d) corresponds to a strongly hydrophobic adsorbent, only with increasing water
uptake at higher relative pressures [118]. It is worth noting that the comparison between relative
hydrophobic and hydrophilic is only applicable for pore systems with identical pore size and

dimensionality [14].

The main three mechanisms for water adsorption in MOFs are (i) chemisorption on open

metal sites; (i1) reversible cluster formation; and (iii) capillary condensation.
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(1) Chemisorption on open sites is a mechanism where the first coordination sphere of
the metal ion is modified, by the adsorption on open-metal coordination sites, leading
to a global or local deformation of MOFs structure [14, 151]. The strong water-open
metal sites interaction due to chemical bonding (e.g., hydrogen bond) results in water
uptake at very low relative pressures (Type I isotherm) and in large Henry’s constant
(Kn) [14, 97, 153];

(i1) Reversible cluster formation is a mechanism that usually occurs in porous carbons
[14]. A similar adsorption mechanism was recorded in microporous MOFs (e.g.,
MOF-801 [154]). This phenomena only occur in materials with pore diameters
smaller than the critical pore diameter for capillary condensation (Dc) [14];

(iii)  Capillary condensation is observed in MOFs with pore diameters larger than Dc [14,
153]. This mechanism in mesoporous MOFs results in Type IV and Type V isotherms
with hysteresis loop (e.g. MIL-100(Al)) [14, 153].

Wang and his co-workers presented one of the first water adsorption equilibrium isotherm
in MOFs, namely in HKUST-1 [155]. In Teo and Chakraborty study MIL-101(Cr), alkali metal
(Li*, Na") doped MIL-101(Cr), aluminum fumarate, and CAU-10 were used as adsorbents to
evaluate the effect of material properties on water adsorption behavior [156]. In Kiisgens et al.
study, different MOFs (HKUST-1, ZIF-8, MIL-101(Cr), MIL-100(Fe), DUT-4) were tested to
select the most promising candidate(s) for water adsorption applications [157]. According to
water stability, hydrophilic mesoporous adsorbents MIL-101(Cr) and MIL-100(Fe) were the
selected ones [157]. On the other hand, ZIF-8 proved to be a highly hydrophobic microporous
material [157]. Intending to study water adsorption in porous materials, Furukawa et al. selected
23 materials, which 20 of them were MOFs [88]. Due to their adsorption properties, two of
these materials were highlighted: MOF-801, as a promising adsorbent for advanced thermal
batteries; and MOF-841 as a suitable candidate for water capture in arid areas [88]. A review
article by Canivet and his co-workers reported more than 60 types of MOFs used in studies
related to water adsorption, concluding that most of them are good candidates to use in heat
pumps and chiller applications [151]. In another review, Kalmutzki ef al. compared the potential
of selected MOFs for water harvesting from the air and concluded that these materials have
great potential, albeit there is a gap in the development of technologies for the cyclic adsorption
processes [140]. Kim et al., designed an ecological device with MOF-801 as an adsorbent to
capture of water from the atmosphere [90, 141]. Indeed, at 20% of relative humidity, it can

harvest 2.8 L of water per kilogram of MOF [90]. More recently, it was reported an aluminum-
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based MOF 303 which is capable of retaining about twice much water [142]. Rieth et al. studied
the capture of water from the atmosphere with low relative humidity of 30% [158]. The sorbent
presented is capable of harvesting 0.82 gmo'gmor ! [158]. Water adsorption properties in
different porous materials, including ZIFs and MOFs, were also investigated using molecular
simulations [ 159]. The main conclusion of this study was that the prediction of water adsorption
in MOFs with open-metal sites is particularly sensitive to the selected water molecular model
[159]. There is also an increasing interest in the application of MOFs in heat transformation
processes like thermally driven heat pumps or adsorption chillers. In Henninger et al. study, the
MOF ISE-1 was evaluated and presented a large loading spread (210 g-kg™!) being a potential
adsorbent heat transformation [160]. de Lange and his co-workers studied the potential of 18
MOFs for application in adsorption-driven heat pumps/chillers (AHPs/ACs) using methanol
and ethanol as working fluid [161]. Based in adsorption measurements and thermodynamic
efficiencies, UiO-67, CAU-3, and ZIF-8 presented most suitable for both working fluids [161].
Furthermore, in the extensive review performed by de Lange et al., the potential of MOFs in
AHP/ACs were evaluated, giving a particular focus to water as a working fluid [134]. Some
recent publications demonstrated the enormous potential of robust MOFs in water adsorption
related processes, being stable during water adsorption/desorption cycles [143-147, 162-168].
Additionally, these materials are capable of adsorbing more water and requiring lower

regeneration temperatures compared to other adsorbents (e.g. zeolite and silica gel) [141].

In the Associate Laboratory LSRE-LCM, some research on gas adsorption on MOFs has
been developed since 2008, including water vapor in the more recent years (Table 2.6). Table
2.7 presents some examples of H,O adsorption capacity on MOFs, as well as their structure

information (surface area, pore-volume, pore size, and SEM images).
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Table 2.6. Studies published by LSRE-LCM researchers in the field of gas adsorption on MOFs.

Al(OH)-fumarate

HKUST-1

MIL-53(Al)

MIL-53(Fe)-(CF3):
MIL-100(Cr)

MIL-100(Fe)

MIL-125(Ti) NH;

MIL-127(Fe)

MOF 1

MOF-508b

Ui0-66

Ui0-66(Zr) (COOH).

Z1F-8

Zn(BDC)(Dabco)oss

CO», and H20
CO2, N2, methane (CH4) and H2O

Propylene (CsHs), propane (C3Hs) and isobutene (CsHs)

CsHsand CsHs
C3Hs, C3Hs and isobutane (C4Hio)
CsHs and CsHs
CsHe
CO: and CH4
Hydrogen (Hz), CO2, CO, CH4, and N2

CsHs, C3Hs, ethane (C2He), and ethylene (C2Ha)

COz2and N2
C2Hsand C2Hy
CO2, and CH4
COz2and Hz
C2Hs, CoH4 and C3Hg
xylene isomers
ortho-xylene
CO2 and CH4
hexane isomers
hexane isomers
CsHsand CsHs
CsHs, CsHsand CsHio
N2 and C3Hs
H2, CHs and C2He
CsHgand N>
xylene isomers
xylene isomers and ethylbenzene (CsHio)
xylene isomers
hexane isomers
CO2, CO, N2, CH4, and Hz
hexane isomers
xylene isomers
CO2, N2, and CH4
CO2, N2, and CH4
hexane and xylene isomers
xylene isomers
xylene isomers
CO2, CO, N2, CH4, and Hz
hexane isomers
hexane isomers
hexane isomers
hexane isomers
C2Hsand C2Hy
xylene isomers and CsHio
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Table 2.7. H>O vapor adsorption capacity on MOFs, and their main properties.

[o17]
[88]

[s12]

[v12]

[c12]

[+91]

[z12]

[112]
[o12]

0
990

0€0

870

Y0
(poyenuns) 160
(Teyuowrrodxa)
€50

wo

LYo
910

(;-3-3) oeydn

86¢
86¢

€6¢

86¢

86¢

86¢

86¢

86¢
86¢

60
60

60

60

80

60

60

60
01

1601

Seo
80

€60

870

€60

(;-8.,u0)

0091-00¢1 00€d Mjoseq

0991 00€V qjoseq
€e0l
6L

djeaeuInf WNIUIWN[Y

1201

6L
- O™HZ-OAN-+DHOIV

A-.M.NEV

47

sagewnt INAS )

I9)BA WINWIXEIA] OD L od/d XeW 37ZIS d10g JWIN[0A 3104  BAIE ddeJINg

A




Table 2.7. H>O vapor adsorption capacity on MOFs, and their main properties (cont.).
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Table 2.7. H>O vapor adsorption capacity on MOFs, and their main properties (cont.).

[ozz] 81°0 86¢ S0
[ozz] €0 86¢ L0
[zzed LEO 86¢ 60
[s12] 97°0 €6¢ 60
[1z2] LEO - 80

81°0 ovy 0I-1VD-ON
- - 0I-QVD-*HN
LTO 194
LT0-5T0 V8y—SIv
01-0vVD-H

A

(;-3-3) oeydn
JI9)BM WINWIXEIA

oD L

°d/d XeI\

sagewnt INAS

(;-3. ud)

WIN[oA 310J

(;8- )
BIIR JdBLING

49



Table 2.7. H>O vapor adsorption capacity on MOFs, and their main properties (cont.).
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Table 2.7. H>O vapor adsorption capacity on MOFs, and their main properties (cont
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Table 2.7. H>O vapor adsorption capacity on MOFs, and their main properties (cont.).
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Table 2.7. H>O vapor adsorption capacity on MOFs, and their main properties (cont.).
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Table 2.7. H>O vapor adsorption capacity on MOFs, and their main properties (cont.).
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Table 2.7. H>O vapor adsorption capacity on MOFs, and their main properties (cont
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Table 2.7. H>O vapor adsorption capacity on MOFs, and their main properties (cont
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Table 2.7. H>O vapor adsorption capacity on MOFs, and their main properties (cont.).
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Table 2.7. H>O vapor adsorption capacity on MOFs, and their main properties (cont.).
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Table 2.7. H>O vapor adsorption capacity on MOFs, and their main properties (cont.).
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2.2.2 Other adsorbents

Activated carbon (AC) is one of the most common adsorbents presenting great versatility
due to its high surface area (BET area range of 300 to 4000 m?-g!), variable characteristics of
surface chemistry, and a high degree of surface reactivity [119, 262, 263]. This material is
widely applied in liquid water purification and gaseous waste streams [103, 264, 265]. AC is a
member of a family of carbons with a wide range of amorphous carbonaceous materials such
as carbon black (CB) and carbon nanotubes (CNTs) [262, 266, 267]. AC can be obtained by
pyrolysis, physical and chemical activation process, or carbonization and steam activation of
different raw materials (e.g., lignite, charcoal, and coconut shell) leading to the great variability
of structures (e.g., powder, granulates, and extruded) [268, 269]. Pore diameter varies from 10
to 25 A in carbons for gas-phase applications, and near 30 A for carbons that find their
application in liquid-phase processes [263]. AC carbons surface is nonpolar or with low
polarity; however, the presence of water in adsorption processes is one crucial issue [263, 270].
Water vapor adsorption on AC can be correlated with pore size distribution once water vapor
adsorption follows a Type V isotherm with a sigmoidal or S-shaped curve in microporous AC,
while meso- and macroporous AC present Type III isotherms, according to IUPAC
classification [271]. The water vapor uptake at low relative pressures (P/P, > 0.4) is very low
or even non-existent, however at high relative humidity conditions, it is high enough to compete
with other adsorbents [271, 272]. Hydrophilic functional groups on the AC surface play an
important role in primary adsorption (low RH) due to the hydrogen bond formation with
adsorbed molecules [271, 273]. The increase of water vapor pressure leads to the formation of
clusters around the primary adsorption centers [274]. Table 2.8 presents some examples of H O

adsorption capacity on different typologies of ACs.
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Table 2.8. H>O adsorption capacity on ACs.

Surface area Pore volume Maximum water
Max P/P, T (K) Ref
(m’*-g™) (em*-g™) uptake (g'g™)
pitch-based AC
- - 0.9 293 1.03 [275]
fiber
AC-1 2500 1.25 1.0 298 1.08 [276]
AC-2 2030 0.95 1.0 298 0.81 [276]
AC fiber — A7 1020 0.28 0.9 298 0.29 [277]
AC fiber — A10 1210 0.43 1.0 298 0.51 [277]
AC fiber — A20 1770 0.90 0.9 298 1.00 [277]
bamboo-based 0.51 (micropores)
- 0.9 293 0.73 [278]
AC 0.26 (mesopores)

Silica gel is integrated into the group of synthetic amorphous silica and results from the
aggregation of spherical colloidal silica particles (range size of 2 to 20 nm) [103, 279, 280].
BET surface area is typically between 250 and 1000 m?-g™! and pore diameters range of 22—
150 A [103, 263, 279]. The strong hydrophilicity of silica gel surface (water adsorption capacity
~ 35-40% by weight) led to be widely used in industry for water removal (e.g., drying of
industrial gas streams) [111, 263, 281]. Silica gel is often used in adsorption cooling systems
as adsorption working pair with water [282, 283]. Some examples in the field of water

adsorption onto silica gel are presented in Table 2.9.

Table 2.9. Summary of H2O adsorption capacity on silica gel.

Surface area Pore volume Maximum water
Silica gel Max P/P, T (K) Ref
(m’*-g™) (em*-g™) uptake (g'g")

grade 40 952 0.32 (micropore) 0.8 293 0.31 [168]
Type 3A 606 0.45 0.5 303-423 0.27 [284]
Type A** 864 0.48 1.0 298 0.43 [285]
Type-ASBW 769 0.45 1.0 298 0.44 [285]
828 0.46 0.9 303-423 0.47 [286]

Type-RD
650 0.35 0.7 303-423 0.36 [284]
Type-RD 2060 686 0.34 0.9 303-423 0.38 [286]
Type-RD 2560 636 0.31 1.0 298 0.37 [285]
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Activated alumina is amorphous or crystalline alumina material which can be used in
industry as a desiccant for drying gas streams or vapors recovery [103, 111, 263]. This
adsorbent can be produced by calcination of hydrated alumina (Al>O3.nH>0O, where n =1~3)
[287]. Activated alumina surface is highly porous with high functional group density providing
active sites for polar molecules [111, 288]. Table 2.10 presents a summary of the H.O

adsorption in some types of activated alumina, reported in the literature.

Table 2.10. H>O adsorption in activated alumina materials.

- - - 0.9 300 0.28 [289]
AA-300 330 0.44 0.9 303 0.39 [290]
ALO3 340 0.14 (micropore) 0.9 298 0.24 [168]
F-1 260 0.40 0.9 303 0.19 [290]
F-200 360 0.50 0.9 298 0.47 [291]
H-156 350 0.43 0.9 303 0.34 [290]

Zeolites are microporous crystalline aluminosilicates, and belong to a class of metal oxides,
and are composed of TOs tetrahedra (T = Si, Al) [111, 292]. The aluminosilicate skeletal
structures themselves have a porosity between 0.2 and 0.5 [293] and are highly hydrophilic
[152]. The ability for adsorption of zeolites is strongly related to the Si/Al ratio, and it is
inversely proportional to it [293, 294]. They present great variability of structures with 40 types
of natural zeolites and about 150 types of zeolites artificially synthesized (e.g., type A, type X,
and type Y) [293]. Artificially manufactured zeolites present higher bulk specific weight and
higher performance in the heat transfer applications than natural zeolites [293]. Zeolites are
widely used in adsorption heat pumps and cooling systems, as a working-pair with water.
Besides the Si/Al ratio, the framework structure type and the ionic are some factors which affect
the adsorption in zeolites [294]. One disadvantage of water adsorption on zeolites is the need
for high temperatures (>200°C) in the desorption step [152]. Table 2.11 presents a summary of

water adsorption on different zeolites.
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Surface area

Table 2.11. Some examples of H2O adsorption in zeolites.

Pore volume

Maximum water

Zeolite () (cm*-g) Max P/P, T (K) uptake (g-g")
13X - - 1.0 293 0.37 [295]
AIPO-17 - - 1.0 293 0.17 [295]
AIPO-18 - - 1.0 293 0.23 [295]
AIPO-25 - - 1.0 293 0.17 [295]
AIPO-53 - - 1.0 293 0.15 [295]
GME - - - - 0.19 [296]
Mordenite - - 1.0 298 0.15 [152]
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3.1 Adsorbents

MOFs show modular structure, which makes them ideal candidates in water sorption-based
applications, as exposed in Chapter 2. This chapter covers the chemistry of the selected MOFs
for water vapor adsorption. An overview of their synthesis, building blocks, characterization,

structures, porosity, and some of their main applications will be presented in the next pages.

Aluminum fumarate, CAU-10, and MIL-160(Al) belong to the family of aluminum-based
metal-organic frameworks (Al-MOFs). The Al-MOFs have been investigated and applied in
different fields, such as sensing, catalysis, gas storage, gas purification, desalination, and water
harvesting [1-6]. Due to their characteristics, such as high hydrothermal stability, low-cost, and

non-toxic nature they are eligible adsorbents for water vapor capture [7-9].

MIL-100(Fe) is a nanoporous iron-based MOF, considered a promising water adsorbent due
to its high hydrothermal stability, even after being exposed for weeks to boiling water or after
forty adsorption/desorption water cycles [8, 10-14]. The high porosity and large specific surface
areas presented by MIL-100(Fe) leads to its high water adsorption capacity [15]. Several studies
used MIL-100(Fe) as water adsorbent for energy-efficient dehumidification and adsorptive heat

transformation applications [12, 13, 16].

MIL-125(Ti) NHa is a titanium-based MOF with potential applications in gas storage, gas
separation, sensing, and photocatalysis [17-20]. MIL-125(Ti) NH»> is also a promising
adsorbent for direct water capture from air, due to its high water adsorption capacity, high water
stability, and thermal stability [18, 21, 22]. As proved in previous studies, performed by
different authors, on powder samples [17, 23], MIL-125(Ti) NH; is characterized by the “S”
shaped water adsorption equilibrium isotherm. Indeed, the sharp increase in water adsorption
at P/P, = 0.2 makes it a promising material for water capture, even in locations with low relative

humidity.
3.1.1 Aluminum Fumarate (Al-Fum)

Al-Fum granules (Figure 3.1) used in experiments were produced and supplied by the Korea
Research Institute of Chemical Technology (KRICT). Al-Fum presents a crystal structure of
infinite AI-OH-AI chains connected by fumarate acid (organic linker), creating 1-D diamond-

shaped pores, with a size of 5.7 x 6.0 A? (Figure 3.2) [24-26]. Leung and her co-workers
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improved the synthesis process, changing the hazardous chemical solvent dimethylformamide
(DMF) by water [9, 27]. Another improvement in the synthesis method was the substitution of
nitrate or chloride salts by aluminum sulfate, thus eliminating the safety hazard caused by

nitrates and preventing possible future corrosion problems due to chloride salts [9].

Figure 3.1. Al-Fum granules supplied by KRICT.

Figure 3.2. Crystal structure of Al-Fum. The oxygen atoms are shown in red, aluminum

octahedra in blue, carbon in gray, and hydrogen atoms were omitted [25].

3.1.2 CAU-10

Likewise, Al-Fum, CAU-10 (CAU stands for Christian-Albrechts-University) granules were
synthesized and prepared at KRICT (Figure 3.3). The material is built from inorganic aluminum
chains octahedral linked via the carboxylate groups of 2,4-benzenedicarboxylate (BDC) ligand
(Figure 3.4b) [28]. The octahedral AlOs (Figure 3.4a) is enclosed by four ligands and two
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hydroxyl groups, with the hydroxyl ions providing bridge with Al centers, thus creating helical
chains [29]. The helical chains present square shape channels with a side length of circa 5.6 A

(Figure 3.4¢) [29].

Figure 3.3. CAU-10 granules as supplied by KRICT.

) AO(OH),  ~ CAU-10 (Al)

Figure 3.4. Schematic illustration of a) octahedral AlO¢; b) organic ligand 2.4-
benzenedicarboxylate; c¢) crystal structure of CAU-10. Al polyhedra, carbon, oxygen, and
hydrogen atoms correspond to light gray, gray, red, and white colors, respectively (adapted

from [29]).
3.1.3 MIL-160(Al)

MIL-160(Al) granulates (MIL stands for Material Institute of Lavoisier) were provided by
KRICT (Figure 3.5). The adsorbent is isostructural to CAU-10 [30]. This material is built up

from inorganic aluminum helical chains which are connected by 2,5-furandicarboxylate groups
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(Figure 3.6) [8, 28]. As in CAU-10, the helical chains are formed by the bridge between
hydroxyl ions with the Al centers. The 3D framework presents square shape channels with a
pore size of 4 to 6 A (Figure 3.6) [2]. The material was synthesized in KRICT at large-scale,
and the preparation was performed following the procedure described by Permyakova et al.

[31].

Side view

helical chain

Figure 3.6. Crystal structure of MIL-160(Al) with a blue area representing available pore
volume, and aluminum, oxygen, carbon, and hydrogen atoms are represented by pink, red, gray,

and white colors, respectively [2].

3.1.4 MIL-100(Fe)

MIL-100(Fe) was also synthesized at KRICT (Figure 3.7) [11, 32] and prepared according

to the procedure reported by Ribeiro et al. study [33]. The material has a three-dimensional
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crystal structure which is composed of octahedral iron trimers (Figure 3.7a) connected through
1, 3, 5 — benzenetricarboxylate linkers (BTC) [34]. This framework provides two types of
mesoporous cavities of 25 and 29 A diameter (Figure 3.7c), which are accessible through

micropores windows of 5.5 (pentagonal) and 8.6 A (hexagonal) (Figure 3.7d) [11, 34, 35].

Figure 3.7. MIL-100(Fe) granules as provided by KRICT.

)

Figure 3.8. The general structure of MIL-100(Fe): a) octahedral iron trimers; b) MIL-100(Fe)
cell; ¢) mesoporous cavities; and d) windows cages. Carbon, oxygen, and iron atoms are

represented by black, red, and gray colors, respectively [34].

3.1.5 MIL-125(Ti) NH:

MIL-125(Ti) NH> granules (Figure 3.9) were synthesized at KRICT, according to the
procedure reported by Moreira et al. [36]. MIL-125(Ti) NHo is isostructural to MIL-125(T1i),
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and its structure is based on cyclic octamers of a corner- or edge-sharing titanium octahedral
connected to 12 other octamers through the 2-amino-benzene-1,4-dicarboxylate linkers (Figure
3.10) [17]. The quasi-cubic tetragonal structure provides octahedral (~12.55 A) and tetrahedral
cages (~6.13 A) [37]. Its narrow triangular windows are in the range of 5-7 A [21, 37]. The
free amino groups and titanium oxo-clusters are hydrophilic active sites, improving the
adsorption of water molecules in the MOF [38]. MIL-125(Ti) NH; granules were prepared by
the wet granulation method described in the work by Regufe et al. [39].

A o
IC 4 o O
« tﬁd .
= ¢
o i“' ) P (l* q -6
"% ¢
« > ]
P2 ¢

Figure 3.10. Crystal structure of MIL-125(Ti) NH> (adapted from [40]). The color code is as
follows: carbon — gray; oxygen — red; amina functional group (NHz) — yellow; titanium (T1) —

green.

3.2 Gases

Oxygen (purity higher than 99.995%), nitrogen (purity higher than 99.995%), and carbon
dioxide (purity higher than 99.998%) were used in the experiments. In the dynamic adsorption
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experiments, MOFs were regenerated and activated by purging with helium (He) (purity higher
than 99.999%). All gases were supplied by L’Air Liquide and were used without any pre-

treatment.

3.3 Characterization of adsorbent materials

Material characterization is the first stage to predict the adsorption properties of porous
materials. Surface and textural characterization of porous materials were obtained by using
several methods, while thermal stability and composition were evaluated by thermogravimetric

analysis (TGA).
3.3.1 Thermogravimetric analysis

TGA is a destructive technique where the weight variation of the material is monitored as a
function of time or temperature in a given controlled atmosphere [41, 42]. The TGA curve
represents a useful tool to obtain information regarding physical transitions and chemical
reactions [43]. These phenomena result from a physical and chemical breakdown or formation

of bonds along with the increase in the temperature [43].

The equipment Netzsch STA 409 PC Luxx (Figure 3.11) was used to perform TGA of the
five selected adsorbents. Each analysis was carried out between 323 K and 1173 K at a heating
rate of 10 K-min!. N, was used as carrying and protective gas with a flow rate of 50 mL-min’’,
Firstly, the system was calibrated, and then the crushed adsorbent was placed inside the

crucible/sample holder (4), and the temperature was monitored by the thermostatic control (2).
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DK 8
05

DK== 10

Figure 3.11. Scheme of the NETZSCH STA 409 PC Luxx® simultaneous thermal analyzer [44]
(1: balance system, 2: thermostatic control, 3: radiation shield, 4: sample carrier, 5: heating element, 6: protective

tube, 7: gas outlet, 8: purge gas inlet, 9: evacuating system, 10: protective gas inlet).
3.3.2 Characterization techniques

Helium picnometry is a technique used to determine the exact sample skeleton density of a
given sample. In this work, it is of most importance for buoyancy correction, and consequent
absolute adsorbed amount determination. Helium is the selected gas because it exhibits nearly
ideal gas behavior; it is inert (does not adsorb), and presents a small atomic size. The
measurements were realized at room temperature in an Isosorp Rubotherm® magnetic

suspension microbalance (Figure 3.14).

Nitrogen adsorption at 77 K is the most widely used method to determine the specific
surface area and pore size distribution of materials [45]. This technique is widely used to
characterize the mesopores and micropores of porous materials [46, 47]. At low relative
pressure, and after micropores are filled, the formation of monolayer takes place [46].
Multilayers start to form after complete creation of monolayer (relative pressure ~ 0.1), where
the first adsorbed molecules act as active sites for the adsorption of the molecules of the
following layer [46-49]. Brunauer—Emmett-Teller (BET) method followed the same
assumptions of the Langmuir theory (Chapter 4) [48]. The N> adsorption equilibrium isotherms
were measured in Micromeritics ASAP 2020 (V4.02) equipment at Departamento de Quimica
Inorganica of Malaga University (UMA). Prior to the determination of BET surface area,
micropores size distribution, and micropores volume, the adsorbent samples were de-gasified

at 423 K for 12 h under vacuum.
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Carbon dioxide adsorption at 273 K is another useful technique to characterize porous
solids in terms of the micropore surface area, micropore volume, and micropore size
distribution [45]. Due to the higher adsorption temperature, comparatively with N> at 77 K, CO»
molecules present higher kinetic energy allowing their access into the narrow pores [45]. CO2
adsorption equilibrium isotherms were measured at Departamento de Quimica Inorgénica of
UMA in a Micromeritics ASAP 2020 (V4.02) equipment at 273 K. The CO adsorption

measurements were done after degassing the sample at 423 K for 12 h under vacuum.

Mercury (Hg) intrusion porosimetry is a useful tool for porous material characterization.
Pore size distribution, porosity, apparent particle density are some physical characteristics
provided by this technique [50]. The method is reliable to minimum pore radius in a range of
50-100 A and is more adequate for materials presenting larger pores (1000-10,000 A) [49]. The
gas present inside the sample is evacuated, and the mercury (a non-wetting liquid) is intruded
into pores of the material at controlled pressure [51]. The pore size is inversely proportional to
the pressure necessary to intrude the mercury into the pores, and the relationship is described
through the Washburn equation (assuming cylindrical pores, with a circular opening in the

cross-section) [52]

D = —4ycos6 (31)

P

where D is the diameter, P is the applied pressure, y corresponds to surface tension, and 4 is the

contact angle.

Hg porosimetry analyses were performed to an aliquot of a fresh sample at Laboratorio de
Ensaios, Desgaste e Materiais (IPN - LED&MAT) on Micromeritics AutoPore IV 9500 (V1.07)
equipment (MIL-125(Ti) NH; sample) or at Departamento de Quimica Inorgénica of Malaga
University (samples Al-Fum, CAU-10, MIL-160(Al) and MIL-100(Fe)), after degassing the

sample at 423 K for 12 h under vacuum.

Scanning electron microscopy (SEM) is a versatile method for material and chemical
composition characterization [53]. A high-energy (5-100 keV) and narrow electron beam scans
pass across the sample under vacuum [54]. The interaction with the surface results in signs,
which provide the formation of images [53, 54]. The most common signs are the backscattered
electrons, secondary electrons (1-20 eV), and X-rays (Figure 3.12) [53, 54]. Each type of sign

is related to a material region where it was detected and provide chemical and morphology
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material information. Characteristic X-rays provide information related to material chemistry,
whereas secondary electrons are useful, especially for topographic contrast, and backscattered
electrons provide compositional and topographic information [53].

1
Beam

Backscatterred electrons Secondary electrons

Auger electrons

Characteristic x-rays X-ray continuum

Figure 3.12. Electron beam interaction with a sample - types of signals generated [53].

Energy-dispersive X-ray analysis (EDX or EDS) is a technique coupled to SEM, Scanning
Transmission Electron Microscopes (STEM), or Transmission Electron Microscopy (TEM)
able to provide information about the elemental composition of the sample [55]. The electron
beam on the surface and the penetration into the material result in characteristic X-ray emissions

of excited specimens present or near to the sample surface [55, 56].

SEM/EDS analyses were carried out in Centro de Materiais da Universidade do Porto (UP-
CEMUP) on FEI Quanta 400FEG ESEM/EDAX Genesis X4M instrument.

Mechanical strength is an important parameter to evaluate the mechanical properties of
porous materials and subsequent applicability. Materials with low mechanical strength are not
reliable to be used in harsher conditions [57]. Porosity, particle size and shape, and surface are

some factors that affect the strength of particles [58, 59].

Particle crushing strength/hardness measurements were performed at Delft Solids Solutions

B.V. with a Dr. Schleuniger type 5Y tablet hardness test that measures in a range of 1-400 N.

X-ray diffraction is a non-destructive technique which identifies the crystallinity degree or
amorphization [60, 61]. XRD is a powerful tool in polymorphs or quasi-isochemical

compounds due to be impossible to use chemical characterization techniques in these materials
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[62]. Crystallinity, structure imperfections, crystallite size, orientation, and strain, are some
information possible to be determined by the XRD technique [55, 63, 64]. A monochromatic
beam of X-rays (wavelength between 0.5 and 2 A) is directed to the material resulting in

diffracted X-rays (Figure 3.13) [55, 64]. X-rays diffraction pattern is described by Bragg's Law
nA = 2d X sinf (3.2)

where A is the wavelength of the incident X-rays, d is the lattice spacing, n is the order of

reflection, and @ is the angle of incidence.

A C
Incident x-rays Diffracied x-rays
A’ A Y (G
A A
B %
(51 15)
d
B’
d
Atomic-scale crystal lattice planes
¥ P

Figure 3.13. Diagram of X-rays diffraction and Bragg’s law [65].

XRD patterns were performed at Laboratorio Central de Anélises (UA-LCA) by Empyrean

equipment at Departamento de Quimica.
3.4 Adsorption equilibrium isotherms

The adsorption equilibrium isotherms of pure gases were performed in two different
IsoSORP Rubotherm® magnetic suspension microbalances (MSB), both with a precision of
0.01 mg, and both operating in batch mode. The heating and cooling system is the main
difference between them. In the MSB; (Figure 3.14a) it is used a jacket with fluid circulating
through it to control the temperature, while in the MSB, (Figure 3.14b), the operating
temperature is controlled by a cold gas cooling jacket (173 to 303 K) or an electrical heater (303
to 673 K).
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a) Balance b) Balance

E — Exhaust 1 — Electromagnet
P, to P¢— Pressure transducers 2 — Permanent magnet
RH — Relative humidity sensor 3 —Sensor core
T—Thermostatic bath 4 — Sensor coils
TC — Thermocouple 5 — Measuring load coupling
V, to V;; —Valves 6 — Basket
VP —Vacuum pump 7 — Measuring cell
8 — Sinker

Figure 3.14. Schematic representation of the experimental setups for adsorption measurements

(adapted from [66, 67]).
3.4.1 General description

The MSB; (Figure 3.14a) presents two different measuring positions enabled by two
different vertical positions of the suspension magnet. The zero point position corresponds to
the first position where the balance is tared and calibrated, using the value obtained for all
subsequent measurements. In the second position, the electromagnet is energized, and the

basket containing the sample is lifted and weighed.

The gas pressure inside the measuring cell is assessed employing two pressure transducers
— P> and P3 (General Electric, USA), with a range of 0 - 100 mbar, and 0 - 10 bar, respectively.
While P; (General Electric, USA) operates between 0 - 350 mbar, and it assesses the pressure
of the gas in the transfer line. The relative humidity and temperature are measured by a
thermohygrometer (Testo, Germany) and a K-type thermocouple, respectively. Thermostatic
bath (Huber K6, Germany) is connected to the jacketed cell of the microbalance, and
temperature is controlled by fluid circulation inside it. The system is coupled to a vacuum pump

(Alcatel Vacuum Technology, France), that allows regeneration of the sample, as well as
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measuring adsorption equilibrium in the desorption branch. The data acquisition is carried out

by LabVIEW software (Laboratory Virtual Instrument Engineering Workbench).

Unlike the MSBi, MSB: (Figure 3.14b) has three different measuring positions. In the
additional third position, an inert sinker is lifted along with the basket and the total masses are
weighed. This procedure allows us to determine the density of the fluid phase in the adsorption
chamber. The pressure is monitored by three pressures transducers located at the inlet of the
balance, operating between 0 to 10 bar (Ps — General Electric, USA), 0 to 200 bar (Ps — General
Electric, USA), and 0 to 100 mbar (P4 — General Electric, USA) to measure low pressures. A
thermocouple controls the temperature inside the balance. The vacuum pump (Edwards RV3,
UK) has the same functionality as the vacuum pump in the MSB; set-up. A Rubotherm®

software performs data acquisition.
3.4.2 Experimental procedure

For adsorption equilibrium measurements, first, the basket, metal hook and glass wool were
weighted. The adsorbent and pre-weighted glass wool were placed in the basket. Then the

basket was placed on the balance, suspended by an inert metal hook.

Prior to the adsorption measurements, each MOF sample was activated in situ at 423 K for
12 h under vacuum. Two helium pycnometry measurements were performed to the system, one
with and other without adsorbent. Therefore, the determination of the exact dry mass of the
sample and volume for the buoyancy correction was possible. The buoyancy force is the main
inaccuracy in the gravimetric method, particularly significant for high pressures [68]. It is an
upward force exerted by the bulk fluid in all suspension components of the balance lifted by
the electromagnet but also affects the adsorbent and the adsorbate [68-70]. The absolute amount

of gas adsorbed was calculated by the following equation [66],

— A‘m-‘l'pG(VS‘H/C) PL (3 3)
msMy, PL=PG '

with Am corresponding to the difference between the mass recorded by the MSB and the initial
mass of the basket containing the activated sample and the glass wool; p; is the density of the
adsorbate gas at the measuring conditions (T, P); p, is the density of the adsorbed phase,

assuming that it is equal to the density of the liquid; Vs and V, is the adsorbent volume and the
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volume of the inert part (permanent magnet, basket, metal hook, and glass wool), respectively;

mg is the adsorbent mass, and M,, is the adsorbate molecular weight.

Gas was fed into the balance, contacting it with the adsorbent sample, aiming to achieve
experimental points of adsorption equilibrium at different pressures. The equilibrium was
reached when there was no variation in the pressure and mass with time (<1x10* mg-s™!). This
procedure was repeated until reaching the highest desired pressure. Subsequently, the
desorption branch of each adsorption equilibrium isotherm was obtained by depressurizing the

balance’s cell.

Water vapor adsorption equilibrium isotherms were conducted at different temperatures
(283, 303, 323, and 343 K). The H20O vapor was generated in a home-built vapor generator at
room temperature and fed into the balance after degassing. Oxygen, nitrogen, and carbon
dioxide adsorption equilibrium isotherms were performed at 283, 303 and 323 K, using high-

purity gases as described above.
3.5 Dynamic experiments

3.5.1 General description

Adsorption breakthrough experiments were conducted on a bench-scale fixed-bed unit.
Figure 3.15 illustrates the schematic representation of the experimental setup. The column pressure
control was performed by a manual back pressure regulator (BPR, Swagelok Co., USA), and
the column pressure was measured by a pressure transducer (PT, Swagelok Co., USA) placed
at the exit of the column. Mass flow controllers (MFC; and MFC,, Alicat Scientific Inc., USA)
allowed controlling the inlet gas flow rates, while the total outlet gas flowrate was monitored
by a mass flow meter (FMi, Alicat Scientific, Inc., USA). The assessment of the relative
humidity and temperature at the entrance and exit of the column was achieved by two Hygrotest
650 devices (HS: and HS», Testo AG, Germany). The temperature was also measured by one
K-type thermocouple located in the middle of the column (T, Omega, USA). A Compact Digital
Temperature Controller (TC, E5-CC, OMRON, Japan), connected to a heating rope (HR,
Omega, UK), carried out the control of the column temperature. A home built bubbler (Neves
& Neves Metalomecanica, Lda., Portugal) was employed to generate humidity transported by the

entrance gas flow. The CO: concentration at the column outlet stream was measured by an
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infra-red gas analyzer (Gas Data Ltd., UK). The unit is controlled by a LabVIEW based

interface.

e .

BP — Manual back pressure regulator
E — Exhaust
MFM - Flow meter
GA - Gas analyser
HR — Heating rope
HS;, HS; — Relative humidity and temperature sensors
MFC;, MFC, —Mass flow controller
PT — Pressure transducer
T —Thermocouple
TC — Temperature controller
V1, V3, V3, Vig, Vi1 — On-off valves
B Va,Vs,Ve,V3,Vs, Vo — Solenoid valves

MFC,

MFC, Vi

Figure 3.15. Scheme of the breakthrough experimental module in fixed bed column.

Figure 3.16. LabVIEW interface of the ESA unit control and data acquisition.
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Different stainless-steel columns were packed with MOF’s granules and both ends were
capped with glass wool. Before the adsorption breakthrough experiments, the adsorbent was

activated by heating up to 423 K under helium flow for 12 h.
3.5.2 Experimental procedure

The initial state of the column was fully regenerated and 0.2 SLPM of He flowing through
it. The feed gas was obtained from the mixture of two individual gas streams, in which mass
flow controllers controlled the flow rates. One gas stream consists of pure helium flow (0.1
SLPM) and the other stream consists of helium flow that passed previously through the bubbler,
i.e., saturated with water vapor (0.1 SLPM). The feed was switched to dry helium (0.2 SLPM)
for desorption of the adsorbed water. The composition of the exit flow was analyzed during the
adsorption and desorption by the gas analyzer (GA - Figure 3.15). This experimental protocol

was repeated for CO; and N saturated with water vapor.

A CO; breakthrough curve after adsorbent pre-saturation with water was also performed,
i.e., the adsorption bed is pre-saturated with a helium feed (0.2 SLPM) containing 50% RH,
then pure helium gas stream (0.1 SLPM) was switched to a pure CO; stream (0.1 SLPM),
maintaining constant the other helium stream saturated with water vapor (0.1 SLPM) passing
through the water bubbler. This lead to a feed composition of 50% of CO; in helium, containing
50% of RH. Desorption followed the protocol mentioned previously.

3.6 Diffuse Reflectance Infrared Fourier Transform (DRIFT)

spectra measurements

Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectra were collected using a
Nicolet 510-P FTIR spectrometer (Thermo Fisher Scientific, USA) equipped with a DiffusIR™
diffuse reflection accessory (PIKE Technologies, USA) and a chamber (DiffusIR
environmental chamber, HTV, ambient to 500 °C, PIKE Technologies, USA). The temperature
of the chamber was controlled using PIKE TempPRO software. Spectra were collected after
256 scans with a resolution of 4 cm™ in the spectral range of 4000—400 cm!. The recorded
absorbance values were transformed into the Kubelka-Munk units by OMNIC™ software.
Figure 3.17 presents a scheme of the DRIFTS set-up. Additionally, Fourier transform infrared
(FTIR) spectrum (4000-600 cm™') of MIL-160(Al) was acquired in a JASCO FT/IR-6800
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spectrometer (JASCO Analytical Instruments, USA) equipped with a MIRacle™ Single
Reflection ATR (attenuated total reflectance ZnSe crystal plate) accessory (PIKE Technologies,

USA). The analyses were performed using 256 scans with a resolution of 4 cm'!.

Prior to the collection of the DRIFT and FTIR spectra, adsorbent granules were grounded
into a fine powder and pressed into the sample holder. The samples were analysed without any
dilution. In a typical experiment, the sample was placed inside the chamber, which was then
sealed and continuously purged with helium. Each sample was activated under He flow at 423
K for 3 h. Then, the sample was cooled to 298 K and a He flow saturated with water was passed
over it. Infrared spectra were recorded periodically. The spectrum of pure He at ambient
temperature (~ 298 K) was used as background. After that, MOF regeneration was performed
by promoting water desorption at a controlled temperature ramp. In this case, the temperature
inside the infrared chamber was increased at a rate of 10 K-min™! to a determined value and a
spectrum was measured after stabilizing the system for 15 min at each temperature plateau,

when there is no change in the band intensities, implying that equilibrium has been reached.

In the He, CO; and He/CO; mixture experiments, a similar procedure of the experiments
with saturated helium was adopted. He, CO; and He/CO, mixture saturated with water at

ambient temperature were used as the background spectrum, respectively.

- -

‘
A 4
X
\

%%J F?W -

H,0

He
E — Exhaust
Vi, V3 — Needle valves

Vs, V4, Vg, V7 — On-off valves
Vs — Three-way valve

Figure 3.17. Schematic diagram of DRIFT measurements.
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3.7 Adsorption bed regeneration with solar energy

The study of regeneration efficiency with solar energy was performed in a xenon test
chamber (SOLARBOX 1500e, CO.FO.ME.GRA., Italy) (Figure 3.18). Different operating
conditions for solar regeneration were tested. Regeneration of the adsorbent is necessary to strip
the adsorbed water vapor, for its recovery. An efficient way of regenerating the adsorbent is by
heating it using a gas stream or through a heat transfer surface (thermal method). The thermal
regeneration of adsorbents usually is an energy-intensive process. Solar air heating systems
have been recently proposed as a useful alternative for adsorbent regeneration, as mentioned
before (Chapter 2) [71]. In arid regions with low humidity, there is an excellent availability of
sunlight (>7 kWh-m2-day™!, which are equivalent to 7 hours of 1 sun per day) [4]. The main
advantage of the solar air heating system is that the necessary energy for the endothermic
desorption process is provided by an inexhaustible natural resource (sun), which will lead to a
significant reduction in energy costs. This process is similar to thermo-chemical heat storage
systems, which utilize reversible exothermic/endothermic processes to store heat. In this case,
the heat (promoted by solar irradiation) is used to enable the endothermic process (the

desorption step [72]).

Static approache was studied, preceded by sample activation and column pressurization
steps. In the experiments, both valves were closed. The temperature inside the column was
recorded by K-type thermocouple along with the rise of irradiance (range between 250 to 950
W-m?). Sensor (S) measures the temperature inside the chamber. Equilibrium was attained

when a constant temperature was recorded.

E — Ehaust
L — Xenon lamp
S —Sensor

@ T — Thermocouple
e J E— — V,, V, — Valves

Figure 3.18. Schematic illustration of solar simulator.
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Chapter 4

4.1 Adsorption equilibrium models

Adsorption equilibrium isotherms were regressed against adsorption equilibrium isotherm
models to correlate adsorbed amount data with meaningful thermodynamic models that can be
introduced in the process models. Several equilibrium isotherm models used to model
adsorption equilibrium (kinetic and/or thermodynamic) of gases are presented in the literature.
They can be based on empirical or experimental data, and on thermodynamic and kinetic
reasoning [1, 2]. Several equilibrium isotherm models can be used to fit experimental

equilibrium data.

The Langmuir model, the Cooperative Multi-Molecular Sorption (CMMS) equations, the
Dual Ising-Single Langmuir (DISL) model, and the Polanyi's potential theory, were the selected

equilibrium isotherm models to fit experimental equilibrium data.
4.1.1 Langmuir model

The Langmuir model is a theoretical model for monolayer adsorption with a fixed number
of identical adsorption sites on the adsorbent surface [2, 3]. This model reconciles the pressure
of the gas with the amount of gas adsorbed [3]. The Langmuir model assumes that one site on
the adsorbent surface can accommodate one adsorbate molecule, all adsorption sites on the
surface are energetically identical and constant, and adsorbate molecules are adsorbed in
localized surface sites and does not exist interaction between neighboring adsorbed molecules

[2-4]. Langmuir model can be expressed as follows:

KP
q9=9m T p (4.1)

where q is the adsorbed amount on the adsorbent, q,, is the saturation adsorption capacity, P is

the pressure, and K is the adsorption equilibrium constant.

The van't Hoff law expresses the temperature dependence of the Langmuir adsorption

equilibrium constant (K):

K = k.e®T) 4.2)
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with K, corresponding to a constant containing the entropy term at infinite temperature, —AH
is the heat of adsorption, R, is the ideal gas constant (8.314 J-mol'-K™"), and T is the absolute

temperature of the system.
4.1.2 CMMS model

The CMMS model accounts for both water physisorption (Langmuir) and the interaction
between adsorbed water and other water molecules that leads to the formation of water clusters
(Ising) [5, 6]. Indeed, its mathematical expression results from the combination of each

independent model to represent the two sites of water adsorption [5, 7, 8].

Ko P KL P

q = Gsat1 Ko PrwD) + Gsat L @+KLP) (4.3)
where

w; = (1—K; P+ =K, P)? + 4K, P) (4.4)
and

K, = K, el it (4.5)
K, = K, el 7T) (4.6)
K, = Kk, el 7T) (A7)

where q is the total adsorbed amount, g, ; is the specific saturation adsorption capacity in
Ising isotherm, g4, ; is the specific saturation adsorption capacity in Langmuir isotherm, and
Koo, Kwop, Kej are the equilibrium constants of Langmuir-Ising isotherm, and their

temperature dependence is given by the van't Hoff law.

4.1.3 DISL model

The DISL model results from the junction of the independent Langmuir model with two sites

equally well represented by the Ising model and is an extension of the CMMS model (Equation
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4.3). The water cluster formation (Ising) occurs in the two different cavities of MIL-100(Fe),

as presented in Chapter 3 (Figure 3.8). The model is described by equation 4.8:

Kp P Ko,i P
q = 4sat L + Zi=A Bsat 1i ' 2
(14K, P) , "t (Ko, PHWE))

(4.8)

where A and B correspond to each one of the MIL-100(Fe) cages.
4.1.4 Polanyi’s potential theory

Polanyi’s potential theory suggests the presence of a surface force field, leading to
equipotential surfaces defining the specific volume of gas adsorbed [2, 9-11]. The adsorption
potential (€) is independent of temperature, resulting in an adsorption characteristic curve [10,

11].

Adsorption potential is defined in terms of one mole of perfect gas as [9, 12, 13]:

€= [ vdP =R,TIn(%) (4.9)

where Py is the saturation vapor pressure and v is the volume.
4.2 Isosteric heats of adsorption

The isosteric heat of adsorption (Q;5, = —AH;,,) corresponds to the released energy in
adsorption [2, 13, 14]. Isosteric heat of adsorption at zero loading is a measure of the binding
energy of the most energetically favorable binding site on the adsorbent surface. The isosteric

heat of adsorption is determined by applying the Clausius-Clapeyron equation:

d0lnP
Qiso = —AH;50 = RgT2 (%)q (4.10)

Neglecting the temperature dependence of the isosteric heat of adsorption, integration of the

above gives,
Inp=-20144 (4.11)
R T

where A is the integration constant.
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4.3 Fixed-bed adsorption model

A phenomenological model was developed to describe the dynamic adsorption behavior in
the adsorber, packed with the shaped adsorbent. The fixed-bed presents three phases (Figure
4.1):

1. the gas phase, energy exchange with column wall and gas phase, and mass exchange with
solid phase;
ii. the solid phase, the phase where occurs adsorption and diffusion;

iii.  the column wall, energy may be transferred to (or from) the surroundings.

| Column wall iy |

Gas phase C,

Solid phase 8

Macropores C,

Micropores q

Figure 4.1. Adsorption bed schema: column wall, gas phase, and solid phase (macropores and

micropores) [15].

The model includes mass, energy, and momentum balances. The main assumptions taken in
consideration were: (i) ideal gas behavior for the fluid phase; (ii) no radial gradients (mass,
heat, velocity); (iii) the film model was considered to describe external mass and heat transfer;
(iv) the bi-disperse nature of the adsorbent was taken into consideration, and the internal mass
transfer resistances were described by bi-linear driving force (Bi-LDF), with diffusion in
macropores and micropores; (v) the temperature is homogeneous inside each particle (the heat
transfer in solid particles is higher than in the gas phase); (vi) the Ergun equation is valid locally,
and (vii) constant porosity. The model was validated against the bench-scale breakthrough
experimental results. The model was solved in gPROMS® (PSE, UK) with the axial domain
discretized using the second-order orthogonal collocation on 200 finite elements as the

numerical method.
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4.3.1 Mass, Energy and Momentum balances

The material balance in the gas phase for each component is defined as,

2 (£DaxCoir 2E) = 2 (uoCyy) — £ 22— (1= £)apky(Coi — Cpi) = 0 (4.12)

where z is the axial position inside adsorption bed, ¢ is the bed porosity, D, is the mass axial
dispersion coefficient, C;r and C,; correspond to the total and component i gas phase
concentration, respectively, y; is the molar fraction of component i, u, is the superficial gas
velocity, t is the time, a, is the particle external specific area, ks is the film mass transfer
coefficient, and C i 1s the average of the particle concentration of component i in the

macropores.

The mass transfer in particle macropores is described by the Linear Drive Force (LDF) in

the following mass balance,

an,l' . .Qpr’iBii (

_r _p_paCh
ac = Ryeaesip \Coi T Cpi (4.13)

&y Ot

while micropore mass transfer is expressed as,

E:”D“(
at T2

i — 40 (4.14)

where (2, and {2, are the LDF factor for macropores and micropores, respectively, D, ; and D, ;
are respectively the macropore and micropore diffusivity coefficient, Bi; is the mass transfer
Biot number, R, is the particle radius, p,, is the particle density, €, is the particle porosity, q; is
the average adsorbed phase concentration of component i, 7, is the crystal radius, and g is the

adsorbed concentration of component i in equilibrium with m

The momentum balance is described by Ergun’s Equation, considering only the pressure

drop and velocity change, as defined by the following equation,

~ % = 15048y 41,7550

0z dp

[uolug (4.15)

where p is the bulk gas mixture viscosity, d,, is the particle diameter, and p,, is the gas density.
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The energy balance in the gas phase is defined as,

52 (150) ~ Gy 5

— &)aphy(Ty = T) - ZLM: (Ty —Tw) -

£CyrCy 52 =0 (4.16)

where Ty, T,,, and T, are respectively the gas, the particle, and the wall temperature, A is the
heat axial dispersion coefficient, C, is the gas mixture molar specific heat at constant
pressure, C,, is the molar heat capacities of the gas at constant volume, R, is the ideal gas
constant, hy is the film heat transfer coefficient between the gas and particle, while h,,

correspond to the film heat transfer coefficient between the gas and the wall, and d,,; is the wall

internal diameter.

In the solid phase, no temperature gradient inside the particle is considered, and the

following equation gives the energy balance,

A oT, oCp
(1_8)[ l 1 plCUl+ple 1qlCUadSl+pp Cps] atp = (1_£)£pRng apT

Pb [Z?=1(—AHiso,i) ‘Z—ﬂ + (1 —&)ayhy (T, — T,) (4.17)

with C,; corresponding to the molar specific heat at constant volume of the component i,
while C,, 445 ; 1s the molar specific heat at constant volume of the component i in the adsorbed
phase, Cps is the adsorbent specific heat per mass unit at constant pressure, C,, 7 is the average

total concentration, and pj, is the bulk density of the bed.

The energy balance equation to the bed wall is described as,

A 0T,
pWCp,w a_:v = awhw(Tg - Tw) - 6}:wl’U(Tw - Too) (418)
where p,, is the column wall density, CAp’W is the column wall specific heat per mass unit at
constant pressure, U is the overall heat transfer coefficient, T, is the ambient temperature, and

a,, is the ratio of the internal surface area to the column wall volume, while «,,, is the ratio of

the logarithmic mean surface to the column wall volume.
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4.3.2 Transport parameters and physical bed properties

The transport parameter values and physical bed properties required in the mathematical

model can be determined through the following expressions.

a,, and a,,, are defined as

= _Dw (4.19)

and

L 420
w ) ( )

Ay =
(Dy,+e) ln( Dy

where D,, is the bed diameter, and e is the thickness of the shell.

The pore diffusivity (D,, ;) can be determined by the following equation,

1 1 1
E_T,,( + ) (4.21)

where 7, is the pore tortuosity, Dy, ; is the molecular bulk diffusion coefficient of component i

within the gas mixture, and Dy ; is the Knudsen diffusivity of component i.

The molecular diffusivity for the mixture is given by,

1-yi

Dpi = —5; (4.22)
Zj,zl,Dm,ij
J#i

where y; is the molar fraction of the component j and D,y, ;; is the binary molecular diffusivity,

that can be estimated from:

0.5

T1-5<i+i>
M; M]
Dpij = 0.01881 — 1/ (4.23)

2
PU[]‘QD
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where Mi and M; are the molecular weights of components i and j, respectively. The
characteristic Lennard-Jones length for ij interaction (g;;) can be calculated from the individual
Lennard-Jones parameters by a simple mixing rule,

G'L'+O'j
2

and the collision integral for diffusion ({lp) can be calculated from the following empirical

relation [16]

Qp = 1.06036T*%1°61 4 0.193¢7047635T" | 1 (03587~ 152996T" 4

1.76474¢~389411T" (4.25)
with
Y (4.26)
Eij

where k is Boltzmann’s constant and

eij = El'Ej (427)

with €; and €; are the Lennard-Jones characteristic energy of components i and j, respectively.

For estimating Knudsen diffusivity of component i (Dy;), the following equation can be

used,

Dy; = 9.7-107°R, \/Mz (4.28)

Wakao and Funazkri [17] proposed the following correlation to calculate the mass axial

dispersion coefficient (D, ) in the limiting case of a porous bed with a rectangular isotherm:

£ — 20 + 0.55cRe (4.29)

m

where D,, is the molecular diffusivity, Sc and Re correspond respectively to the Schmidt and

Reynolds numbers and can be given by the following equations:

135



Chapter 4

Se = pg!;m (4.30)
Re = "Q’L—Dh (4.31)

where D, is the hydraulic diameter, which is defined as,

D, = (4.32)

Sp
where V, is the particle volume, and S,, is the particle’s external surface area.

The viscosity of the gas mixture can be calculated from the method of Wilke [18],

—_yn _ Yiki
= Zi:lezlJ/id’ij (4.33)

where Wilke's ¢;; coefficients are given by

iy = ———— (4.34)

and the viscosity of individual components (y;) is a function of temperature and can be

calculated from the method of Chung [19]

1; = 4.0785 - 10-6 FeMim*/2
L .

e, (4.35)

where V; is the critical volume of component i, ), is the collision integral for viscosity, and

factor F, has been empirically given by,

F, = 1—0.2756w; + 0.059035u, + ¢ (4.36)

where { is a special correction parameter for highly polar substances, (in the present case it can
be considered ¢ = 0); w; is the acentric factor of the component i, and y, is a dimensionless

dipole moment given as,

ur; =1313 —H— (4.37)

(Vc,iTc,i)
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where p,.; is the dipole moment of component i in debyes, and T, ; is the critical temperature
of component i. The collision integral for viscosity can be estimated by the empirical equation

proposed Neufeld ef al. [16],

Q, = 1.16145(T*) 014874 4 (0.52487¢~0-77320T" 4 2 16178e 2437877 (4.38)
valid for 0.3 < T* < 100 with T* = 1.2593T, (4.39)
and T, = Tl (4.40)

The previously presented correlation for axial dispersion coefficient (equation 4.29) is valid
for 3 <Re < 10000, while the following correlation proposed by Edwards et al. [20] was applied

to calculate the axial dispersion for 0.008 < Re < 50:

EDgx ScRe

D, = 0.73e + O.SW (441)
The diffusional time constant for the crystals (K,) is defined as,

D¢
K. = 15rc_2 (4.42)

where D, is the intracrystalline diffusion coefficient. The LDF approximation at the crystal

level is only valid if,

Dc,it

T2

> 0.1 (4.43)
with D ; is the diffusivity of component i, and has exponential dependence of temperature,

D.; = D2;exp (ﬁ) (4.44)

RgT

where Dg ; 1s the limiting diffusivity at infinite temperatures, E, ; is the activation energy of

component i, and the following equations can compute them,

D%, = 1.633-1071° /EML (4.45)

Ea,i = 0.4’5(—AHL'50‘1') (446)
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The film heat transfer coefficient between the gas and particle (hy) is given by,

BPh — 50 + 1.1Re®6 Pr1/3 (4.47)

kg,i

where kg is the gas thermal conductivity and Pr is the Prandtl number, which are defined as,

pr =2 (4.48)
kg

k. =yn  _Yikgi (4.49)

9 =LY vidij

with kg ; defined as,

i 5
kg = 51000 (i +3 Ry ) (4.50)

where C'p corresponds to the gas mixture molar specific heat at constant pressure and Cy, ; is the

molar specific heat at constant pressure of component i.

The film heat transfer coefficient between the gas and column wall (h,,,) can be estimated

by the Wasch and Froment correlation [21],

. 2 .
% = 140 + 0.013396 -2+ Re 4.51)

g dpkg
The film mass transfer coefficient of component i (k) is obtained by,

_ ShDm.i

ki = (4.52)

2Ry
where S, is the Sherwood number and is calculated by,
Sh = 2.0 + 1.1Sc'/3Re® (4.53)

The heat axial dispersion coefficient (1) can be given by,

ki = 7 + 0.5PrRe (4.54)

g
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The Biot number (Bi;) of component i is defined as,

Bi; = ~2X1i (4.55)

5£pr’i

The overall heat transfer coefficient (U) can be determined by,

l:i+ﬂ+ﬂ (4.56)
U hyw Awdln dwehex
where 4,, is the wall conductivity, d,, . is the external diameter of the column, h,,, is the external

convective heat transfer coefficient, and d;,, is obtained by the following expression,

dy = Dt (4.57)

dwe
ln( dwi)
Churchill and Chu correlation can be used to estimate the external convective heat transfer
coefficient (h,,) [22],

Y
RexL 0.67Ra /4

= 0.68 + —X " (4.58)

0.492 g/16 /
[1+( Pr ) ]

kg,ex

where kg ¢, is the thermal conductivity of the external gas, L is the column length, and Ra is

the Rayleigh number which is defined by,
Ra = GrPr (4.59)
with Gr corresponding to the Grashof number and defined as

_ 3
Gr = 9B (Tw—Teo)L” (4.60)

2
Vk

where g is the acceleration of gravity (9.8 m-s?), 8 is the thermal expansion coefficient, vy is

the kinematic viscosity of the external gas, and T, is the external temperature.
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4.3.3 Initial and boundary conditions

The initial and boundary conditions allow solving the partial differential equation (PDE)
system. The orthogonal collocation on finite elements as the numerical method was used to
solve the PDE system. The initial and boundary conditions employed in the mathematical model
simulation steps are present in Table 4.1. For the fixed-bed experiments, a column filled with
helium (inert gas) at operating temperature and pressure (initial conditions) was considered.

Another assumption employed in the simulation was the fact that the pressure is measured at

the end of the column.

Table 4.1. Initial and boundary conditions of mathematical model simulation.

Initial Conditions

Yinert = 1
Cg,i = 0 for i # inert

Cg,inert = Cg,T

Tg = TP = TW = Tinlet

Boundary Conditions

Outlet

E)Cg,i
0z
9Ty _
0z

P = Poutlet

Inlet

C C 9Cy.
U, ; i i =Uu —_
o inlet “inlet ,i 0 9z

gi SDax

Uy inlet Cinlet T = U, Cg,T

or,
Up inlet Cinlet ,T Cp Tinter = Uo Cg,T Cp Tg -1 E
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Notation

o

p.i

Cp,i

o f\| ()
T oy = 4
< < = k

particle external specific area [m?-kg!]
integration constant [-]
mass transfer Biot number [-]
gas phase concentration of component i [mol-m™]
total gas phase concentration [mol-m™]
gas mixture molar specific heat at constant pressure [J-molt-K!]
molar specific heat at constant pressure of component i [J-molt-K!]
average of the particle concentration of component i in the
[mol-m]

macropores
adsorbent specific heat per mass unit at constant pressure [J-kg! K1
average total concentration [mol-m™]
gas mixture molar specific heat at constant pressure [J-molt-K!]
column wall specific heat per mass unit at constant pressure [J-kg! K1
molar heat capacities of the gas at constant volume [J-mol!-K!]
molar specific heat at constant volume of the component i in the

[J-mol!-K!]
adsorbed phase
molar specific heat at constant volume of the component i [J-mol K]
particle diameter [m]
external diameter of the column [m]
wall internal diameter [m]
mass axial dispersion coefficient [m?s7]
micropore diffusivity coefficient [m?-s!]
limiting diffusivity at infinite temperatures [m?-s!]
hydraulic diameter [m]
Knudsen diffusivity of component i [m?-s!]
molecular diffusivity [m?s71]
molecular bulk diffusion coefficient of component i [m?s71]
binary molecular diffusivity [m?-s!]
macropore diffusivity coefficient [m?-s!]
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qsat I

qsat L

Qiso

bed diameter

thickness of the shell

activation energy of component i

correction factor of dilute gas viscosity

acceleration of gravity

Grashof number

external convective heat transfer coefficient

film heat transfer coefficient between the gas and particle
film heat transfer coefficient between the gas and the wall
Boltzmann’s constant

film mass transfer coefficient

film mass transfer coefficient of component i

gas thermal conductivity

thermal conductivity of the external gas

adsorption equilibrium constant

diffusional time constant for the crystals

adsorption equilibrium constant at infinite temperature
equilibrium constants of Langmuir-Ising isotherm
column length

molecular weight of components i

molecular weight of component j

pressure

saturation vapor pressure

Prandt] number

total adsorbed amount

average adsorbed phase concentration of component i

adsorbed concentration of component i in equilibrium with C, ;
saturation adsorption capacity

specific saturation adsorption capacity in Ising isotherm
specific saturation adsorption capacity in Langmuir isotherm
isosteric heat of adsorption

crystal radius

[kg-mol!]
[kg-mol!]
[Pa]
[Pa]

mol-kg']
mol-kg!]
mol-kg']
mol-kg']
mol-kg!]

— ™ ™ ™ ™ ™

mol-kg!]
[J-mol']
[m]
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ideal gas constant

particle radius

Rayleigh number

Reynolds number

Sherwood number

particle’s external surface area
Schmidt number

time

temperature

critical temperature of component i
gas temperature

particle temperature

wall temperature

external temperature

superficial gas velocity

overall heat transfer coefficient
critical volume of component i
particle volume

acentric factor of the component i
molar fraction of component i
molar fraction of the component j

axial position inside adsorption bed

[J-mol!-K!]
[m]
[-]
[-]
[-]
[m?]
[-]
[s]
[K]
[K]
[K]
[K]
[K]
[K]
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Greek letters

D

ratio of the internal surface area to the column wall volume

ratio of the logarithmic mean surface to the column wall volume

thermal expansion coefficient

heat of adsorption

isosteric heat of adsorption

bed porosity

particle porosity

adsorption potential

Lennard-Jones characteristic energy of component i
Lennard-Jones characteristic energy of component j
correction parameter for highly polar substances
heat axial dispersion coefficient

wall conductivity

bulk gas mixture viscosity

viscosity of component i

reduced dipole moment

dipole moment of component i

volume

kinematic viscosity of the external gas

bulk density

gas density

particle density

column wall density

individual Lennard-Jones parameter of component i
individual Lennard-Jones parameter of component j
characteristic Lennard-Jones length for ij interaction
pore tortuosity

Wilke's coefficients

LDF factor for macropores
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Qp collision integral for diffusion [-]
1, LDF factor for micropores [-]
Q, collision integral for viscosity [-]
Abbreviations

CMMS Cooperative Multi-Molecular Sorption

DISL Dual Ising-Single Langmuir

LDF Linear Drive Force

PDE Partial Differential Equation
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Chapter 5

5.1 Adsorbents characterization

Thermogravimetric analyses, textural, morphologic and crystallographic characterization
were performed by different techniques, as previously described in Chapter 3. The key results,
regarding the Al-Fum, CAU-10, MIL-160(Al), MIL-100(Fe), and MIL-125(Ti) NH, samples,

and drawn conclusions are outlined in this chapter.
5.1.1 Thermogravimetric analyses

Thermogravimetric analyses on dry MOFs (He), after their regeneration, and saturated with

water (He+H>O) were performed (Figure 5.1) through a Netzsch STA 409 PC Luxx set-up.

The dry Al-Fum TG curve shows one distinct mass loss event between 700 and 800 K, while
for the saturated sample, two mass loss stages occurred. Namely, the desorption of water
molecules at 325 K to 400 K, representing about 20% of weight loss, and starting of the material
degradation at 800 K. Thermal stability is in agreement with Mani et al. [1] and Karmakar et
al. [2] studies, who reported, for this MOF, thermal stability until around 700 K. MIL-160(Al)
TGA profile exhibits two different mass loss stages, namely a first stage from 300 K to 400 K,
and the second one localized on the range of 650 K to 800 K. The first step can be attributed to
water desorption with a weight loss of 22.5 % in the saturated material. The second stage is
ascribed to the MOF framework combustion. For temperature above 800 K, the framework is
degraded, thus producing an alumina residue (Al>O3) that represents about 50 % of the initial
dry mass, as also observed on Al-Fum TG. The ratio is in accordance with the stoichiometric
ratio between the inorganic and organic building blocks. The thermal stability of this material
is in good agreement with the thermal stability reported in the literature for MIL-160(Al)
materials [3-8]. CAU-10 presents similar mass loss steps to the ones observed for MIL-160(Al),
the first step also between 300 K to 400 K; however, the second stage is localized at a higher
temperature in the range of 800 to 930 K, with the formation of Al;O3. In the range of 675 K to
725 K, a small mass loss of about 2.4% and 1.7% for dry and saturated CAU-10, respectively,
was observed. The Al>O; residue formed is about half of the initial dry mass, in line with the
previous referred Al-based MOFs. The TG curve obtained for MIL-100(Fe) agrees with the
results published by Simon and co-workers [9] exhibiting three mass loss stages. The first stage
is attributed to the desorption of water molecules (32.8% for saturated material), while the

following steps are related to degradation of the MOF structure, by the organic ligand
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decomposition, followed by the reduction of the iron oxide (Fe203) [10]. The TG curve of MIL-

125(Ti) NH> for the dry sample presents mainly mass loss in one step, about 640 K, which

represents the thermal stability of the material. This step corresponds to the degradation of the

framework and consequent TiO; formation. The TG of the saturated sample, besides the mass

loss due to its thermal decay, as previously said at 640 K has a first step at about 390 K. This

first step can be associated with the water desorption, representing about 20% of its original

wet mass, in agreement with the literature reported data [11]. To conclude, excepting to MIL-

100(Fe), all the selected samples are thermally stable at least up to 650 - 700 K.
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Figure 5.1. TGA curves of (a) Al-Fum, (b) CAU-10, (c) MIL-160(Al), (d) MIL-100(Fe), and
(e) MIL-125(Ti) NHo after regeneration (He) and after material saturation (He + H>O).

5.1.2 Textural, morphologic and crystallographic characterization

Textural, morphologic and crystallographic characterization was performed according to the
procedures reported in Chapter 3. He pycnometry, N> adsorption-desorption at 77 K, CO»
adsorption at 273 K, SEM/EDS analysis, Hg intrusion porosimetry, XRD analysis, and

mechanical resistance tests were carried out on all samples.

The N physisorption equilibrium isotherms at 77 K are shown in Figure 5.2a—e).
Characterization by N> adsorption at 77 K allowed to determine the surface area and micropore
volume for each material, and the obtained values are reported in Table 5.1. As can be seen,
MIL-160(Al) is characterized by a Type I shape behavior (Figure 5.2¢), according to the [UPAC
classification, corresponding to the characteristic isotherm shape obtained in microporous
materials (pore diameter < 2 nm). The N» adsorption-desorption equilibrium isotherm obtained
is consistent with the study performed by Permyakova and co-workers in MIL-160(Al) granules
[6]. Both MIL-160(Al) granulated samples, reported in this work and by Permyakova et al. [6],
present a higher N> adsorbed amount when compared to MIL-160(Al) pellets, reported by
Gokpinar et al. [8], but lower compared with MIL-160(Al) powder [5, 6], as expected.

As reported in the literature, the combination of Type I and Type IV isotherm of MIL-
100(Fe) (Figure 5.2d) presents two uptakes (P/P, ~ 0.04 and 0.12) due to its two cage typologies
(microporous: 5.5 — 8.6 A; mesoporous: 25 — 29 A) [12, 13]. The shape of N adsorption

equilibrium isotherm is in good agreement with the literature, for shaped material, presenting
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values below the reported ones for powder, as expected [12, 14-17]. Nevertheless, the isotherm
shape is similar to one reported by Valekar et al. in MIL-100(Fe) granules, although its
adsorption loadings are slightly higher [17]. However, N> adsorbed amount is more similar to

the values obtained on MIL-100(Fe) pellets of the same study [17].

The pores networks of the other three materials are also composed of micropores and
mesopores. The adsorption equilibrium isotherms feature a Type I shape with a high N»
adsorbed amount at low relative pressures, proving the presence and accessibility of micropores
in those materials. The hysteresis loops are of type H2, a fingerprint of the existence of
mesoporous and/or macroporous structures [18]. Al-Fum (Figure 5.2a) N adsorption
equilibrium isotherm presents a similar shape to other isotherms reported in the literature, for
relative pressures below 0.8 [8, 18, 19]. However, for high relative pressures (P/P, > 0.8) the
N2 loading values do not present the abrupt increase, which is characteristic of Al-Fum [3, 19].
Besides the adsorption equilibrium isotherm shape, the N> adsorbed amount itself also shows
comparable values with those reported on Al-Fum powder [8, 18] and Al-Fum granules [19,
20], except the values reported on the study by Gokpinar et al. [8], for a granular sample, which
are lower. Regarding CAU-10 material (Figure 5.2b), the isotherm curve is in good agreement
with the literature [21]. MIL-125(Ti) NHoz (Figure 5.2¢) presented an N> adsorption equilibrium
isotherm similar to other already present on the open literature [22-27]. Yet, the N2 adsorbed

amount is lower than the reported ones, for MIL-125(Ti) NHo pellets and granules [24, 26].
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Figure 5.2. N2 adsorption-desorption equilibrium isotherms at 77 K for (a) Al-Fum, (b) CAU-
10, (c) MIL-160(Al), (d) MIL-100(Fe), and (e) MIL-125(Ti) NHo.

Figure 5.3 presents the CO; adsorption equilibrium isotherms at 273 K of the five MOF

samples obtained after activation under vacuum at 423 K for 12 h, as mentioned in Chapter 3.

Unlike Nz at 77 K, CO; adsorption at 273 K does not present diffusion limitations on the narrow

micropores (< 0.7 nm) due to its higher kinetic energy (high adsorption temperature) [28].
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All the materials show Type I shape CO> adsorption equilibrium isotherms, according to the
IUPAC classification, a characteristic behavior of microporous materials. The presence of
narrow pores in the materials is clear, but an apparent adsorption plateau is not evident at low
tested pressures, particularly in Al-Fum, MIL-125(Ti) NH;, and MIL-100(Fe). At low
pressures, MIL-160(Al) presents the highest affinity with CO,, followed by CAU-10, Al-Fum,
MIL-125(Ti) NH>, and MIL-100(Fe).

Hg intrusion porosimetry (MIP) analysis: the macroporosity was characterized by the
intrusion of Hg into the macropores by increasing the intrusion cell pressure (Chapter 3). The
results are displayed in Figure 5.4 in the form of log differential pore volume versus diameter
(DV /D logd) since is the most appropriate representation of pore size distribution (PSD) by
MIP [29]. All the materials present a developed macroporosity, due to the presence of
interparticle voids generated during the shaping of the material [8, 17]. The obtained average

(macro)pore diameters for the five samples are summarized in Table 5.1.
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Figure 5.4. Pore size distribution by Hg intrusion on (a) Al-Fum, (b) CAU-10, (c) MIL-160(Al),
(d) MIL-100(Fe), and (e) MIL-125(Ti) NHa,.

Indeed, the main results of the samples’s textural properties obtained by complementary
characterization techniques are presented in Table 5.1. Langmuir, Dubinin-Radushkevich (DR),
and BET were the three models used to estimate the surface area. Additionally, N> adsorption
equilibrium isotherms allowed to evaluate the micropores volume (t-plot micropore area) and
the total pore volume. Micropore volumes were also obtained by employing the DR (limiting
micropore volume) method to the CO» adsorption equilibrium data. Particle porosity, average
(macro)pore diameter, particle apparent density, and apparent skeletal density were obtained

through the Hg porosimetry, while He pycnometry was used for assessing the solid density.
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Table 5.1. Summary of textural characterization of Al-Fum, CAU-10, MIL-160(Al), MIL-

100(Fe), and MIL-125(Ti) NHa.
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volume = mass/(pellet volume - (macro + meso + micro) pore volume)).
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SEM and EDS analysis: samples morphology was analyzed by SEM micrography (Table
5.2), while EDS (Figure 5.5) provided information about the MOFs chemical composition
(Chapter 3). The SEM images are not very clear due to the sample surface charging, leading to
surface instability of the material. For this reason, it was not also possible to perform EDS
analysis on MIL-160(Al). The SEM images reveal that all materials present crystals with
irregular size and shape. CAU-10 granules are predominantly of about I mm and show powdery
surface. The CAU-10 faceted crystals present size between 1.5 and 3.8 um. The particle size of
MIL-160(Al) granules is about 3 mm, with crystal size of about 0.7 pm. MIL-100(Fe) presents
particles with a coarse surface and length of about 1 mm, and most of the crystals have an
average dimension of 0.4 um. MIL-125(Ti) NH> exhibits crystals with irregular shapes and
different sizes, ranging from 90 nm to 2 pm. Al-Fum porous surface is composed of irregular

agglomerates with different sizes.
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Table 5.2. Scanning electron micrographs on the granulate, granulated surface, and on the

interior of granulate of Al-Fum, CAU-10, MIL-160(Al), MIL-100(Fe), and MIL-125(Ti) NHo,.
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Table 5.2. Scanning electron micrographs on the granulate, granulated surface, and on the

interior of granulate of Al-Fum, CAU-10, MIL-160(Al), MIL-100(Fe), and MIL-125(Ti) NHo,.
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The Al-Fum, CAU-10, and MIL-100(Fe) EDS spectra (Figure 5.5a-c) present the elements
expected except the gold (Au) and palladium (Pd), which can be related to the coating of the
material, and the silicon (Si) probably used as the binder, in the form of silica, during the
granules shaping. MIL-125(Ti) NH> spectrum confirms the presence of carbon, nitrogen,

oxygen, and titanium atoms (Figure 5.5d), which is in agreement with the expected adsorbent

composition.
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Figure 5.5. EDS spectrum of (a) Al-Fum, (b) CAU-10, (c) MIL-100(Fe), and (d) MIL-
125(Ti) NHo.
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The measurements of single particle crushing strength were performed for all MOF
samples. The maximum compressive strength was evaluated for each granule (Figure 5.6),
placed on its most stable position. For MIL-125(Ti) NHa, only 21 of the 61 analyzed particles
were considered in the statistical evaluation due to the low crushing strength values. Table 5.3
summarizes data of crushing strength tests on each material, namely the number of particles
tested, strength average, the standard deviation (STD), and the maximum and minimum

strength values.

MIL-100(Fe) presents the highest mechanical resistance in opposition to CAU-10 where all
particles presented a maximum crushing force of 1 N, which corresponds to the minimum value
of the detection limit. Additionally, for Al-Fum, only five particles present a mechanical

strength higher than 1 N.
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Figure 5.6. Maximum radial crushing strength of individual measured particles in the (a) Al-
Fum, (b) CAU-10, (c) MIL-160(Al), (d) MIL-100(Fe), and (e) MIL-125(Ti) NH,. (=)

represents the average, and (=) corresponds to a 95 % confidence interval of the average.

Table 5.3. Crushing strength of the five MOF samples.

Parameters (N) Al-Fum CAU-10 MIL-160(Al) MIL-100(Fe) MIL-125(Ti)_NH2
N° of particles 50 50 33 48 21
Crushing strength average 1.8 1.0 3.0 3.8 3.5
STD 24 0.0 1.7 1.4 0.9
Minimum value 1 1 1 1 <2
Maximum value 12 1 6 8 6

Figure 5.7 illustrates the XRD pattern of each MOF sample. The XRD patterns revealed
pronounced diffraction peaks (crystal phase) without a significant presence of broad peaks
(amorphous phase), thus proving the crystallinity of all samples. All the materials displayed
peaks at low angles (20 < 20°). MIL-100(Fe) and MIL-125(Ti) NH; display peaks with the
lowest relative intensities. The formation of nanocrystals on Al-Fum is probably responsible
for the presence of small broad Bragg reflection peaks, as occurred in other reported studies
[18, 30]. CAU-10 presents high crystallinity with high relative intensities of the reflections up
to 30° (20). Some similarity between XRD patterns of MIL-160(Al) and CAU-10 is observed;
however, MIL-160(Al) pattern presented smaller relative intensities of the diffraction Bragg

peaks. This similarity was expected since both materials are isostructural, as previously
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mentioned in Chapter 3. The MIL-100(Fe) diffraction pattern is in accordance with the pattern
reported in the literature for this structure [9, 31-33]. MIL-125(Ti) NH> shows similarity with
XRD patterns described in the literature, particularly for low angles (10° <26 < 20°) [22, 34].
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Figure 5.7. XRD pattern of shaped (a) Al-Fum, (b) CAU-10, (c) MIL-160(Al), (d) MIL-
100(Fe), and (e) MIL-125(Ti) NHo,.
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5.2 Adsorption equilibrium data

Adsorption equilibrium data of CO2, N, and O, were assessed on MIL-160(Al), MIL-
100(Fe), and MIL-125(Ti) NHa, at 283 K, 303 K, and 323 K, in the MSB; (Figure 3.14a). The
CO; and N; adsorption equilibrium isotherms on MIL-125(Ti) NH; at 303 K, 323 K, and 343
K were previously reported by Regufe et al. [35]. The adsorption equilibrium isotherms of
these air components allowed to evaluate their affinity towards the material and predict the
possible competition on co-adsorption with water molecules. The Langmuir model was
regressed against the experimental adsorption equilibrium data of CO2, N2, and O,. On CAU-
10 and Al-Fum, these gases were not measured due to the results obtained in the previously
mentioned materials, which led to conclude on the inexistence of competition between the air

gases and vapor water.

Water adsorption equilibrium isotherms were performed in all materials in the temperature
range of 283 K to 343 K. On MIL-125(Ti) NH; and MIL-100(Fe), measurements were
performed in the MSB; (Figure 3.14a) at 283 K, 303 K, and 323 K, while on MIL-160(Al),
CAU-10, and Al-Fum the measurements were performed in the temperature range of 303 K to
343 K, in the MSB; (Figure 3.14b). The use of two different microbalances for the same type
of measurements was due to technical problems in the initially selected MSB1, thus leading to
a tuning of the temperature of the measurements on MIL-160(Al), CAU-10, and Al-Fum. Water
adsorption equilibrium data were fitted using the CMMS model, the DISL model, and Polanyi’s
theory model. The Polanyi’s theory is a predictive model of H2O vapor adsorption equilibrium
isotherms at different temperatures, which relates the amount adsorbed with the equilibrium
adsorption potential providing a characteristic adsorption curve independent of temperature
[36-39]. The characteristic curve is dependent on the adsorbent and adsorbate structure and only

can be applied when water adsorption does not affect the MOF’s structure [40, 41].
5.2.1 Al-Fum

H>O vapor adsorption equilibrium isotherms were determined at 303 K, 313 K, 323 K,
and 343 K between 0 and 34 mbar (Figure 5.8). The adsorption equilibrium isotherms obtained
experimentally were fitted by the CMMS model (Chapter 4, eq. 4.3). Two different sets of
fitting parameters were obtained for the adsorption equilibrium isotherms (Fitting 1 and Fitting

2), and they are summarized in Table 5.4. The water vapor adsorption equilibrium isotherms
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present a Type IV shape following the IUPAC classification, and are similar to previous results
reported in the literature [42-46]. At low-pressure region (P/P, < 0.25 and P/P, < 0.28 at 303
and 313 K, respectively), the material presents a hydrophobic behavior. The water vapor uptake
reaches the saturation plateau at 303 K for a relative pressure of 38.5 % (13.5 mol-kg™!). When
comparing results for the same temperature, in the Han et al. [47] and Gokpinar et al. [45]
studies, the adsorbed amount values are comparatively higher (the water vapour adsorbed was
15.8 and 14.3 mol-kg'!, respectively at relative pressure of about 0.30). The same discrepancies
in the amount of water vapor adsorbed occurred at 313 K and 323 K, presenting lower values

compared to those reported in the Han et al. [47], GOkpinar et al. [45], and Lenzen et al. [46]

studies.
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Figure 5.8. Water vapor adsorption-desorption equilibrium isotherms on Al-Fum at 303 K, 313
K, 323 K, and 343 K as a function of (a) relative pressure and (b) absolute pressure (filled
symbols: adsorption, open symbols: desorption), and CMMS fitting lines (a, b — Fitting 1; ¢, d
— Fitting 2) (Chapter 4, eq. 4.3).
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Table 5.4. Fitting parameters of CMMS model for water adsorption equilibrium isotherms on

Al-Fum.

Value

CMMS parameter

Fitting 1  Fittting 2
satr. (mol-kg™!) 1.95 13.8
Qsatr (mol-kg™) 12.1 10.9
Ko, 1 (bar) 2.45x10® 1.60x108
Koo (bar) 1.54x107 5.05x107
Koo (bar?) 3.92x10° 8.45x107
—AH; (kJ-mol ™) 554 56.2
—AH, (kJ-mol™) 32.0 43.0
—AHL (kJ-mol ) 59.6 40.8

Figure 5.9 plots the adsorbed amount against the equilibrium adsorption potential at 303 K,

313 K, 323 K, and 343 K, yielding a single characteristic curve as predicted by the Polanyi's

theory.
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Figure 5.9. Polanyi’s characteristic curve of water on Al-Fum at 303 K, 313 K, 323 K, and 343

K (filled symbols: adsorption, open symbols: desorption).

The isosteric heat of adsorption of water on Al-Fum was determined by the Clausius-

Clapeyron equation (Chapter 4, eq. 4.10), applied to experimental data of the four temperatures
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(303 K, 313 K, 323 K, and 343 K). The computed isosteric heat of adsorption values are in the
range of 50.6 to 60.6 kJ-mol™!. The values obtained are similar to isosteric heat range values
reported in previous studies performed by Han et al. (45.3 to 51.6 kI'mol™') [47], Teo et al.
(36.7 to 52.5 kJ-mol ') [43], and Gokpinar ef al. (46.6 to 55.8 kJ-mol ') [45].
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Figure 5.10. Isosteric heat of adsorption as a function of H>O adsorption loading on Al-Fum.

5.2.2 CAU-10

H>O vapor adsorption equilibrium isotherms were determined at four different
temperatures (303 K, 313 K, 323 K, 343 K) in the pressure range of 0 to 32 mbar. Adsorption
equilibrium isotherms were fitted by the CMMS model (Chapter 4, eq. 4.3), and the parameters
are shown in Table 5.5. Figure 5.11 shows the adsorption equilibrium isotherms on CAU-10,
revealing a characteristic Type IV shape, by the [UPAC classification. No hysteresis is observed
in the desorption-branch isotherms. The shape of the obtained adsorption equilibrium isotherms
is similar to the shape of the adsorption equilibrium isotherms already reported in the literature;
yet, the steep rise observed usually is not so sharp [44, 48, 49]. Nonetheless, in the study
performed by Cadiau and his co-workers, the same sudden increase was observed [4]. This
sharp rise in the adsorption equilibrium isotherms occurs at a relative pressure of 0.18 (7.5
mbar), 0.21 (16 mbar), 0.24 (29 mbar), and 0.32 for 303 K, 313 K, 323 K, and 343 K,
respectively. Indeed, until the steep rise, the material presents a hydrophobic behavior. The
increase on the water uptake at 303 K starts at P/P, = 18 %, reaching the saturation plateau at a

relative pressure of 20 % P/P, with 13.5 mol-kg™!, while in Lopez-Cervantes ef al. study [48],
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the step occurred in the relative pressure range of 0.20 to 0.40 (16.0 mol-kg™!). However, Cadiau

and co-workers reported a sharp rise in the range of 0.15 to 0.18 (15.7 mol-kg™") [4].
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Figure 5.11. Water vapor adsorption-desorption equilibrium isotherms on CAU-10 at 303 K,
313 K, 323 K, and 343 K as function of (a) relative pressure and (b) absolute pressure (filled
symbols: adsorption, open symbols: desorption), and CMMS fitting lines (Chapter 4, eq. 4.3).

Table 5.5. Fitting parameters of CMMS model for water adsorption isotherms on CAU-10.

CMMS parameter Value

ot (mol-kg) 202
satt (mol-kg™!) 12.5
Ko, (bar!) 2.99x10®
Koo (bar!) 8.50%x10°
Koo (bar) 5.25x107
—AHj (kJ-mol ™) 56.0
—AH, (kJ-mol!) 24.0
—AHy (kJ-mol™) 52.1

Figure 5.12 shows the Polanyi’s characteristic curves of CAU-10 at different temperatures,

which collapse into a single curve, as can be observed.
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Figure 5.12. Polanyi’s characteristic curve of water on CAU-10 at 303 K, 313 K, 323 K and
343 K (filled symbols: adsorption, open symbols: desorption).

Figure 5.13 shows the isosteric heat of adsorption as a function of loading, obtained by
applying the Clausius-Clapeyron equation (Chapter 4, eq. 4.10) to the experimental data. An
increase of the isosteric heats of adsorption values with the loading is visible. The isosteric heat
values tend to values above the enthalpic parameters obtained when regressing the CMMS
model against the experimental data reported in Table 5.5. The obtained isosteric heat of
adsorption values are in accordance with the values reported in the literature by Cadiau et al.
(~ 50.0 kJ-mol") [4], determined by Clausius-Clapeyron equation. In the study performed by
Teo and Chakraborty the estimated enthalpic parameter was 54.6 kJ-mol™! [44].
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Figure 5.13. Isosteric heat as a function of H>O loading on CAU-10.
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5.2.3 MIL-160(Al)

02, N2, and CO; adsorption equilibrium data were assessed at 283 K, 303 K, and 323 K
on MIL-160(Al) (Figure 5.14). These adsorption equilibrium data were fitted with the
Langmuir model (Chapter 4, eq. 4.1). The parameter estimation was carried out by minimizing
the sum of the square of the differences between the predicted and experimental values, using
the Excel Solver. Table 5.6 presents the Langmuir model parameters for each adsorbate. In all
adsorption equilibrium isotherms, no hysteresis was observed. O, and N> adsorption
equilibrium isotherms exhibit an almost linear shape and similar adsorbed amount. CO>
adsorption equilibrium isotherms present a Type I shape according to IUPAC classification,
which agrees with adsorption on microporous adsorbents [50]. A similar pattern was also
previously presented for CO> adsorption on AI-MOF [20]. The adsorbed amount increases
following the sequence N> < Oz < CO,, which agrees with previous results reported for CO>
and N> on MIL-160(Al) [50]. Adsorption equilibrium data on O> on MIL-160(Al) are not
available in the literature. CO; adsorption equilibrium isotherm at 303 K is in agreement with
the results previously reported in the literature for shaped MIL-160(Al) [50]. In Borges et al.
study, at 1.49 bar and 303 K, the CO, amount adsorbed was 4.06 mol-kg!> which is in excellent
agreement with the one reported in our study (CO, amount adsorbed of 3.96 mol-kg™! at 1.49
bar and 303 K) [50]. MIL-160(Al) can adsorb about 20 % more CO> than aluminum fumarate
MOF at 303 K, and 30 % at 323 K [20]. Regarding N> adsorption equilibrium isotherms, the
same linear shape is presented in the study performed by Borges and co-workers and identical
adsorbed amounts of N at the same conditions (at 2.9 bar, the N, adsorbed amount was 0.53

mol-kg™) [50].
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Figure 5.14. Adsorption—desorption equilibrium isotherms of (a) Oz, (b) CO2, and (c) N2 on
MIL-160(Al) at 283 K, 303 K and 323 K (filled symbols: adsorption, open symbols:

desorption). The lines represent the Langmuir model fittings.

Table 5.6. Langmuir model parameters for CO2, N2, and O2 on MIL-160(Al).

Gas (., (mol-kg') Kex10°(bar') -AH (kJ-mol')

CoO, 6.21 4.53 25.6
N, 5.77 0.14 14.1
0, 743 0.13 13.6

The isosteric heats of adsorption were calculated by the Clausius-Claperyon equation. These
values were compared with the enthalpic parameter of the Langmuir model (Figure 5.15). With
the increase of loading, the computed isosteric heats of adsorption seem to converge to the
values obtained by regressing the experimental data to the Langmuir model (Table 5.6). The
constant values obtained for N> and O; indicate that the energetic homogeneity assumed by the
Langmuir model is valid for these two compounds. While the slight decrease of the isosteric
heat of adsorption with loading observed for CO., indicates at least two different sites, or the
presence of repulsive forces between neighboring adsorbed CO; molecules. Nevertheless, the
Langmuir model describes the adsorption equilibrium for this adsorbate at the studied
conditions (see Figure 5.14). Additionally, CO and N isosteric heats of adsorption in this work
are slightly lower than those reported in Borges et al. study (33.0 and 16.7 kJ-mol™,
respectively), but closer to CO» isosteric heat of adsorption presented in Brandt et al. study

(29.8 kJ'mol ! at 4 mol-kg™!) [50, 51].
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Figure 5.15. Isosteric adsorption heats as a function of adsorbent loading for N> (triangles), CO2
(circles), and O: (squares) on MIL-160(Al). The dashed lines correspond to the heat of
adsorption obtained by the Langmuir model.

H20 vapor adsorption equilibrium isotherms at 303, 323, and 343 K were measured in
the range of pressures between 0 — 32 mbar (Figure 5.16b). The adsorption equilibrium data
were fitted by the CMMS model (Chapter 4, eq. 4.3), and the obtained parameters are presented
in Table 5.7. CMMS model was capable of describing the H>O vapor adsorption behavior on
MIL-160(Al). Adsorption equilibrium isotherms exhibit an S shape (Type V isotherm,
according to IUPAC classification) (see Figure 5.16a), confirming the hydrophilic nature of the
adsorbent [4, 6, 20, 38, 52]. As stated in the Cadiau et al. study, the hydrophilic nature of MIL-
160(Al) is due to the interaction of water molecules and the hydroxyl groups which are present
in the pores [4]. The isotherms shape is in agreement with the ones already reported in the open
literature [4, 5, 7, 19, 53, 54], but in the Wahiduzzaman et al. study, at 303 K for lower relative
pressures (P/P, < 0.16), the amount adsorbed values are comparatively lower to the ones
reported in this study (e.g., P/P, = 0.089 presents 1.5 mol-kg™! of H,O adsorbed amount) [5].
Yet, for higher relative pressures (P/P, > 0.16), the values are higher (about 17%) than those
reported in this study [5]. By comparing further the obtained values for the H>O vapor adsorbed
amount with others in the literature, one can see that they are slightly lower than the ones
reported in the Wang et al. study [54], for relative pressures between 0.15 and 0.80; however,
for relative pressures below and above this range, they are very similar. In Cadiau et al. and
Hastiirk ef al. studies, the reported adsorbed amount values agree with the ones presented in

Figure 5.16 [4, 19].
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Figure 5.16. Water vapor adsorption-desorption equilibrium isotherms on MIL-160(Al) at 303
K, 323 K, and 343 K as a function of (a) relative pressure and (b) absolute pressure (filled
symbols: adsorption, open symbols: desorption), and CMMS fitting lines (Chapter 4, eq. 4.3).

Table 5.7. Fitting parameters of CMMS model for water adsorption equilibrium on MIL-
160(Al).

CMMS parameter ~ Value

satr. (mol-kg™!) 13.2
st (mol-kg™!) 11.3
Ko (bar) 5.24x108
Koo (bar!) 2.81x107
Koo (bar) 7.08x107
~AH; (kJ-mol) 56.6
~AH, (kJ-mol ) 43.9
~AHL (kJ-mol ™) 57.6

Polanyi’s characteristic curve for MIL-160(Al) is presented in Figure 5.17; however, a small
deviation is visible at the temperature of 303 K. This deviation increases mainly for loadings
above 14 mol-kg!. Similar characteristic curve was reported by Gordeeva et al. [55], presenting

a small divergence compared to this study in the inflection point between 16 to 20 mol-kg™!.
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Figure 5.17. Polanyi’s characteristic curve of water on MIL-160(Al) at 303 K, 323 K and 343

K (filled symbols: adsorption, open symbols: desorption).

The isosteric heat of adsorption was determined, based on the experimental equilibrium data

at three temperatures, by the Clausius-Clapeyron equation (Chapter 4, eq. 4.10) (Figure 5.18).

The isosteric heat values obtained are between 50.7 and 53.7 kJ-mol’!, close to the value

attained by the CMMS model for the enthalpic Langmuir site parameter — —A4H; . Additionally,

they are also in good agreement with those reported in the literature by Cadiau et al. (54 kJ-mol™)
[4], Cui et al. (50 kJ-mol™") [53], Gokpinar et al. (52.1 kJ-mol!) [8], and Permyakova et al.
(56.4 kJ-mol?) [6].
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Figure 5.18. Isosteric heat as a function of H>O loading on MIL-160(Al).
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5.2.4 MIL-100(Fe)

03, CO, and N; adsorption equilibrium isotherms at 283 K, 303 K, and 323 K were well
described with the Langmuir model (Figure 5.19). The obtained adsorption equilibrium model
parameters are given in Table 5.8. All isotherms were seemly fitted, although in N> adsorption
equilibrium isotherm at 323 K is visible a small deviation. This same adsorption equilibrium
isotherm is the only one that presents hysteresis, yet it is not significant. Indeed, adsorption
equilibrium isotherms with almost a linear shape were observed for O» and N», while CO; shows
a typical monotonic isotherm (Type I), according to IUPAC classification [56]. CO: is the gas
that presents higher affinity towards MIL-100(Fe) followed by O> and N>. N2 adsorption
equilibrium isotherms shape follows the reported literature [31, 57-60]. Moreover, the N>
loading is similar to the one reported in Kim et al. study [31], in granules, at 283 K, but at high
pressures starts to deviate. Namely, at 5 bar, it was obtained 0.59 mol-kg™!, while Kim et al.
[31] reports about 0.70 mol-kg™!. At 323 K, the N, adsorbed amount agrees with the values
recorded by Ribeiro ef al. [60] for similar granulated material. The O adsorption equilibrium
isotherms obtained are in agreement with previous isotherms reported in the literature for MIL-

100(Fe) [58], as well as the CO, adsorption equilibrium isotherm's shape [61-64].
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Figure 5.19. Adsorption—desorption equilibrium isotherms of (a) Oz, (b) CO,, and (c) N> on
MIL-100(Fe) at 283 K, 303 K, and 323 K (filled symbols: adsorption, open symbols:

desorption). The lines represent the Langmuir model fittings.

Table 5.8. Langmuir model parameters for CO2, N2, and O2 on MIL-100(Fe).

Gas (, (mol'kg') Kuxx10?(bar') —-AH (kJ-mol?')

CO, 9.97 0.14 173
N, 4.44 14 722
0, 3.13 1.3 931

The isosteric heats of adsorption as a function of the adsorbate loading (CO2, O, and N>)
are presented in Figure 5.20. As expected, N2 and O2 have similar isosteric heats of adsorption,
and they tend to the value obtained by regressing the Langmuir model against the adsorption
equilibrium experimental data. Additionally, similar behavior was observed for the CO2’s
isosteric heat of adsorption. The isosteric heats of adsorption computed for the CO, are lower
than those reported in the study performed by Mei et al. (30 — 26 kJ-mol™! at 0.25 and 1.8
mol-kg!, respectively) [62]. Nonetheless, in a study by Mutyala er al. [63], the reported
isosteric heats of adsorption are lower, e.g., 8.9 kJ‘mol! for 1.1 molcoz-kg™!. The isosteric heat
of adsorption values for O; are similar to Gallis et al. study [58], reporting values in the range
of 8.5 to 6.2 kJ'mol! for O loadings between 0.01 and 0.11 molo2'kg™!. Additionally, the N

isosteric heats of adsorption values, also presented in the above mentioned study, are between
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11.5 and 9.1 kJ-mol! for loadings up to 0.11 mol-kg™!. These values are slightly higher than in
this study [58]. Kim et al. [31] obtained N> heat of adsorption in the range of 20.6 and 18.5

kJ-mol!, for adsorption coverages between 0.06 and 0.76 molxz-kg™'.
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Figure 5.20. Isosteric heats of adsorption as a function of loading for N (triangles), CO»
(circles), and O (squares) on MIL-100(Fe). The dashed lines correspond to the adsorption heat
obtained by the Langmuir model.

H20 vapor adsorption equilibrium isotherms measured at three temperatures are shown
in Figure 5.21. The DISL model (Chapter 4, eq. 4.8) provided a satisfactory fitting of
experimental data. Table 5.9 presents the parameters obtained by the regression of the model
against the experimental data. At 283 K and 303 K, isotherms present three distinct steps. The
first step occurs at low relative pressures (P/P, < 0.21) possibly corresponding to the adsorption
on the open metal sites. The following step (0.21 < P/P, < 0.30) corresponds to the filling of
the smaller mesopores/cages (25 A) followed by the last step (0.36 < P/P, < 0.40) which occurs
due to the filling in the larger pores/cages (29 A). The water adsorption equilibrium isotherms
follow the shape reported in the literature [15, 65-68] and classified as Type VI according to
the IUPAC classification. At 303 K, Mileo et al. [15] reported higher values of the amount
adsorbed, and the saturation plateaus occurred for higher relative pressures (at relative pressures
of 0.4 and 0.56). Water adsorption equilibrium isotherm at 323 K followed the same trend,
presenting H>O adsorbed amounts lower than those reported in the Kiisgens et al. study [65].
At relative pressure of 0.16, the amount adsorbed in Kiisgens et al. study [65] was 6.55 mol'kg!
against 3.73 mol-kg! in the present study.
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Figure 5.21. Water vapor adsorption-desorption equilibrium isotherms on MIL-100(Fe) at 283
K, 303 K, and 323 K as a function of (a) relative pressure and (b) absolute pressure (filled
symbols: adsorption, open symbols: desorption), and DISL model (lines) (Chapter 4, eq. 4.8).

Table 5.9 DISL model parameters for water adsorption on MIL-100(Fe).

DISL parameter =~ Value

Jsa. (Mol-kg™!) 6.84
Qsar1 (mol-kg™) 12.3
Qsan2 (mol-kg™) 104
K.y 1 (bar') 2.35%10°
Koy, 2 (bar') 5.17x107
Ko, 1 (bar?) 1.04x107
Ko o (bar?) 2.34x102
Ko, (bar?) 1.15x107

—AH; ; (kJ-mol™) 439
—AH; , (kJ-mol™) 46.8
—AH, ; (kJ-mol!) 20.5
—AH, , (kJ-mol) 1.33

—AH; (kJ-mol!) 54.0
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The Polanyi characteristic curves of water vapor on MIL-100(Fe) are shown in Figure 5.22.
As predicted by the Polanyi potential theory, the characteristic curves at different temperatures
fell onto a single one, although from 28 mol-kg! a small deviation is presented. The
characteristic curve shape is similar to the one reported in the Gordeeva et al. [55] study, which
used data assessed by Jeremias and co-workers, in a MIL-100(Fe) powder sample [69].
Comparatively with MIL-100(Fe) in powder form, the inflection points occurred at lower water

adsorbed amounts.
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Figure 5.22. Polanyi’s characteristic curve of water on MIL-100(Fe) at 283 K, 303 K, and 323
K (filled symbols: adsorption, open symbols: desorption).

Isosteric heats of adsorption of water vapor on MIL-100(Fe) obtained through the Clausius-
Clapeyron equation are plotted in Figure 5.23. The isosteric heats of adsorption tend to increase
with the H>O loadings, almost reaching the - AH Langmuir parameter value at the water uptake
of 4.40 mol-kg™!. These values are in accordance with the average heat of adsorption of 48.83
kJ-mol™! determined by Kiisgens et al. [65]. The isosteric heat values obtained in the Jeremias
et al. [69] study are in between 49.1 and 88.4 kJ-mol! for H,O loadings between 3.05 and 23.6
mol-kg!. However, the heat of adsorption obtained in the same study by calorimetry was of

44.4 kJ-mol!, which agrees well with the value reported in this study.
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Figure 5.23. Isosteric heat as a function of H>O loading on MIL-100(Fe).

5.2.5 MIL-125(Ti) NH

Adsorption equilibrium isotherms for CO; and N; (283 K) and O; (283 K, 303 K, and
323 K), on MIL-125(Ti) NH,, are represented in Figure 5.24. The Langmuir model was

regressed against the experimental adsorption equilibrium data, and the model parameters are

included in Table 5.10.

The O and N> adsorption equilibrium isotherms present an almost linear shape while the
CO; adsorption equilibrium isotherms are of Type I according to the [IUPAC classification [56].
The amount adsorbed of O and N> on MIL-125(Ti) NH; are comparable, as already observed
for MIL-100(Fe) and MIL-160(Al) materials, probably due to their similar molecular
properties, such as kinetic diameters (3.46 A and 3.64 A for O, and N, respectively) and
polarizability (1.58x103° m? and 1.74x1073° m? for O> and N, respectively), controlling their
affinity towards the adsorbent [70-72]. It should be noted that there is no data available in the
literature on O adsorption on MIL-125(Ti) NH,. Regarding the N> adsorbed amount, Kim et
al. [22] reported the same linear behavior at 298 K. At 0.98 bar and 298 K, the N> amount
adsorbed was 0.24 mol-kg!. This amount is in excellent agreement with the one reported in this
study for the shaped material. The CO2 and N> isotherms for this material at 303 K, 323 K, and
343 K were previously reported by Regufe ef al. [35]. The CO; and N> isotherms at 303 K and
323 K reported in that study are shown together with those obtained in the present study at 283
K (Figure 5.24b and c, respectively). The amounts of CO; adsorbed at 273 K, and 288 K
presented by Kim et al. [22] were slightly higher than those in the present study, possibly due
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to the powder form of the material used in the study. Also, Wiersum et al. reported a higher

amount of CO; adsorbed at 303 K [73].
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Figure 5.24. Adsorption—desorption equilibrium isotherms of (a) Oz, (b) CO2, and (c) N2 on
MIL-125(Ti) NH» at 283 K, 303 K [35] and 323 K [35] (filled symbols: adsorption, open

symbols: desorption). The lines represent the Langmuir model fittings.
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Table 5.10. Langmuir adsorption isotherm fitting parameters for CO2, N2, and O2 on MIL-
125(Ti) NHo.

Gas (, (mol'kg') Kuxx105(bar') —AH (kJ-mol"')

CO, 8.60 3.05 23.5
N, 5.56 29.3 11.5
0, 8.36 34.7 10.0

Figure 5.25 presents the isosteric heats of adsorption for N2, CO; and O; as a function of the
adsorbate loadings. The CO> values are close to those reported by Regufe et al. [35] and by
Vaesen et al. [27], 21.9 and 29.8 kJ-mol!, determined by the Clausius-Clapeyron equation
application and microcalorimetry, respectively. Rada ez al. [11] obtained CO; isosteric heat of
adsorption values ranging from 24.5 to 26.1 kJ-mol'!. Kim ef al. [22] reported an isosteric heat
of adsorption value of 31.5 kJ-mol! at the CO; loading of 2.35 mol-kg™!, while Brandt and co-
workers [51] obtained 27.3 kJ-mol! for 2.03 mol-kg™!. Wiersum et al. [73] assessed the heat of
adsorption by microcalorimetry, obtaining 29.2 kJ-mol! for 2.27 mol-kg™!. In meanwhile, for
Nz the isosteric heat of adsorption is almost constant, while for O> slightly increases with the
loading. The isosteric adsorption heat for N> determined in the present study is similar to that

reported by Regufe et al. [35] as 11.7 kJ-mol'.
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Figure 5.25. Isosteric adsorption heats as a function of adsorbent loading for N> (triangles), CO2
(circles) and O (squares) on MIL-125(Ti) NH,. The dashed lines correspond to the isosteric
adsorption heat obtained by the Langmuir model.
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The H20 vapor adsorption equilibrium isotherms measured at 293, 305, and 323 K in the
range of 0-20 mbar are shown in Figure 5.26. No hysteresis loop was observed in the measured
isotherms, and this is in good agreement with the results reported by Logan et al. and Canivet
et al., in the same material, but in powder form [74, 75]. This fact might be due to a favorable
combination of the three parameters that control the shape of water adsorption equilibrium
isotherms: pore size, morphology, and surface chemistry [75]. The isotherms are Type IV
according to IUPAC classification, though it is difficult to confirm this without higher
resolution at low partial pressures [76, 77]. At low relative pressures (P/P, < 0.2), the adsorbent
does not adsorb or adsorbs only a small amount of water. The increase in the adsorbed amount
with the pressure can be due to the formation of water clusters, followed by the formation of a
monolayer covering the surface at medium P/P, [78]. Such an adsorbent can be classified as a
hydrophobic or weakly hydrophilic material [78]. This pattern of water adsorption is in
agreement with the trend reported in studies performed by Jeremias et al. [25], Kim et al. [22],
Logan et al. [74], and Canivet et al. [75]. The measured water vapor uptake at a relative pressure
of 0.83 is 20.2 mol-kg!. This amount of water adsorbed is in agreement with that given in the
literature. Canivet et al. [75] and Jeremias et al. [25] reported the amounts of water adsorbed at
P/P,=0.8 and 298 K as 20.6 mol-kg! and 20.7 mol-kg™!, respectively, for the adsorbent in the
powder form. In another study, Kim et al. [22] presented a value of 36.5 mol-kg™! at P/P, =
0.96.

The water vapor adsorption equilibrium data can be described well by the CMMS model
(Chapter 4, eq. 4.3). The model parameters (Table 5.11) were obtained by minimizing the sum
of the square of the differences between the predicted and experimentally measured adsorbed

amounts using the Excel Solver.
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Figure 5.26. Water vapor adsorption-desorption equilibrium isotherms on MIL-125(Ti) NH> at
293 K, 305 K, and 323 K as a function of (a) relative pressure and (b) absolute pressure (filled

symbols: adsorption, open symbols: desorption), and CMMS model (lines) (Chapter 4, eq. 4.3).

Table 5.11. Fitting parameters of CMMS model for water adsorption isotherms.

CMMS parameter  Value

Qs (MoOl-kg™!) 11.0
Qear (mol-kg™) 13.0
Koy (bar™) 3.81x10¢
K, (bar”) 0.299
Koy (bar) 2.14x10°
—AH; (kJ-mol) 434
—AH, (kJ-mol ") 0.0
—AH, (kJ-mol) 429

The physisorption of water in the selected adsorbent is corroborated by the fact that the
adsorbed amount decreases with temperature (Figure 5.26b). Moreover, when the isotherms are
represented as a function of relative pressure (P/P,) the three isotherms collapse in one (Figure
5.26a), independent of temperature. Indeed, the same Polanyi’s characteristic curve for MIL-

125(Ti) NH> was obtained at the three different temperatures (Figure 5.27).
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Figure 5.27. Polanyi’s characteristic curve of water on MIL-125(Ti) NHzat 293 K, 305 K, and
323 K (filled symbols: adsorption, open symbols: desorption).

As already mentioned, Polanyi’s theory is a predictive model to estimate the adsorption
capacity independently of temperature [35, 79]. Even though at a temperature of 323 K, a small
deviation is observed, the characteristic curve of water on MIL-125(Ti) NH; is evident.
Gordeeva et al. [55] study reported a similar characteristic curve for MIL-125(Ti) NH; in
powder form but diverging in the inflection point at 21.1 mol-kg™! against to the reported in this
study at 15.2 mol-kg'!. A similar shape of the characteristic curve of water was recorded in
CMS (carbon molecular sieve) 3K, although the adsorption loadings are lower [80]. The
isosteric heat of adsorption was calculated by employing the Clausius-Clapeyron equation for
different loadings at the three temperatures. It can be seen in Figure 5.28 that the isosteric heat
of water adsorption lies in the range of 39.1 to 41.6 kJ'mol"!. These values are in agreement
with those obtained by the CMMS fitting. However, Gordeeva et al. [81] presented a slightly
higher value for the isosteric heat of adsorption (between 49.7 and 54.9 kJ-mol™!). Nonetheless,
the values determined in this study are in accordance with those reported for water adsorption

on other MOFs [38, 65, 75, 82].
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Figure 5.28. Isosteric heat as a function of H>O loading on MIL-125(Ti) NHo.

5.3 Summary

Figure 5.29 presents a comparative summary of the textural characterization performed on
the five MOF samples. Figure 5.29a) shows typical microporous Type I isotherms for all MOFs
except for MIL-100(Fe). The MIL-100(Fe) isotherm shape (Type I and IV) indicates the
presence of micro and mesoporous cages. Low hysteresis loops were detected and can be related
to the presence of meso or macropores in the shaped material. N> adsorption uptake is
significantly higher in MIL-100(Fe), consistent with the higher pore volume (Table 5.1). The
affinity order is as follows MIL-100(Fe) > MIL-160(Al) > Al-Fum > MIL-125(Ti) NH, >
CAU-10. The opposite occurs with CO, adsorption at 273 K, demonstrating the mesoporous
nature of MIL-100(Fe). MIL-160(Al) possesses the highest CO2 adsorption uptake, exhibiting
the CO> maximum capacity of 101.9 cm?-g! at 1 bar. All the adsorption isotherms of CO» show

Type I shape, typical of microporous and narrow mesoporous adsorbents.

The MOFs samples are thermally stable at least up to 650 K, excepting the MIL-100(Fe).
CAU-10 is the MOF which remains stable until higher temperature (~ 900 K).
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Figure 5.29. Characterization of (a) N> adsorption-desorption at 77 K, (b) CO; adsorption at
273 K, and (c¢) TGA curves, on Al-Fum, CAU-10, MIL-160(Al), MIL-100(Fe), and MIL-
125(Ti) NHo.

The comparison of the H>O vapor adsorption equilibrium isotherms at 303 K of the selected
promising adsorbents is reported in Figure 5.30a) and Figure 5.30b). All the MOF samples
presented S-shaped adsorption equilibrium isotherms. Al-Fum, CAU-10, and MIL-
125(Ti) NHo> presented Type IV shape, while MIL-160(Al) and MIL-100(Fe) shown Type V
and Type VI shape, respectively. All MOF samples, except Al-Fum, are suitable for water
capture in arid regions (P/P, < 0.3) because presented steep step at low relative pressures. MIL-
160(Al) is suitable for regions with relative humidity as low as 10 %, while CAU-10 and MIL-
125(Ti) NHo are proper for water harvesting in regions with about 20 % RH. Al-Fum displays
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a sharp uptake for relative pressures between 25 % and 38.5 %. Globally, MIL-100(Fe)
presented the highest water uptake for RH superior to 0.37, due to capillary condensations in
its two different cavities (25 and 29 A). As previously mentioned, MIL-100(Fe) exhibited two
steep steps at 0.21 < P/P, < 0.30 and 0.36 < P/P, < 0.40. This characteristic provides MIL-
100(Fe) to be adaptable to arid but will achieve its highest potential in more humid regions.

The water adsorption on the five MOFs proved to obey the Polanyi potential theory, and
each one is well described by a characteristic single curve (Figure 5.30c). Characteristic curves
have identical shapes presenting double inflection, which could be related to a bi-modal energy
distribution, as observed for water adsorption on activated carbon [83]. MIL-100(Fe) is the
adsorbent with a higher affinity to water molecules, adsorbing at high Polanyi adsorption
potential.

The experimental isosteric heats of adsorption were determined as a function of the adsorbed
amount by the Clausius-Clapeyron equation (Figure 5.30d). Globally, the water isosteric heats
on five metal-organic frameworks were in good agreement to the values reported in the
literature. Al-Fum showed the highest values, and MIL-125(Ti) NH> provided the lowest
values. MIL-160(Al) and MIL-125(Ti) NH> show a decreasing tendency due to the weakening
of adsorption affinity after the complete filling of the smaller pores. On the remaining MOFs,
an unclear trend is observed, not allowing an evident conclusion about interactions between

water molecules and MOFs structure.
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Figure 5.30. Water vapor adsorption-desorption equilibrium isotherms at 303 K as a function
of (a) relative pressure and (b) absolute pressure; (c¢) water adsorption characteristic curves; and
isosteric heats of adsorption on Al-Fum, CAU-10, MIL-160(Al), MIL-100(Fe), and MIL-
125(Ti) NHo. (Arid region — % RH <30, Humid region — 30 < % RH < 80, Fog region — % RH
< 80; according to Tu et al. study [84]).
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6.1 Fixed-bed dynamic experiments

Dynamic adsorption experiments were conducted at 298 K and 1 bar, in a fixed-bed bench-
scale unit, previously described in Chapter 3. Breakthrough experiments provided knowledge
about water adsorption dynamic behavior and allowed the validation of the proposed
mathematical model. Breakthrough experiments with N2 and CO; were performed to study their
influence on the co-adsorption with water, especially COz, since it is the one with the highest
affinity towards the adsorbent from the three permanent gases (COz, N2, and O3). Different
fixed-bed experiments were performed to obtain the breakthrough curves for single components

and multi-components, namely:

Experiment 1 - Single component breakthrough experiment (inert background). Firstly,
the column is filled with He with a constant volumetric flow rate of 0.200 SLPM. In the
adsorption step, the feed is a mixture of two individual gas streams. One gas stream consists of
pure helium (0.100 SLPM), and the other stream consists of helium saturated with water vapor
(0.100 SLPM). As a final step, the feed was switched back to dry helium (0.200 SLPM) for the

desorption of the adsorbed water;

Experiment 2 - Binary breakthrough experiment (CO; co-adsorption). The experimental
protocol is the same as previously described, except that the water vapor is carried by a CO»
stream, instead of He. The composition of the exit flow was analyzed during the adsorption and

desorption by an Infra-Red gas detector;

Experiment 3 - Binary breakthrough experiment (N2 co-adsorption). The procedure of this
experiment is similar to the one of Experiment 2, the water vapour is carried out by a N> stream.

The desorption is achieved with a dry He stream as in Experiment 1;

Experiment 4 - Pseudo ternary breakthrough experiment (N2 background and CO: co-
adsorption). The present experiment follows a similar procedure as Experiment 2, but the dry

He stream is replaced by a dry N> stream;

Experiment 5 - Binary breakthrough experiment (counter- and co-adsorption of CO>).
The adsorption bed is pre-saturated with water (0.200 SLPM of He containing 50% RH), then
pure helium gas stream (0.100 SLPM) was switched to a pure CO: stream (0.100 SLPM),

maintaining constant the RH, with a 0.100 SLPM of helium fully saturated with water vapor.
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This led to a feed composition of 50% of CO; balanced with helium, and 50% of RH.
Desorption was performed with dry He;

Experiment 6 - Single component breakthrough experiment (CO; adsorption in inert
background). The column is initially conditioned with dry He (0.200 SLPM). The feed is then
changed to a stream of 50 % of CO» balanced with He (0.200 SLPM). The desorption step is
carried out with pure He. The outlet stream composition was analyzed and recorded with an

Infra-Red gas detector;

All the experiments mentioned above were performed on MIL-125(Ti) NH> and MIL-
160(Al) adsorbents to evaluate the competition of CO, and N, with H,O vapor. On the
remaining MOFs, only Experiment 1 was performed. All dead volumes of the system were

assessed and taking into consideration to correct the dynamic response of the system.

Breakthrough curves obtained by the dynamic adsorption were compared to the prediction
of the proposed mathematic model (Chapter 4). The main characteristics of the bed properties
used in the breakthrough experiments and the transport parameters used on the modelling of

these experiments, are presented in Table 6.1.

Table 6.1. Characteristics of the adsorption bed and transport parameter of MOFs.

Al-Fum CAU-10  MIL-160(Al) MIL-100(Fe) MIL-125(Ti) NH;
g Bedlength cm) 8.5 8.4 8.4 12.0 8.7
g Bed diameter (cm) 2.1 2.1 2.1 2.1 2.1
=]
& Massof packed 14.4 14.6 12.0 19.7 9.4
) adsorbent (g)
2 e 0.42 0.42 0.49 0.32 0.47
D, (m>s™) 200%x10"* 2.60x10~* 1.50x10~* 1.10 x 10~* 133 x 10~
£ ky (ms™) 125x10"1 469x 102 3.78x 1072 1.25x 10~ 1.25 x 1071
Q N
2 g hy (W-m2K) 59.1 50.2 40.5 84.6 73.5
Eo
=& h, (Wm2K") 181 181 182 181 60
U (W-m2K") 40 44 40 40 20
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6.1.1 Al-Fum

Figure 6.1 shows water breakthrough where water vapor was carried with pure He
(Experiment 1 protocol). The same stepped water vapor breakthrough curve was obtained as
previously reported by Bozbiyik et al. [1] in water breakthrough curves on Al-Fum at 303 K
for relative humidity of 39% and 75%. Two compressive fronts are observed, the first up to
P/P,=0.17, followed by a second compressive front from P/P, = 0.20 up to P/P, = 0.42. A small
dispersive front is observed between both (P/P, = 0.17 - P/P, = 0.20), due to the knee observed
in the isotherm. The desorption step starts by presenting a dispersive front from P/P, = 0.43 to
0.24 and then an abrupt compressive front to conclude the regeneration. The observed steps in
the breakthrough curve are in agreement with the shape of water vapor adsorption equilibrium

isotherm (Figure 5.8) which presented an inflexion point at about P/P, = 0.22.
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Figure 6.1. Water vapor adsorption-desorption breakthrough curve obtained on Al-Fum at 298
K (Points represent experimental data, full line corresponds to simulation results, and the

vertical dashed line represents the beginning of the regeneration step).

The simulation results cannot predict well the RH level at which step happens, but the overall
dynamic behaviour is predicted. Due to this mismatch between experimental and simulation

results, further studies will be necessary before moving to the process simulation.
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6.1.2 CAU-10

Water breakthrough curve on CAU-10, following the protocol described for Experiment 1,
is present in Figure 6.2. The water vapor breakthrough curve corroborates the water vapor
adsorption equilibrium isotherms (inflexion point at P/P, = 0.18) presenting two consecutive
shock waves. The same behaviour is observed for desorption, however between the two shock
fronts is observed some dispersive mass front. Indeed, the dynamic response of the system
followed the expected response taking into consideration the water vapor adsorption
equilibrium isotherm trend at 303 K (Figure 5.11). Therefore, one can conclude that mass

transfer limitations are not observed at these experimental conditions.
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Figure 6.2. Water vapor adsorption-desorption breakthrough curve obtained on CAU-10 at 298
K (Points represent experimental data, full line corresponds to simulation results, and dashed

line represents the beginning of the regeneration step).

The model prediction can predict fairly well the experimental results, there one can consider
that the global model (fixed-bed model + adsorption equilibrium model) for this material was

validated and can be used for process simulation on the next chapter.
6.1.3 MIL-160(Al)

The water vapor breakthrough curve on MIL-160(Al) is displayed in Figure 6.3
(Experiment 1 protocol). Firstly, a dispersive front up to P/P, = 0.05 is presented, then a
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compressive front (0.05 < P/P, < 0.55) is visible concluding the adsorption step. Similar
behavior was observed during the desorption step with a dispersive front from P/P,= 0.50 to
0.14, and then a compressive front (P/P, = 0.14 to 0). The observed behavior is in agreement
with water vapor adsorption equilibrium isotherm at 303 K presented in Figure 5.16. The
developed mathematical model can predict well the H>O vapor breakthrough dynamic behavior

on MIL-160(Al).
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Figure 6.3. Water vapor adsorption-desorption breakthrough curve obtained on MIL-160(Al)
at 298 K (Points represent experimental data, full line corresponds to simulation results, and

dashed line represents the beginning of the regeneration step).

Figure 6.4 represents the H>O vapor breakthrough history in co-adsorption with N
(Experiment 3 protocol). As already observed in Figure 6.3, H>O vapor history in N; presents
a dispersive front, due to the unfavourable shape of the isotherm at low coverage (P/P, < 0.06),
followed by a compressive front up to P/P, ~ 0.50. During the desorption step, a dispersive
front from P/P, = 0.52 to 0.15 is presented and then compressive front is observed. The fixed
bed proposed model proved to predict well the dynamic behavior of water adsorption in the
presence of Na. This fact leads to conclude that the presence of N> did not influence water
adsorption on MIL-160(Al), since no competition term is taking in consideration in the
adsorption equilibrium model. This might be due to the weak affinity of N> towards the
adsorbent when compared to the water adsorption affinity at high RH.
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Figure 6.4. Breakthrough curve of a binary mixture of dry He with saturated N2 (50% RH), on
MIL-160(Al) at 298 K, in terms of relative humidity (Points represent experimental data, full
line corresponds to simulation results, and the dashed line represents the beginning of the

regeneration step).

The influence of CO: co-adsorption with water was studied. The water breakthrough curve,
in the presence of 50% of CO: in He (Experiment 2 protocol) and in N> (Experiment 4
protocol), are presented in Figure 6.5a) and Figure 6.5b), respectively. Great similarity between
both breakthrough curves is presented, leading to conclude the N> behaves as an inert gas. The
observed behaviour for the two experiments is similar to the one described above. The fixed
bed model presented does not consider any competition between water and CO> and proved to
predict fairly the dynamic behavior of water in the adsorption step, failing more in the
desorption step. The model underpredicts the water adsorbed amount to some degree, which
can be an evidence of a synergetic behaviour during the co-adsorption of water and COa.
However, the amount of CO: existing in the atmosphere is far lower than the 50% (i.e. 500
ppm). Therefore, one will not introduce any correction to the model, in order to predict this

synergetic behavior.
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Figure 6.5. Water breakthrough curve of a binary mixture of (a) dry He with saturated CO»
(45% RH), and (b) dry N> with saturated CO2 (44% RH), on MIL-160(Al) at 298 K, in terms
of relative humidity (Points represent experimental data, full line corresponds to simulation

results, and the dashed line represents the beginning of the regeneration step).

6.1.4 MIL-100(Fe)

On MIL-100(Fe), Experiment 1 protocol was followed to perform a single component
water adsorption breakthrough, the results are displayed in Figure 6.6. Firstly, a compressive

front up to P/P, = 0.20, then a dispersive front is observed up to P/P, = 0.22, then are observed
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two compressive fronts up to P/P, = 0.33 and P/P, = 0.51. The desorption step exhibits first a
dispersive front between P/P,= 0.51 and 0.38, followed by two compressive mass fronts. The
water vapor breakthrough curve follows the water vapour adsorption equilibrium isotherm,
which exhibits 3 adsorption steps (Figure 5.21). The model describes well the observed

experimental results, leading to a validation of the full model.
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Figure 6.6. Water vapor adsorption-desorption breakthrough curve obtained on MIL-100(Fe)
at 298 K (Points represent experimental data, full line corresponds to simulation results, and

dashed line represents the beginning of the regeneration step).
6.1.5 MIL-125(Ti)_NH:

The adsorption breakthrough curve of water vapor presented a compressive front up to P/P,
= 0.17, followed by a small dispersive front between P/P, = 0.17 and 0.21, and then a
compressive front up to P/P, = 0.5 (Figure 6.7). A similar pattern was also observed during the
desorption with a dry flow of helium through the bed: dispersive from P/P, = 0.5 to 0.23 and

then compressive, as expected from the shape of the water adsorption isotherms (Figure 5.26).
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Figure 6.7. Water vapor adsorption-desorption breakthrough curve obtained on MIL-
125(Ti) NH> at 298 K (Points represent experimental data, full line corresponds to simulation

results, and dashed line represents the beginning of the regeneration step).

The H>O vapor breakthrough history in co-adsorption with N> (Experiment 3 protocol) is
presented in Figure 6.8. It shows a compressive front up to P/P, = 0.20, a dispersive front
between P/P,= 0.20 and 0.22, and then a compressive front up to P/P, ~ 0.42. In the desorption
step, a dispersive front from P/P, = 0.43 to 0.22 is showed, followed by a compressive front. A
great similarity between the simulation results and the experimental dynamic behaviour of
water adsorption using N as a carrier is observed, proving the weak affinity of N towards the

adsorbent, therefore not strong enough to compete with water adsorption on MIL-125(Ti) NHo.
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Figure 6.8. Breakthrough curve of a binary mixture of dry He with saturated N2 (42% RH), on
MIL-125(Ti) NH> at 298 K, in terms of relative humidity (Points represent experimental data

and the dashed line represents the beginning of the regeneration step).

The water vapor breakthrough curve on MIL-125(Ti) NH> in co-adsorption with CO, are
presented in Figure 6.9. The water breakthrough curve presented in Figure 6.9a) follows the
protocol described for Experiment 2 type. The observed behavior is similar to the water vapor
experiment without CO; (Figure 6.7). Moreover, the same pattern is also observed for the water

vapor breakthrough experiment using N> as balancing gas (Experiment 4 protocol).
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Figure 6.9. Water breakthrough curve of a binary mixture of (a) dry He with saturated CO»
(41% RH), and (b) dry N> with saturated CO; (41% RH), on MIL-125(Ti) NH; at 298 K, in
terms of relative humidity (Points represent experimental data and the dashed line represents

the beginning of the regeneration step).
6.2 DRIFT Experiments

DRIFTS measurements were performed to evaluate water adsorption and desorption and the
temperature effect in the regeneration of the material. CO; adsorption, and CO; and H2O vapor

co-adsorption were also studied by DRIFT to evaluate the impact of the adsorption competition

between CO; and H»O.

An attempt to evaluate the water adsorption kinetics was performed by integrating the
DRIFT spectra in the water fingerprint region after subtracting the area corresponding to the

spectrum of the dry (regenerated) MOFs.

6.2.1 MIL-160(Al)

The DRIFT spectrum of the fully activated MIL-160(Al) is presented in Figure 6.10. A
broadband can be observed in the range 3000 - 3700 cm! (Figure 6.10a), which is attributed to
the stretching vibration of hydroxyl groups of the aluminum oxide-hydroxide chains, also
identified by Wahiduzzaman and co-workers [2], at 3617 and 3355 ¢cm™'. The weak band
peaking at 3620 cm™! corresponds to the stretching vibration of isolated hydroxyl groups. Due

214



Water adsorption dinamic studies with fixed-bed experiments

to the high oscilations in the signal intensity in Figure 6.10b), a DRIFT-ATR spectrum was
performed (Figure 6.11). The stretching vibration of the C=C bond in the furan ring and the
wagging vibration of the —CH- group may be observed at 1585 and 1417 cm’!, respectively.
The bands corresponding to the asymmetric and symmetric stretching vibrations of the ester C—
O—C groups and the =C—-O—C= vibration of the furan rings are visible in the range between
1000 and 1300 cm!. Finally, the band at 782 cm! can be ascribed to the C—H out-of-plane
bending vibrations of the furan ring [2], while the band peaking at 646 cm’! is attributed to the
stretching vibrations of the Al-O bond in the octahedral structure of AlOg [3].
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Figure 6.10. DRIFT spectrum of activated MIL-160(Al) in the region of (a) 3800-2300 cm™!
and (b) 2300-600 cm™!.
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Figure 6.11. DRIFT-ATR spectrum of MIL-160(Al). Inset: Spectrum magnification of the
4000-2500 cm™! zone.

215



Chapter 6

The impact of temperature on MIL-160(Al) was evaluated by DRIFT spectra analyses
(Figure 6.12). On non-activated MIL-160(Al), the DRIFT spectrum for each rise of temperature
was collected. While the temperature increased, the IR absorption intensity, between 3800 cm-
1 and 2300 cm!, decreased due to moisture and other air components desorption (Figure 6.12a).
The spectra shown in Figure 6.12b) prove the thermal stability of MIL-160(Al), already
assessed by TGA.
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Figure 6.12. DRIFT spectrum of MIL-160(Al) during the regeneration step in the region of (a)

3800-2300 cm! and (b) 2300-600 cm™'.

After MIL-160(Al) activation, the material was exposed to water vapor, and spectra were
collected periodically until reaching the material saturation (Figure 6.13). Along with the water
adsorption, a large band started to appear in the region of 3680 to 2850 cm™! (Figure 6.13a).
Between 1880 and 600 cm™' no noteworthy changes were observed, concluding that the

presence of water does not affect the material structure, which remains stable.
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Figure 6.13. DRIFT spectrum of MIL-160(Al) during water adsorption in the region of (a)
3800-2300 cm! and (b) 2300-600 cm™!.

Figure 6.14 illustrates the spectra collected during the co-adsorption of CO2 and H>O. In
Figure 6.14a), a similar shape of the large band presented in Figure 6.13a) is visible. However,
in the 2430-2230 ¢cm™! region, a continuous peak started to appear, probably due to the CO>

adsorption. To further understand the origin of this peak, CO; adsorption experiments were

performed.
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Figure 6.14. DRIFT spectrum of MIL-160(Al) during co-adsorption of water and CO; in the
region of (a) 3800-2300 cm™! and (b) 2300-600 cm’!.

Figure 6.15 exhibits the spectra collect throughout the CO; adsorption. These spectra
allowed to prove the broadband presented in Figure 6.13a) and Figure 6.14a) (3680-2850 cm)
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is related to the water adsorption, and it is not present in Figure 6.15a), as expected. Besides,
CO; is responsible for the continuous increase of the peak in the range of 2430-2230 ¢cm!, as

observed in Figure 6.14b) and Figure 6.15b).
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Figure 6.15. DRIFT spectrum of MIL-160(Al) during CO; adsorption in the region of (a) 3800—
2300 cm™ and (b) 2300-600 cm’!.

The quantification of the water amount adsorbed in the MIL-160(Al) over time was
determined (Figure 6.16) by the integration of the DRIFT spectra in the 3850-2400 cm™! region
(Figure 6.13a) after correction with the DRIFT spectrum area of the regenerated MIL-160(Al)
(Figure 6.10a). The amount adsorbed increased linearly until 20 minutes of water exposure. A
slower increase was observed along with the progress of water adsorption; a plateau was

reached at c.a. 75 minutes of adsorption.
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Figure 6.16. Variation of the area of the MIL-160(Al) DRIFT spectra with time during
adsorption of H>O (integration over 3850-2400 cm!).
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6.2.2 MIL-100(Fe)

The DRIFT spectrum of activated MIL-100(Fe) is represented in Figure 6.17. In the 3700—
2700 cm! region, bands assigned to the O-H group's asymmetric stretching vibration, were
detected (Figure 6.17a). The OH group's stretching vibrational band was previously reported at
3418 cm ! and 3675 cm™! by Mutyala et al. [4] and by Valekar et al. [5], respectively. At 2360
and 2320 cm!, two peaks can be attributed to O=C=0 stretching CO, mode. In Figure 6.17b),
asymmetric stretching vibration of C=C bands is visible at 1650 cm’!, while at 1350 cm™ and
1250 cm!, two O-H bending vibrational peaks are assigned. Two asymmetric C-H bending
vibrational peaks of benzene are presented at 1890 cm™ and 870 cm™!. In the range of 1250 to

1060 cm’!, a broad IR band attributed to C-O stretching vibration is shown.

a) b)

Kubelka - Munk (a.u.)
Kubelka - Munk (a.u.)

3900 3600 3300 3000 2700 2400 2100 2100 1800 1500 1200 900 600
Wavenumber (cm-!) Wavenumber (cm™)

Figure 6.17. DRIFT spectrum of activated MIL-100(Fe) in the region of (a) 3900-2100 c¢cm™!
and (b) 2100-600 cm™!.

The continuous temperature increase led to a decrease of O-H asymmetric stretching band
intensity due to the desorption of moisture from the material (Figure 6.18a), progressively
appearing peaks of the dehydrated groups (at 3665 and 3610 cm™'), such as in the sample
reported by Seo et al. [6]. In the region of 1700-700 cm™! (Figure 6.18b), the spectra
maintained unchanged, demonstrating structural stability upon exposure to high temperatures,

following the already observed TGA results.
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Figure 6.18. DRIFT spectrum of MIL-100(Fe) during the regeneration step in the region of (a)
3900-2100 cm! and (b) 2100-800 cm™.

Figure 6.19 shows the spectra collected periodically during the water vapor adsorption. The
band in the range of 3700 to 1700 cm™! increased throughout the time, due to the exposure to
water, as well as, for the band in the 1050-800 cm! region (Figure 6.19). As observed in Figure
6.18a), moisture minimizes the presence of dehydrated groups of MIL-100(Fe) structure. In

Figure 6.19b), minimal intensities changes were observed between 1750 and 1050 cm'!.
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Figure 6.19. DRIFT spectrum of MIL-100(Fe) during water adsorption in the region of (a)
3900-2100 cm! and (b) 2100-800 cm™.
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In Figure 6.20, spectra of the water and CO; co-adsorption experiments presented a similar

behavior to the spectra of the single component water adsorption. The most significant

difference occurred at the 2385-2285 cm™! region assigned to the CO; fingerprint.

a)

Kubelka-Munk (a.u.)
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Figure 6.20. DRIFT spectrum of MIL-100(Fe) during co-adsorption of water and CO; in the
region of (a) 3900-2100 cm™! and (b) 2100-800 cm™!.

CO; adsorption experiments corroborated the assignment of CO> adsorbed structure to the

2385-2285 cm! region (Figure 6.21a). No other remarkable changes during the CO; adsorption

were observed (Figure 6.21b).
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Figure 6.21. DRIFT spectrum of MIL-100(Fe) during CO; adsorption in the region of (a) 3900—

2100 cm™ and (b) 2100-600 cm’!.
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Figure 6.22 corresponds to the integration of MIL-100(Fe) DRIFT spectra area over the
4000-2400 cm! region for 130 minutes of the water adsorption experiments. A rapid increase
in the water adsorption in the first 20 minutes was observed. However, the observed behavior

is as it is expected for adsorption uptake experiments.

DRIFT Area (a.u.)

0 20 40 60 80 100 120 140
Time (min)

Figure 6.22. Variation of the area of the MIL-100(Fe) DRIFT spectra with time during
adsorption of H>O (integration over 4000-2400 cm™').

6.2.3 MIL-125(Ti) NH>

The DRIFT spectrum of dry MIL-125(Ti) NHa, displayed in Figure 6.23a), exhibits three
typical vibrational bands in the 3800-3200 cm! region, peaking at 3500 cm™!, 3380 cm!, and
3680 cm’'. The first two bands are assigned to asymmetrical and symmetrical stretching
vibrations of the amine groups, respectively, while the latter to the stretching vibrations of the
isolated OH groups. The amino-stretching vibrations were previously detected at 3519.5 cm™!
and 3388.4 cm™! by Nasalevich et al. [7] and 3686 cm!, 3430 cm™!, and 2550 cm! by Vaesen
et al. [8]. In the 1800-600 cm™! fingerprint region of the spectrum (Figure 6.23b), the bands
detected around 1600 and 1500 cm™! are combination bands assigned to carbonyl asymmetric
stretching vibrations. In contrast, those at about 1440 and 1400 cm™! are attributed to carbonyl
symmetric stretching vibrations. The band at 1630 cm™! can be assigned to the N-H bending
(scissoring) vibration. The C—N stretching vibrations of the linker’s aromatic amines (2-
aminoterephthalic acid) results in the bands at 1250 cm™ and 1340 cm™! [9]. Finally, the bands
ascribed to Ti—-O-Ti-O stretching vibrations appear in the region of 800-600 cm™ [10].
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Figure 6.23. DRIFT spectrum of MIL-125(Ti) NHa in the region of (a) 3800-3200 cm! and (b)
1800-600 cm.

The regenerative effect of temperature is visible on the MIL-125(Ti) NH; evolving spectra
reported in Figure 6.24. The first spectrum, taken at room temperature (298 K), corresponds to
a sample that was analyzed as received (Figure 6.24a). An increase in the signal intensity in the
3800-2400 cm! region was observed due to moisture present in the sample. As the temperature
was increased up to 373 K, the signal's intensity decreased due to the water desorption. No
significant changes were observed in the spectra above that temperature, implying a complete
dehydration (regeneration) of the sample. During the heating, the vibrations of the structural
units of the sample practically remained unchanged, indicating the high thermal stability of

MIL-125(Ti) NH> (Figure 6.24b).
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Figure 6.24. DRIFT spectrum of MIL-125(Ti) NH> during regeneration step in the region of
(a) 3800-2400 cm™! and (b) 18001000 cm™.
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From the spectra collected periodically during the water vapor adsorption experiments
(Figure 6.25a), it can be seen that the intensities of the bands in the 3800-2400 ¢cm™! region
continuously increased with the time of exposure to water vapor. The increase was fast, also
indicating fast adsorption kinetics of water vapor adsorption in MIL-125(Ti) NH,. The
unchanged intensities of the bands after the 35 min of exposure to water vapor indicate that the
equilibrium has been reached. Intensities of the bands associated with the structural vibrations
of the solid, in the region of 1800-1000 cm™ (Figure 6.25b), have not been changed remarkably,
indicating structural stability of the sample upon exposure to water vapor for at least 40 min. In
this spectral region, a band at c.a. 1640 cm™! which is assigned to the O-H bending vibrations,

appeared just after 1 min of exposure to water vapor.

0 min

a) b)
~—40 min ~—40 min
—_ —_ —35 min
e = —30 min
= o —25 min
~ ~ —20 min
..*:t .-“é 15 min
- . " 10 min
g E o (O'H)\V\ A Q"‘ 5 min
1 1 n —1 min
< <
— =
) )
= =
= =
M =

\/\ f\‘k\/‘-__n/

3800 3600 3400 3200 3000 2800 2600 2400 1800 1600 1400 1200 1000
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Figure 6.25. DRIFT spectrum of MIL-125(Ti) NH; during water adsorption in the range of (a)
3800-2400 cm! and (b) 1800-1000 cm™!.

After several cycles of adsorption/regeneration, the DRIFT spectra of the MIL-125(Ti) NH»
remained mostly unchanged (Figure 6.26), which indicates that the material did not suffer any
major structural modification upon cyclic water adsorption. This conclusion is corroborated by
the textural characterization performed to the sample used in the microbalance to access the
adsorption equilibrium. The surface area and pore volume are in good agreement with the ones

published for a fresh sample of the same shaped material and powder [9, 11].

224



Water adsorption dinamic studies with fixed-bed experiments

Kubelka-Munk (a.u.)

2~ A\

L
2\ / S
7 | wid

/

—_—
e

3800 3600 3400 3200 3000 2800 2600 2400
Wavenumber (cm!)

Figure 6.26. DRIFT spectra of MIL-125(Ti) NHz regeneration at room temperature after water

adsorption.

The spectra collected during the co-adsorption of CO; and H>O on MIL-125(Ti) NH; are
depicted in Figure 6.27. In the 3800-2400 cm™!, the continuous growth in intensity of the bands
is observed due to the water adsorption (Figure 6.27a). In Figure 6.27b) appears two peaks, at
2360 and 2340 cm™!, corresponding to the asymmetric stretching mode of CO; [12] adsorbed
on MIL-125(Ti) NHo.
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Figure 6.27. DRIFT spectrum collected during co-adsorption of H,O and CO; in the region of
(2) 38002400 cm™! and (b) 2400-2300 cm™.

This same CO, asymmetric stretching mode is observed in the CO» adsorption on MIL-
125(Ti) NHo> (Figure 6.28b). Figure 6.28a) is not visible any significant structure difference,

maintaining almost constant the intensities of the peaks.
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Figure 6.28. DRIFT spectrum collected during CO; adsorption in the region of (a) 3800-2400

cm! and (b) 2400-2300 cm™.

Figure 6.29 presents the integration of DRIFT spectra in the 3800-2400 cm™!

region of MIL-

125(Ti) NHo. It is observed that the amount adsorbed increased linearly during the first 30

minutes of the exposure to water vapor. Then, the adsorption rate has slowed down until

reaching a quasi-plateau at c.a. 80 minutes.
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Figure 6.29. Variation of the area of the MIL-125(Ti) NH> DRIFT spectra with time during

adsorption of H>O (integration over 3800-2400 cm™).
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6.3 Summary

Water vapour breakthrough curves in inert helium followed the expected behavior based on
the water vapor adsorption equilibrium isotherm for all MOFs. This indicates that under such
experimental conditions the dynamic response of the system for the five MOFs is controlled by
the adsorption equilibrium and not adsorption kinetics. Furthermore, the dynamic adsorption
behavior of water adsorption in the fixed bed for the different MOFs is well predicted by the
developed model, excepting on Al-Fum adsorbent. The similarity between water breakthrough
curves in inert helium and with co-adsorption with other gases, namely N> and/or CO», allowed
to conclude they do not influence on H>O adsorption significantly. This is corroborated by the
fact that the fixed bed model predicts the water vapour dynamic behaviour without taking into

consideration the competition with these gases.

DRIFT analysis revealed that MIL-125(Ti) NH», MIL-100(Fe), and MIL-160(Al) structures
remained stable after several water adsorption/regeneration cycles. MOFs structures were
exposed at different temperatures with no impact on spectra, proving so to be thermal stable.
Furthermore, the uptake information taken from the DRIFT based experiments, evidence that

water adsorption is a fast phenomenon in the evaluated MOFs.
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Chapter 7

7.1 Process Design

A process to produce water harvesting from thin air by adsorption and its posterior
condensation from the regeneration outlet stream was designed. The original idea is the
exposure to atmospheric moist air during the night (feed step) with water capture by the MOF
through the adsorption process. Then, at the purge step, the solar irradiation is used to induce
the water desorption on MOF, following the cooling to temperatures below the water dew point
to yield water (condensation). The duration of the cycle process was assumed to be
approximately 24 hours. The influence of feed flowrate, purge-flowrate, feed duration, purge
duration, purge feed composition, purge temperature, purge pressure, and the purge outlet
stream's cooling temperature was studied in the process performance. The purge temperature
was chosen according to the regeneration experiments using solar irradiance (Appendix A).
Based on the IPMA (Instituto Portugués do Mar e da Atmosfera) data, mainland Portugal
presents annual solar insolation between 1800 and 3100 hours (1930-1960) [1]. Porto presents
a yearly average availability of global solar irradiance equal to 1628 kWh-m, considering the
data from Porto meteorological station from 2002 to 2007 [2], leading to an average irradiance
of 525 to 904 W-m™. Even if these irradiances were not possible to be achieved in the
experiments presented in Figure A.6, the tested irradiances (250 and 350 W-m2) were the basis
for defining purge temperatures. According to IPMA, the maximum and minimum monthly
averages of relative humidity in Portugal, in the 1971-2000 period, corresponds to 85%
(January and December) and 56% (August), respectively [3]. For the development of process
design, a relative humidity of 50% was considered, corresponding to the relative humidity

defined in the irradiance experiments (Appendix A).

The different designs were compared in terms of their productivity (I-day!). The knowledge
gathered with the design of MIL-125(Ti) NH> based process, was used in the design of the
processes based on the other adsorbents, CAU-10, MIL-160(Al), and MIL-100(Fe). The study
with Al-Fum was not performed due to the lack of the mathematical model validation against
the experimental results, as explained in the previous chapter. On MIL-160(Al), the operating
conditions of the proposed Temperature Swing Adsorption (TSA) cycles were further
optimized using the Particle Swarm Optimization (PSO) model; for the remaining materials,
the optimal operating conditions and cycle design was done by trial and error. The main

transport parameters are presented in Table 7.1.
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Table 7.1. Transport parameters used in the processes simulation.

CAU-10  MIL-160(Al) MIL-100(Fe) MIL-125(Ti) NH,

Do () 516x107* 133x10™* 243x10* 500 1073
£5 k) 260x1072 125x101 125x107'  125x 107
g E by (Wm?K) 273 40.4 84.6 73.5
= & &, (Wm2K") 3.81 202 181 100
U (W-m?K") 0 0 0 0

The feed was kept constant, and considered to be at 298 K and 1.01 bar on all designed
adsorption processes. The feed composition of 76.9% of Na, 21.7% of O, and 1.4% of H2O
(RH of 50%) was established for all processes too.

7.1.1 MIL-125(Ti)_NH:

The adsorption cyclic process initially considered is composed of two co-current steps, feed
and purge. In the process design, a column with a volume of 0.98 m? (length = 1.25 m, diameter
= 1 m) packed with MOFs granules (345 kg) operating under adiabatic conditions was
considered. Schematic representation of the TSA process is shown in Figure 7.1, while the

operating and feed conditions are given in Table 7.2.

a)
Q feed
HR feed
T
feed [ TSA
b)
Q purge
HR purge
/T ourge e
% TSA | 5
’, cooler

heater

Figure 7.1. Schematic representation of the TSA process unit packed with MIL-125(Ti) NH>
during the (a) feed step and (b) purge step.
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After preliminary studies, it was concluded that 60200 s for feed and 14400 s for purge were
the “optimal” times to achieve saturation of the bed during the feed and efficient regeneration

during the purge, in the TSA mode (Run 1 — 8, Table 7.2).

A Pressure-Temperature Swing Adsorption (PTSA) process was also developed considering
the same operating feed conditions as in the TSA process (Figure 7.2a). Aiming to reduce the
purge temperature (313 and 323 K), a purge pressure of 0.3 bar was studied, based on its impact
on the process productivity. The “optimal” times for the PTSA operation mode were 61000 s
(feed) and 26000 s (purge) (Run 9 — 10a, Table 7.2). Additionally, a buffer tank was coupled
with the PTSA process (Figure 7.2b) (Run 10b, Table 7.2). Indeed, the “dry” air produced

during the feed step, can be stored and used during the regeneration step.

a)

Q purge

HR purge

—’@L TSA (7

vacuum cooler
pump

heater

b)
Q purge

HR purge

@—»TW [l TsA =l —( <f

heater vacuum cooler

I; pump

buffer tank

Figure 7.2. Schematic representation of the PTSA process unit packed with MIL-125(Ti) NH»
during the (a) purge step and (b) purge step with de-humified air.
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Table 7.2. Harvested water productivity obtained by simulation for two AWVP cycles (TSA
and PTSA).

Run Tpurge Pourge Teondoncation Productivity
(K) (bar) (K) (I'day!)  (I-day!ton!) (l-day!'m™)

1 333 1.1 283 56.1 163 57.1
2 333 1.1 288 38.6 112 39.3
3 353 1.1 283 82.4 239 83.9
4 353 1.1 288 65.1 189 66.3
5 353 1.1 298 12.9 37 13.1
6 373 1.1 283 110.6 320 112.6
7 373 1.1 288 93.3 270 95.0
8 373 1.1 298 39.6 115 40.4
9 313 0.3 288 353 102 36.0

10a 323 0.3 288 52.8 153 53.8

10b 323 0.3 288 52.8 153 53.8

As expected, the highest productivity was obtained for the regeneration at the highest
considered temperature (373 K) and condensation at the lowest evaluated temperature (283 K).
The productivity of 320 1-day !“ton™! was obtained, which means we can produce about 320
lI-day ! with a unit of 2.84 m?. With the goal of reducing the regeneration temperature, and
decreasing refrigeration needed to condensate the water, a moderate vacuum (0.3 bar) was
considered during the regeneration step (Runs 9, 10a, and 10b). Run 9 productivity is similar
to the productivity of Run 2, yet it was achieved considering a regeneration temperature 20 K
lower. Similar trend was observed for Run 10a and Run 1, regarding their performance, with a
decrease of 10 K in the regeneration temperature. In Run 10b, it was considered the use of part
of the de-humified air produced during the feed step to regenerate the column, but no significant
impact was observed. Similar behavior was observed in the TSA process with de-humified air,
the obtained results are not included within this chapter. Therefore, a buffer tank's addition to
store the “dry” air to the AWVP unit is not required, keeping the unit simpler and with lower

initial capital costs.
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Figure 7.3 presents the history of gas temperature and RH at two different axial positions:
0.6 m and 1.25 m (outlet of the adsorber), at Cyclic Steady State (CSS), for Runs 3, 4, and 5.
Figure 7.4 presents the internal profiles of RH (fluid-phase concentration) and adsorbed amount
(adsorbed phase concentration), at two different cycle times: 5000 s (i.e., 5000 s after the
beginning of the feed step) and 65200 s (i.e., 5000 s after the start of the purge step), at CSS,
for Runs 3, 4, and 5. One can observe from both figures that the concentration shock wave only
achieves the end of the column at the beginning of the regeneration step, i.e., the feed step's
duration is just enough to saturate the adsorber. The same is possible to be said about the
regeneration step. Its duration is just long enough to achieve the desired working capacity (18.5
mol-kg ), yet it is too short, not allowing full regeneration of the bed during this step. Indeed,
the efficiency of regeneration of the bed is guaranteed by the fact that the feed mass shock wave
does not take over the regeneration mass shock wave during the feed step (at 5000 s of the feed
step, they are 0.95 m apart — see Figure 7.4). The fact that one starts to feed the adsorber before

full regeneration is achieved will allow some saving in heating costs of the purge stream and

also increase the productivity.

--L=0.6m
—L=1.25m

w

=~

<
L

0 14920 29840 44760 59680 74600 0 14920 29840 44760 59680 74600
Time (s) Time (s)

Figure 7.3. a) RH and b) gas temperature histories at two different axial positions: 0.6 m and

1.25 m, for Runs 3, 4 and 5.
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Figure 7.4. a) RH and b) adsorbed amount profiles at two different cycle times: 5000 s and 65200
s, for Runs 3, 4 and 5.

7.1.2 CAU-10

The TSA process (Figure 7.1), operating under adiabatic conditions, was the only considered
design based on the MIL-125(Ti) NH> process results. The column's dimensions were also
maintained, allowing the packaging of 509 kg of CAU-10 adsorbent granules. Pressure and
condensation temperature were considered to be 1.01 bar and 283 K, respectively. The feed and
purge volumetric gas flow rates were kept equal as the previous material (0.30 m?-s™). Different
time steps (treed and tpurge) Were considered, and the results with the highest productivity are
reported in Table 7.3. The total cycle duration obtained was, in general, higher than 24 hours.
To reduce the cycle duration, the volume of the column was reduced to about a third of its initial
column volume (0.98 m?®). The lower capacity of the column (volume = 0.35 m?, length = 1.25
m, diameter = 0.6 m), which was packed only with 184 kg of CAU-10, allowed to obtain cycles
with a total duration lower than 24 hours. As previously expected, the highest productivity was
achieved for the regeneration at the highest considered temperature (373 K) on both bed
dimensions. However, the productivity in terms of 1-day™! is similar (84.0 and 81.3 1-day ™! on
the column volume of 0.98 and 0.35 m?, respectively). When comparing in terms of mass or
volume too, the TSA process with lower column volume presents the highest productivity (230
I-day ''m™ and 443 1-day !‘ton"!) due to the need of shorter, maintaining the daily water

harvesting capacity, with a third of mass/volume. Another advantage of the TSA process with
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a lower column volume is the highest efficiency and reduced initial capital costs, needing lower

cycle times and adsorbent mass.

Table 7.3. Harvested water productivity obtained in the TSA cycles for two different columns

packed with CAU-10.

Column T purge  tfeed  Lpurge Productivity
volume (m*)  (K) (s) (9 (Iday!) (I-day!ton!) (I-day!'m?)
333 106000 58000  56.0 110 57.1
0.98 353 107000 32000  73.9 145 75.4
373 106000 22000  84.0 165 85.7
333 39000 21000  54.2 295 153
0.35 353 37000 12000  72.6 396 205
373 38000 9000 81.3 443 230

The internal histories of RH and gas temperature at the middle position of the axial direction
and the end of the column (0.6 and 1.25 m, respectively), at CSS, were computed for one of the
most promising scenarios (productivity of 84.0 1-day! with a bed volume of 0.98 m?), and are
presented in Figure 7.5. The internal profiles of RH and the adsorbed amount at CSS are shown
in Figure 7.6 at 5000 s and 110000 s (i.e., 5000 s after the beginning of regeneration step). The
concentration shock wave reaches the end of the column at the beginning of the regeneration
step, ensuring that the feed step duration is long enough to reach the saturation of the adsorbent,
maximizing the use of its adsorption capacity. At 5000 s of the regeneration step, 1/5 of the
packed bed is regenerated. The regeneration time cycle ends up before the complete
regeneration of the packed bed. Indeed, as already observed for the case of MIL-125(Ti) NHo,
the feed step starts before the full regeneration of the bed column leading to reduced costs

inherent to regeneration energy and to increase the water harvesting capacity.

It must be highlighted that for the TSA process, considering a column volume of 0.35 m?,
the histories and profiles followed the same trend as those shown for the case considering a

column volume of 0.98 m>.
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Figure 7.5. a) RH and b) gas temperature histories at two different axial positions: 0.6 m and
1.25 m, for the highest H>O productivity on TSA column packed with CAU-10 (Vertical dashed

line represents the beginning of the regeneration step).
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Figure 7.6. a) RH and b) adsorbed amount profiles at two different cycle times: 5000 s and
110000 s for the highest H2O productivity on TSA column packed with CAU-10.

7.1.3 MIL-160(Al)

As in the study with CAU-10, the process considered to produce water harvesting using
MIL-160(Al) as adsorbent corresponds to the TSA process presented in Figure 7.1. Pressure
and condensation temperature were maintained at 1.01 bar and 283 K, respectively, as well as,

the column dimensions (length = 1.25 m, diameter = 1 m). Additionally, a column volume of
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0.98 m? packed with 480 kg of MIL-160(Al) granules, operating under adiabatic conditions,
was considered. The proposed TSA cycle operating conditions were optimized, and the steps

duration (tfeed and tpurge) Were optimized to minimize a selected objective function.

The definition of the objective function in the optimization process is an essential factor. The
optimization methodology followed an adapted PSO model developed by I. Nogueira, as a
result of his doctoral thesis [4]. The PSO is a metaheuristic optimization algorithm developed
by J. Kennedy (social psychologist) and R. Eberhart (electrical engineer) in 1995 [5-9]. This
evolutionary computing method optimizes nonlinear functions and is inspired by social
behavior and dynamic movements of natural swarms (bird flocks, schools of fish, and bees
swarms) [5, 10]. The individual social behavior is influenced by its own experience and the
accumulated experience of its swarm individuals [7, 11]. In the PSO algorithm, at each iteration,
the particle/individual (i) tries to target its best position (personal best - pbest) and the best
position of the particles of its group (global best - gbest), by adjusting its velocity [7, 11, 12].
The updated velocity and position of the individuals are given by [4, 7, 10-12]

vt =K + ¢ x rl(pbest{‘ — sl") +cy X rz(gbestg‘ - Szk) (7.1)
skt = gk 4 pk*1 (7.2)

with i = 1, ..., n in the n-dimensional space and k = 0, ..., k;;,4,; Where v; corresponds to the
particle velocity, s; is the particle position, ¢, /c, are the search parameters (positive constants),
1, /1, are the random variables uniformly distributed between 0 and 1, and k and k,,,,, is the

number of iterations and the maximum number of iterations, respectively.

To maximize TSA water productivity (the quality parameter), was necessary the optimal
definition of the unit operating variables, which in this case was simply the duration of each
step. However, achieving a global optimum for those parameters is a difficult task; thus, the
optimization problem was designed to get as close as possible to the global optimum. Therefore,
it was proposed to apply an objective function with penalties, namely, a constant penalty was
applied to a solution that violates the initially defined constraints. Hence, the objective function
is defined as:

min (/) = Zp* () (7.3)

PT'k
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The assumptions defined were: time cycle process of approximately 24 hours; treq superior
to tpurge; and optimized times in the range of 0 to 100000 s. The total number of particles and

iterations selected was 25 and 50, respectively.

Considering a purge temperature of 353 K and equal feed and purge flow rates, four
optimization runs were performed, one for each volumetric gas flow rate (0.10, 0.30, 0.40, and
0.50 m3-s!) (Figure 7.7 and Table 7.4). The same procedure was repeated by fixating the
volumetric gas flow rate at 0.30 m®s' and considering different purge/regeneration

temperatures (333, 353, 363, and 373 K (Figure 7.8 and Table 7.5).

Figure 7.7 shows the maximum productivity obtained by using each one of the flow rates.
At the same time, Table 7.4 presents the optimal point found for the cycle steps duration (tfed
and tpurge) and the corresponding maximum productivity and standard deviation (std). One
should note that each optimization run consists of three individual optimization trials, and the

reported result for each run is the average of the three trials.

The maximum productivities vary between 22.3 1-day™! (46.5 1-day!-ton!) and 147 1-day!

(305 I-day!-ton™!). As expected, total cycle duration decreases inversely with the flow rate.
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Figure 7.7. Maximum water production by optimal unit performance parameters in terms of flow

rate.
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Table 7.4. Optimal unit point for different flow rates.

Q Pra(‘ig;:}t]i_\l/)ity teed (8) tpurge (3)
(m*s™h) ™ Value std value std value std

0.10 223 4.6x1072 60945 3000 | 26872 3500
0.30 89.3 1.3x1073 56866 2600 | 24204 2100
0.40 118 1.0x107 43390  2.25 18486  2.85
0.50 147 1.0x10°° 35125 3.15 14994 275

Figure 7.8 represents the optimal unit productivity achieved after the optimization process
for each purge temperature, while Table 7.5 presents more detailed the results of the optimal
cycle. The productivity is directly proportional to the purge temperature, as predictable. The
maximum productivity (111 1-day!) was obtained for the maximum purge temperature (373

K).
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Figure 7.8. Maximum water production by optimal unit performance parameters in terms of

regeneration temperature.
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Table 7.5. Optimal unit point for different purge temperatures.

T e Prﬁégg;ij)ity treed (5) tpurge (5)
(K) value std value std value std
333 65.2 8.0x107° 53376 79.1 23787 73.9
353 89.3 1.3x10°3 56866 2600 24204 2100
363 101 4.0x10 57031 1.56 23317 0.55
373 111 2.0x10% 56705 4.00 21133 1.18

The most promising scenario was obtained for purge temperature equal to 353 K and a flow
rate of 0.50 m*'s!, with the highest H>O productivity of 305 1-day!-ton!. The history of gas
temperature and RH at two different axial positions: 0.6 m and 1.25 m (outlet of the adsorber),
at CSS, are presented in Figure 7.9. At the beginning of the regeneration step (35125 s), the
concentration shock wave has just achieved the column end, as can be observed in Figure 7.9a).
Furthermore, the regeneration step ends up before the full regeneration of the bed. The full
regeneration of the bed proceeds during the feed step. Indeed, the end of the bed is never fully
regenerated, which can be easily understood since productivity is a time-based performance
parameter. The time that it takes to regenerate the end part of the bed fully, might not be waged

by the additional capacity gained.
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0 12530 25060 37590 50120 0 12530 25060 37590 50120

Time (s) Time (s)
Figure 7.9. a) RH and b) gas temperature histories at two different axial positions: 0.6 m and

1.25 m, for the highest H>O productivity on MIL-160(Al) (Vertical dashed line represents the

beginning of the regeneration step).
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The RH (fluid-phase concentration) and adsorbed amount (adsorbed phase concentration)
profiles at two different cycle times (5000 s after the beginning of feed step and 5000 s after
the start of the regeneration step — 40125 s), and at CSS, are presented in Figure 7.10. At the
end of the desorption cycle, the column is not fully regenerated. Therefore, the adsorption step

starts before full regeneration saving regeneration energy and improving productivity.
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0 0.25 0.5 0.75 1 1.25 0 0.25 0.5 0.75 1 1.25
L (m) L (m)

Figure 7.10. a) RH and b) adsorbed amount profiles at two different cycle times: 5000 s and
40125 s, for the highest H>O on MIL-160(Al).

7.1.4 MIL-100(Fe)

The adsorption process study using MIL-100(Fe) as adsorbent followed the same procedure
as the study with CAU-10, keeping the same operating conditions (pressure, condensation
temperature, feed and purge volumetric gas flow rate) and dimensions of the column. The TSA
column considered was packed with 407 kg of MIL-100(Fe) granules. As for CAU-10, different
values of treed and tpurge Were considered, and in Table 7.6 are presented the ones that achieved
higher productivity. However, as happened in the CAU-10 study, the cycle times obtained
exceeded 24 hours. To reduce the cycle times, the same strategy used in the CAU-10 was
applied in the TSA process with MIL-100(Fe). The column with a volume of 0.35 m® (length =
1.25 m, diameter = 0.6 m) was packed with 147 kg of MIL-100(Fe), allowing a shorter cycle
duration. The highest productivity was achieved for the highest regeneration temperature (373
K) on both two TSA designs (79.8 and 86.8 1-day ™! for column volumes of 0.98 and 0.35 m?,
respectively), as expected. The reduction of the TSA column volume beyond the reduction of

cycle times allowed to achieve higher productivity (592 1-day!-ton™!) than in the initial column
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(196 1-day!-ton™") for the same feed and purge operating conditions due to the need of less
adsorbent material. This adjustment in the TSA process promotes higher efficiency of the

process and the reduction of the operating costs (e.g., adsorbent cost).

Table 7.6. Harvested water productivity obtained in the TSA cycles for two different columns
packed with MIL-100(Fe).

Column T purge  tfeed  Lpurge Productivity
volume (m*)  (K) (s) (s) (Iday') (I-day'ton’)) (I-day'-m™)
333 153000 60000  61.0 150 62.2
0.98 353 158000 39000  72.7 179 74.2
373 148000 29000  79.8 196 81.4
333 53000 23000  63.7 434 182
0.35 353 51000 16000  79.2 540 226
373 45000 11000  86.8 592 248

For one of the most promising scenarios (86.8 1-day!), at CSS, the internal histories of RH
and gas temperature, at the middle and end column are presented in Figure 7.11. Additionally,
the internal profiles of RH and the adsorbed amount, at CSS, are shown in Figure 7.12. On both
figures it is possible to see that during the feed step, the shock wave achieves the end of the
column only when the regeneration step is beginning. The duration of the feed and the
regeneration step is enough to guarantee the saturation of the adsorbent and harvesting the
maximum water capacity (about 30 mol-kg ). At 5000 s after the regeneration step, about 2/5
of the packed column is regenerated. The mass shock wave at the feed step does not overrides
the shock wave developed during the regeneration. This fact also reduces the heating needs of

the purge stream, and leads to an increase of the water harvesting.
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Figure 7.11. a) RH and b) gas temperature histories at two different axial positions: 0.6 m and

1.25 m, for the highest H>O productivity on TSA column packed with MIL-100(Fe). (Vertical
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Figure 7.12. a) RH and b) adsorbed amount profiles at two different cycle times: 5000 s and

49000 s at the 0.35 m® TSA column volume, for the highest H,O productivity achieved.
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7.2 Summary

In this chapter, the development of different types of sorption based processes, for water
harvesting, was presented. Initially, using MIL-125(Ti) NH: as an adsorbent, three different
designs were studied to achieve the highest productivity, such as TSA, PTSA, and PTSA
coupled with a buffer tank. The TSA design process (purge and condensation temperature equal
to 373 and 283 K, respectively; and flowrate of 0.30 m?-s!) presented the highest productivity.
A unit of 2.84 m? is capable of producing about 320 1-day™! of water. The same TSA design
process was used in the design TSA processes with CAU-10, MIL-100(Fe), and MIL-160(Al).
A metaeuristhic methodology for the optimization of cycle times was adopted in the process
design with MIL-160(Al). Unlike the “manual optimization” of the steps times (tfeed and tpurge)
for the processes based on MIL-125(Ti) NH,, CAU-10, and MIL-100(Fe). Indeed, for MIL-
160(Al) the cycle was optimized by employing a PSO algorithm. The TSA process with MIL-
160(Al) was capable of producing at least 305 1-day!-ton’! of water (purge temperature — 353
K, condensation temperature — 283 K, and flowrate — 0.50 m3-s™!). MIL-125(Ti) NH> and ML-
160(Al) proved to be promising materials for water harvesting achieving productivity of about
111 I-day"! for the same operating conditions (purge temperature — 373 K, condensation
temperature — 283 K, and flowrate — 0.30 m*-s™!) but with different adsorbent mass (MIL-
125(Ti) NH»> — 345 kg, and MIL-160(Al) — 480 kg). At the operating conditions mentioned
before, 84.0 and 81.3 1-day! was the water productivity achieved on CAU-10 for TSA column
volume equal to 0.98 and 0.35 m?, respectively, while the TSA process based on MIL-100(Fe)
had a productivity of 79.8 and 86.8 1-day™'.

247



Chapter 7

Notation
ci/cy search parameters (cognitive and social)
gbest global best position
i individual/particle
J objective function
k number of iterations
L column length
N total number of instants of evaluation of the performance parameters
pbest personal best position
Byurge desorption pressure
P, productivity
q total adsorbed amount
Q volumetric gas flow
/7 random variables
S; particle position
treea adsorption time cycle
tpurge desorption time cycle
T temperature

7}ondensaﬁon

Tburge

%

condensation temperature
purge temperature

particle velocity
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Abbreviations
AWVP Atmospheric Water Vapor Processing
CSS Cyclic Steady State
IPMA Instituto Portugués do Mar e da Atmosfera
MOF Metal-Organic Framework
PSO Particle Swarm Optimization
PTSA Pressure-Temperature Swing Adsorption
RH Relative humidity
std standard deviation
TSA Temperature Swing Adsorption
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Chapter 8

8.1 Conclusions

The main objective of this project was achieved by the design of different TSA processes
for water harvesting from air. Indeed, the performance of the different MOFs to produce water

was evaluated.

Initially, the textural, morphologic, and crystallographic characterization and
thermogravimetric analyses of MOFs were performed. Excepting on MIL-100(Fe), all the
MOFs presented Type I isotherms for N> adsorption at 77 K, typical of microporous adsorbents.
Otherwise, MIL-100(Fe) showed Type I and IV isotherms, due to its micro and mesoporous
cages. The N, adsorption results demonstrated a capacity order: MIL-100(Fe) > MIL-160(Al)
> Al-Fum > MIL-125(Ti) NHz; > CAU-10, as expected, particularly for MIL-100(Fe) with the
presence of higher pore volume. Adsorption properties were also evaluated by the single CO»
adsorption equilibrium isotherms, at 273 K, demonstrating on all the materials a type I shape,
characteristic of microporous, and narrow mesoporous adsorbents. CO> affinity presented the
followed order of MIL-160(Al) > CAU-10 > Al-Fum > MIL-125(Ti) NH> > MIL-100(Fe).
Thermogravimetric analysis showed all the MOFs presented thermal stability at 650 K,
excepting MIL-100(Fe).

Pure gas adsorption data of N», O2, and CO,, were performed at 283 K, 303 K, and 323 K,
in the pressure range of 0 to 6 bar, on MIL-160(Al), MIL-100(Fe), and MIL-125(Ti) NHo,.
From the three gases, CO: is the one with the highest affinity towards the three adsorbents. On
CAU-10 and Al-Fum, these gases were not measured due to the results obtained for the
previously mentioned materials, weak or even no competition between these three gases and
vapor water. For this same reason, DRIFTS analyses were also not performed in these two
adsorbents. DRIFT analyses revealed that MIL-125(Ti) NH>, MIL-100(Fe), and MIL-160(Al)

structures remained stable during the water vapor exposure.

Water vapor adsorption equilibrium isotherms on Al-Fum, CAU-10, and MIL-125(Ti) NH>
are of type IV according to IUPAC classification, and type V and type VI shape on the MIL-
160(Al) and MIL-100(Fe), respectively. Except Al-Fum, all MOFs presented a sharp water
uptake for low relative pressure (P/P, < 0.3) which makes them suitable for water harvesting in
arid regions. MIL-160(Al) is the adsorbent more ideal in areas with very low relative humidity

(10%). In comparison, CAU-10 and MIL-125(Ti) NH; are appropriate for regions with about

254



Conclusions and Future work

20%, and Al-Fum is proper in areas with around 25 to 39% of relative humidity. Globally, MIL-
100(Fe) is the adsorbent more versatile due to two different cavities in its structure. Its
application can be flexible, since it adsorbs in two different moist regions, i.e., in regions with
relative humidity between 21 to 30%, and in the relative humidity range between 36 to 40%,

achieves its highest capacity.

A characteristic curve for each MOF was described by applying Polanyi’s theory model to
the water vapor equilibrium isotherms. MIL-100(Fe) showed a higher Polanyi adsorption
potential related to a higher affinity to water molecules. All curves presented double inflection,

possibly associated with bi-modal energy distribution.

Water adsorption equilibrium isotherms were described by the Cooperative Multimolecular
Sorption model on all the MOFs, except for MIL-100(Fe), for which was applied the Dual Ising-
Single Langmuir model. On Al-Fum, two different sets of fitting parameters of the CMMS
model (Fitting 1 and Fitting 2) were obtained. However, it was not possible to predict well fixed
bed results on Al-Fum, with any of the sets, only the general tendencies were possible to predict.
This fact restricts the possibility to develop the adsorptive process design based on Al-Fum.
Yet, for the remaining four MOFs, the dynamic adsorption behavior of water in the fixed bed

was well predicted by the developed model.

Furthermore, all the single water vapor adsorption breakthrough experiments corroborated
the shape of the water vapor adsorption equilibrium isotherms. This fact demonstrates the
dynamic behavior of water vapor is mainly controlled by the adsorption equilibrium, with no
significant contribution of the adsorption kinetics. Water co-adsorption history proved that the
presence of the other air components (CO», and/or N>) does not affect water adsorption

behavior.

Three different designs (TSA, PTSA, and PTSA coupled with a buffer tank) based on MIL-
125(Ti) NH> were studied, and the TSA design process presented the highest productivity.
Then, the simple TSA design was considered for CAU-10, MIL-100(Fe), and MIL-160(Al).
The TSA processes with MIL-125(Ti) NH> (345 kg) and MIL-160(Al) (480 kg) were capable
of producing 111 I-day! for the same operating conditions (purge temperature — 373 K,
condensation temperature — 283 K, and flowrate — 0.30 m?-s!). With CAU-10 and MIL-
100(Fe), lower water productivity was achieved using the operating conditions mentioned

before, corresponding to 84.0 and 79.8 1-day™!, respectively.
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The developed model is flexible and able to predict the process performance for different
regions (i.e., different relative humidity), adsorbents, and operating conditions (e.g., purge and

condensation temperature, pressure, and flowrate).

8.2 Future work

At the end of this research work, the development of the sorption process design using Al-
Fum, as adsorbent stayed pendent. The repetition of the measurement of water vapor adsorption
equilibrium isotherms, namely at 298 K, could help to achieve the most suitable set of fitting

parameters to represent the water vapor dynamic behavior on Al-Fum.

The study of the relation between solar irradiance and temperature inside the column had
some hindrance, namely not knowing the exact irradiance solar in the column surface, and that
the equipment is not allowed to achieve temperatures higher than 373 K. This obstacle can be
overcome by a pyranometer which can be used to measure the global solar irradiance on the

local intended for assembly the water harvester device [1].

This research work could be the lead-off to the development of a proof-of-concept device of
the sorption process and afterward to optimize the efficiency and productivity of the water
harvester. For the adsorbent selection, should be considered the average relative humidity of
the location and selected the MOF more suitable to the local in terms of relative humidity as
presented in Chapter 5. Other promising adsorbents could be evaluated (e.g., super moisture-
adsorbent gel (SMAG) [2], and interpenetrating polymer network (IPN) [3]), or even the
combination of MOFs with other materials (e.g., metal coating [4], and hygroscopic salts [5])
to provide conductive heat transfer and/or improve adsorption properties. Also, the geometry
of the water harvester and material can be optimized to promote the heat transfer leading to
require low heating needs and condensation temperature closer to environment temperature

(e.g., modular beds and tubular solar still powered by a parabolic concentrator system) [6-8]

The water captured does not present harmful components in its composition due to the MOF's
capacity of retaining only moisture into the pores [9-11]. However, the impact of air pollutants
(e.g., NOy) in the MOFs adsorption performance and the development of strategies to avoid

microbial proliferation on the device, studies are fundamental to warranty drinking water safety
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[6, 7]. Afterward, if the purpose of the captured water is to drink, a mineralization process must

be coupled to the water harvester.
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The irradiance, also known as flux density of radiant energy, is the radiant energy received
per unit area [1, 2]. On a perpendicular plane with an average distance of 149.6 Gm between
the Sun and Earth, the annual average solar radiation (solar constant) is about 1366 W-m™ [2-
6]. Daily average irradiance (insolation) in a yearly cycle at the top of the atmosphere obtained
empirically is presented in Figure A.1. The insolation varies all over the spatial and temporal

scale.
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Figure A.1. Average daily insolation at the top of the Earth's atmosphere [6].

However, passing through the atmosphere, the intensity on the surface decreases due to the
interaction with the atmospheric constituents (absorption and scattering phenomena) [7]. The
irradiance is also influenced by the solar zenith angle, the sky conditions (e.g. clouds), climate,
daytime and season [7-13]. Earth's atmosphere receives an average of about 342 W-m™ of solar

energy, but only 70% are available on the surface [14].

Worldwide overview of the annual average irradiance distribution on the ground-level for
the period of 1991-1993 (daily average) is observed in Figure A.2. “Black dots” marked in the
map correspond to the areas with great potential to provide energy [15]. The highest irradiance

values are located near the equator (latitude equal to 0°).
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Figure A.2. Annual average irradiance (1991-1993) on a horizontal surface at ground-level [15].

Wald [7] reported the influence of the solar zenith angle on irradiance at the surface, without

cloudiness (50 km of visibility from the ground-level) (Table A.1).

Table A.1. Total irradiance at the top of atmosphere and ground-level, and clearness index for

different zenith angles (0°, 30°, and 60°) (adapted from [7]).

Solar zenith angle (°)

Irradiance (W-m2)
Top of atmosphere

Ground-level

0 30 60

1354 1174 673
1045 885 464

Clearness index

0.77 0.76 0.69

Opalkova et al. [16] measured the means of solar irradiance on a horizontal plane at the city

of Ostrava (Czech Republic). Figure A.3 represents the daily profile of the 10 min means

irradiance in three days with different sky conditions. The daily profile on a sunny day exhibits

broadband, and a large band was also observed on the partly cloudy day but with variable

irradiance. As expected, the cloudy day presents the lowest irradiance values.
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Figure A.3. Daily profile of the 10 min broadband irradiance recorded on ground-level at three

different days (cloudy, partly cloudy, and sunny).

The static experiments on the MIL-125(Ti) NH> were performed with the irradiance range
0f 250-850 W-m2. Initially, the column was positioned along 8.7 cm distant of xenon lamp and
the initial material temperature was recorded (T) (Figure A.4). The column was previously
saturated with water in helium (50%) corresponding approximately to the minimum average

relative humidity recorded in August (53%), during 1971 and 2000 in Portugal [17].

> r=

8.7cm

- e

B L —Xenon lamp
________________ - S — Sensor

E T — Thermocouple

V,, V, — Valves

Figure A.4. Solar simulator schema of static experiments.

Figure A.5 displays the equilibrium temperature inside the column along with the rise of solar
irradiance. As expected, the temperature of the material increases linearly with the gradual

irradiance raise.
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Figure A.5. Column temperature in function of solar irradiance with an initial temperature of

(a) 297.6 K and (b) 297.0 K.

However, due to the distance between the lamp and column, possible loss of irradiance may
occurred. To circumvent this possible loss, the column was positioned near the xenon lamp
(Figure 3.18 — Chapter 3) and the same experiment was repeated. The initial temperature inside
the column was of 297 K, while 305.2 K corresponds to the temperature inside the solar
simulator. As in the experiments reported before, the material temperature was recorded along
the time until attained the equilibrium (Figure A.6). At 250 W-m, the equilibrium temperature
was about 339 K, while at 350 W-m™ the temperature measured was 349.3 K. For higher
irradiance, the temperature measuring was not possible due to the experimental limitations at
high temperatures (maximum equipment temperature = 373 K). As expected, along with the

increase of the irradiance, the temperature recorded in the material increases.
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Figure A.6. Equilibrium temperature for irradiance of 250 and 350 W-m™.
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Dynamic adsorption experiments under different conditions are presented. The breakthrough
curves were performed to corroborate the behaviour of saturated dynamic adsorption
experiments. The water breakthrough curve on Al-Fum presented in Figure B.1 followed the
protocol of Experiment 1 (Chapter 6) but with water vapor being transported by a helium stream
at 22% RH. The breakthrough curve was performed to select the best fitting parameters of
CMMS model (Table 5.4 — Chapter 5). As expected, the breakthrough curve followed the same
dynamic present at 50% RH (Figure 6.1 — Chapter 6) and is according to the H>O adsorption
equilibrium isotherm (Figure 5.8). As in Figure 6.1, both types of fitting parameters (Fitting 1
and Fitting 2) are not suitable to validate the experimental results obtained on Al-Fum

adsorbent.

50 :
Adsorption i Desorption
40 - :
| i —Fitting 1
30 E - - Fitting 2

20
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i
=

0 — b
80 120 160
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Figure B.1. Water vapor adsorption-desorption breakthrough curve obtained on Al-Fum with
saturated helium (22% RH) at 298 K (Points represent experimental data and dashed line

represents the beginning of the regeneration step).

The CO> breakthrough experiments on MIL-160(Al) followed the Experiment 6 protocol
(Chapter 6). In Figure B.2b) the composition of CO,:He ratio in the adsorption step was equal
to 20:80. In Figure B.2c) the same composition was used and the helium stream was changed

by nitrogen stream.
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Figure B.2. Carbon dioxide breakthrough curves of binary mixture of (a) dry He with CO»
(50:50), (b) dry He with CO» (80:20), and (c) dry N> with CO> (80:20), on MIL-160(Al) at 298
K. (Points represent experimental data and dashed line represents the beginning of the

regeneration step).

Figure B.3a) corresponds to CO; breakthrough experiments on MIL-160(Al) using CO- as
water vapour carrier (Experiment 2 protocol) and Figure B.3b) is the CO; breakthrough curve
resulted after adsorbent pre-saturation with water (Experiment 5 protocol). Both experiments
show rapid desorption of CO; in the presence of water corroborating the strong water

adsorption.
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Figure B.3. Carbon dioxide breakthrough curves of (a) dry He with CO; saturated, and (b) after

adsorbent pre-saturation with water on MIL-160(Al) at 298 K. (Points represent experimental

data and dashed line represents the beginning of the regeneration step).

The CO; breakthrough curve present in Figure B.4 results from the procedure of Experiment

6 (Chapter 6).
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Figure B.4. Carbon dioxide breakthrough curve of binary mixture of (a) dry He with CO2, on

MIL-125(Ti) NH> at 298 K. (Points represent experimental data and dashed line represents the

beginning of the regeneration step).

As observed on MIL-160(Al), the strong water adsorption is visible on CO; breakthrough
curves on MIL-125(Ti) NH; (Figure B.5) where CO> molecules are unable to compete with

water molecules.
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Figure B.5. Carbon dioxide breakthrough curves of (a) dry He with CO; saturated, and (b) after
adsorbent pre-saturation with water on MIL-125(Ti) NH, at 298 K. (Points represent

experimental data and dashed line represents the beginning of the regeneration step).
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