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ABSTRACT	

Atmospheric	Water	Harvesting	by	an	Anhydrate	Salt	and	Its	Release	by	a	Photothermal	

Process	Towards	Sustainable	Potable	Water	Production	in	Arid	Regions	

Mossab	Khalid	Alsaedi	

	

Only	2.5%	of	 the	water	on	Earth	 is	 fresh	water	and	only	 less	 than	1%	 is	 accessible	 to	

human	consumption.	Landlocked	and	desert	communities	and	communities	that	are	not	

wealthy	 enough	 to	 provide	 clean	 drinking	 water	 via	 conventional	 water	 treatment	

technologies	 are	 facing	 severe	 water	 shortages	 and	 tend	 to	 rely	 on	 long	 distance	

transportation	 to	 supply	 fresh	 water	 for	 their	 daily	 use.	 As	 a	 lot	 of	 the	 water-scarce	

countries	 have	 abundant	 annual	 solar	 irradiation	 and	 relatively	 high	 humidity,	 this	

project	proposes	a	technology	that	harvests	water	from	ambient	air	using	an	anhydrate	

salt	 and	 releases	 it	 for	 collection	 using	 sunlight.	 This	 technology	 is	 designed	 to	 be	

potentially	deployed	in	night-day	cycles,	as	the	humidity	at	night	is	at	its	peak,	and	solar	

irradiation	during	the	day	 is	also	at	 its	peak.	 In	 this	work,	a	mesoporous	silica	powder	

filled	 with	 CuCl2	 and	 coated	 with	 carbon	 nanotubes	 is	 used.	 The	 water	 capture	

performance	 of	 this	 material	 was	 investigated	 with	 different	 relative	 humidity	

environments.	Furthermore,	the	powder	agglomeration	sizes	of	this	material	were	also	

investigated	 for	 each	 relative	 humidity	 environment.	 Water	 release	 was	 investigated	

under	1	kW/m2	simulated	solar	 light	 in	an	 in-lab	~60%	relative	humidity	environment.	

The	 results	 show	 that	 this	 mesoporous	 material	 was	 able	 to	 capture	 water	 at	 12%	

relative	 humidity	 conditions,	 low	enough	 to	 capture	water	 from	 the	 air	 in	 the	 Sahara	
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Desert.	At	relative	humidity	of	15%	and	35%,	the	material	was	able	to	absorb	0.12	and	

0.25	 kg/kg	 of	 water,	 respectively,	 within	 100	 minutes,	 which	 indicates	 its	 fast	 water	

harvesting	kinetics.	A	fully	hydrated	sample	released	0.26	kg/kg	of	water	in	almost	half	

an	hour	under	1	kW/m2	simulated	sunlight.	This	project	sheds	more	light	on	utilizing	the	

atmosphere	as	an	alternative	water	source.	 	
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Chapter	1	

1.1 |	Introduction	

1.1.1	|	Water	Scarcity	

Water,	which	is	an	essential	part	of	life,	has	a	rising	global	demand.	This	increase	

in	 demand	 is	 mainly	 due	 to	 increase	 in	 the	 world’s	 population,	 shifts	 in	 water	

consumption	 behavior	 and	 expansion	 of	 irrigated	 agriculture.	 This	 leads	 to	 water	

becoming	more	and	more	scarce	[1].	Only	2.5%	of	the	water	on	earth	is	fresh	water	and	

only	 less	 than	 1%	 is	 accessible	 fresh	 water.	 The	 increase	 in	 pollution	 decreases	 the	

amount	of	accessible	fresh	water	that	can	be	consumed	by	humans.	The	majority	of	the	

world’s	population,	who	live	in	poverty,	live	in	water-scarce	regions	such	as	the	Middle	

East,	sub-Saharan	Africa	and	parts	of	Asia	[2].		

Water	 scarcity	 can	 be	 described	 as	 the	mismatch	 between	 the	water	 demand	

and	water	 availability	with	 demand	being	 higher	 than	 availability.	When	demand	 and	

availability	 are	 almost	 equal,	 an	 increase	or	decrease	 in	one	of	 them	could	 affect	 the	

scarcity	 level.	 For	 example,	 the	Arabian	Desert	 suffers	 from	water	 scarcity	more	 than	

any	 other	 desert	 due	 to	 its	 high	 population	 density	 and	 its	 intense	 agriculture.	

Furthermore,	 some	 areas,	 such	 as	 basins	 in	 India,	 Southern	 Africa	 and	 Australia,	

experience	 countercyclical	 water	 availability.	 Countercyclical	 water	 availability	 means	

water	 consumption	 being	 at	 its	 highest	 when	 water	 availability	 is	 at	 its	 lowest.	 This	

countercyclical	behavior	 results	 in	a	decrease	 in	 river	 flows	and	 lake	and	groundwater	

levels.	 Lakes,	 such	 as	 the	 Chad	 Lake	 in	 Africa	 and	 the	 Aral	 Sea	 in	 Central	 Asia,	 are	

disappearing	 and	 countries,	 such	 as	 Saudi	 Arabia	 and	 China,	 are	 experiencing	
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groundwater	 depletion.	 Figure	 1.1	 shows	 a	map	 that	 represents	 the	 total	 renewable	

water	 resource	 per	 capita	which	 shows	 the	 different	water	 scarcity	 levels	 around	 the	

world	 [3].	 The	 map	 shows	 the	 scarcity	 levels	 of	 the	 aforementioned	 countries	 and	

regions.	Water	scarcity	is	also	affected	by	global	warming,	which	affects	water	run-off,	

evaporation	and	precipitation.	As	the	world’s	temperature	increases	by	only	2	oC	above	

its	 current	 level,	 up	 to	 one-fifth	 of	 its	 population	 could	 suffer	 from	water	 shortages.	

That,	 subsequently,	will	 increase	 the	 number	 of	 people	 around	 the	world	who	would	

have	to	use	less	than	500	cubic	meters	of	water	per	year	by	40%,	which	is	considered	as	

‘absolute’	water	scarcity	[4].	

In	 terms	of	population,	about	71%	of	 the	world’s	population	 lives	 in	moderate	

water	scarcity	and	66%	lives	in	severe	water	scarcity	for	at	least	one	month	a	year.	1.8	

to	2.9	billion	people	live	in	severe	water	scarcity	for	four	to	six	months	a	year.	And	half	a	

billion	people	 live	 in	severe	water	scarcity	throughout	the	entire	year.	Some	countries	

are	 vulnerable,	 with	 water	 scarcity	 conditions	 being	 a	 concern	 to	 their	 entire	

population.	 For	 example,	 Saudi	 Arabia	 and	 Yemen	 are	 both	 in	 vulnerable	 conditions	

when	it	comes	to	water	scarcity.	20	million	people	in	Saudi	Arabia	and	18	million	people	

in	Yemen	live	in	severe	water	conditions	all	year	round	[1].	In	China,	the	northern	parts	

of	the	country	are	considered	water-scarce	regions,	as	opposed	to	the	southern	parts.	

Some	developed	yet	water	scarce	regions	in	China,	such	as	Shaghai,	Beijing	and	Tianjin,	

import	 water	 from	 other	 water	 scarce	 regions	 in	 the	 country	 leading	 to	more	 water	

depletion	[5].	Adapting	to	such	scarcity	conditions,	women	and	children	walk	distances	

to	 reach	 and	 collect	 fresh	water.	A	 study	 showed	 that	 by	 cutting	 the	walking	 time	 to	



	 15	

water	sources	by	15	minutes,	an	11%	decrease	in	under-five	child	mortality	was	noticed.	

In	Ghana,	for	example,	cutting	the	walking	time	to	reach	water	by	15	minutes	increased	

the	girls’	school	attendance	rate	from	8%	to	12%	[3].	

	

Figure	1.1:	Total	renewable	water	resource	per	capita	(2013)	[3]	

1.1.2	|	Clean	Drinking	Water	

Through	food	and	nutrition,	water	affects	health,	which	is	why	water	and	health	

are	both	considered	‘precious	resources’	as	described	by	the	World	Health	Organization	

(WHO)	 [2].	 Drinking	 water,	 specifically,	 is	 treated	 to	 reduce	 and	 eliminate	 biological	

contaminants,	such	as	pathogenic	bacteria,	and	chemical	contaminants,	such	as	boron	

and	 lead.	 Other	 attributes	 that	 affect	 the	 drinking	water	 quality	 are	 odor,	 color,	 and	

turbidity,	which	can	also	be	treated	[6].	Due	to	the	lack	of	water	in	general	and	sanitary	

water	 in	 specific,	 millions	 of	 people	 suffer	 from	 preventable	 but	 fatal	 diseases	 in	

developing	countries.	About	2.6	billion	people	live	in	poor	sanitary	water	conditions	and	
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without	 improved	 sanitary	 services.	 In	 sub-Saharan	 Africa,	 42%	 and	 64%	 of	 the	

population	 live	without	 improved	water	and	 improved	sanitation,	respectively,	 leading	

to	 the	 death	 due	 to	 the	 diarrheal	 diseases	 being	 greater	 in	 that	 area	 than	 any	 other	

area.	 In	 landlocked	 and	 desert	 regions,	 such	 as	 rural	 parts	 of	 Mongolia,	 there	 is	 a	

shortage	of	clean	drinking	water.	In	towns	and	cities	other	than	the	capital,	about	only	

41%	have	access	to	clean	drinking	water	[7,	8].	An	issue	that	is	faced	when	it	comes	to	

sanitation	and	 treatment	 is	 the	centralized	 treatment	 systems.	Such	 systems	 focus	on	

serving	 urban	 areas	 more	 than	 rural	 ones.	 Rural	 and	 urban	 areas	 aside,	 efficient	

centralized	systems	are	hindered	by	other	factors	as	well,	such	as	high	capital	costs	and	

poor	 operation.	 An	 effort	 towards	 improving	water	 sanitation	 and	 hygiene	 is	 utilizing	

point-of-use	 (POU)	 systems,	 which	 treat	 the	 water	 at	 the	 point	 directly	 prior	 to	

consumption.	 In	 Kenya,	 Guatemala	 and	 India	 for	 example,	 POUs	 reduced	 diarrheal	

diseases	by	40%	when	using	solar	disinfection	and	PUR	(a	disinfectant)	and	by	up	to	80%	

when	 using	 chlorine	 in	 drinking	 water	 [9].	 The	 water	 scarcity	 issue	 that	 the	 world	 is	

facing	will	always	be	there	and	will	become	worse	 if	no	action	towards	mitigating	 it	 is	

taken.	 Some	 of	 the	 conventional	 water	 treatment	 methods,	 such	 as	 membrane-

separation,	 adsorption,	 chemical	 treatment	 and	 biological	 treatment,	 have	 surely	

mitigated	the	water	scarcity	conditions	 in	some	areas,	but	 the	 increase	 in	demand	for	

water	is	exceeding	their	capabilities	[10].		

1.1.3	|	Conventional	Water	Treatment	and	Drinking	Water	Production	Technologies	

Drinking	water	 is	 obtained	 from	various	 sources,	 such	 as	 ground	water,	 runoff	

streams	and	seawater.	Of	the	widely	used	processes	in	the	Middle	East	are	desalination	
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processes.	 Such	 processes	 include	 three	 approaches:	 thermal	 separation,	 physical	

separation,	and	chemical	separation.	Thermal	separation,	such	as	distillation,	separates	

water	from	its	components	via	changing	the	water’s	phase	from	liquid	to	vapor,	leaving	

behind	the	salt	in	the	remaining	solution	[11-13].	Then	the	evaporated	water	condenses	

back	 to	 its	 liquid	 phase.	 The	 issue	 with	 thermal	 separation	 processes	 is	 that	 they	

consume	a	lot	of	energy	in	the	heating	process.	This	leads	to	using	the	energy	produced	

by	nearby	power	generation	plants	as	 feed	 into	desalination	plants	 (co-generation)	 to	

reduce	energy	consumption.	This	adds	more	expenses	to	the	original	expensive	thermal	

plant.	 Desalination	 through	 physical	 separation	 entails	 physically	 separating	 the	

components	 via	 a	 gradient	 that	 is	 applied.	 Membranes	 are	 usually	 used	 in	 physical	

separation	 processes.	 For	 example,	 reverse	 osmosis	 (RO)	 desalinates	water	 through	 a	

semipermeable	membrane	by	applying	pressure	to	overcome	the	saline	water’s	osmotic	

pressure	and	subsequently	push	 the	water	 through	 the	membrane	 leaving	behind	 the	

salt	 solution.	 Although	 energy	 is	 required	 to	 pressurize	 the	 water,	 RO	 is	 considered	

cheaper	 than	 distillation	 processes.	 However,	 water	 recovery	 from	 RO	 is	 low,	 with	 a	

typical	water	recovery	value	of	around	40%	[14].	Furthermore,	membranes	used	in	RO	

processes	are	easily	fouled.	Therefore,	water	is	pretreated	prior	to	being	fed	into	an	RO	

module.	This	pretreatment	step	adds	more	cost	to	such	process	[15,	16].	The	third	mode	

of	 water	 desalination	 is	 chemical	 separation,	 such	 as	 ion	 exchange.	 However,	 these	

separation	methods	tend	to	be	impractical.	For	example,	ion	exchange	is	not	an	efficient	

way	to	treat	water	that	has	high	dissolved	solid	level	[13].	
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1.1.4	|	Atmospheric	Water	as	a	Source		

Desalination	processes	require	financing	and	energy	to	be	carried	out.	However,	

many	 of	 the	 underdeveloped	 countries	 that	 face	 water	 scarcity	 issues	 do	 not	 have	

enough	 resources	 to	 have	 such	 desalination	 plants	 running	 [13].	 Thus	 an	 alternative	

water	source	is	needed.	The	amount	of	water	in	our	atmosphere,	in	the	form	of	water	

droplets	 and	water	 vapor,	 is	 about	10%	of	 the	 total	 amount	of	 fresh	water	 in	 Earth’s	

lakes	 and	 is	 about	 six	 times	 the	 amount	 of	 water	 in	 Earth’s	 rivers.	 And	 interestingly,	

atmospheric	water	is	also	available	in	dry	regions	and	deserts	[17].	The	amount	of	water	

in	the	atmosphere	varies	from	one	location	to	the	other,	but	is	in	the	range	of	4-25	g/m3	

[13].	Figure	1.2	shows	a	map	that	represents	the	global	average	annual	relative	humidity	

[18].	It	can	be	inferred	from	figure	1.2	that	some	areas	that	suffer	from	water	scarcity,	

such	as	parts	of	Africa,	India	and	China,	have	a	wide	range	of	RH	values	with	some	parts	

having	almost	100%	RH.	And	other	areas	of	water	scarcity	have	much	lower	RH	values	

(less	than	25%),	such	as	the	Middle	East,	parts	of	North	Africa	and	Eastern	China.	Also	

looking	at	figure	1.3,	it	can	be	inferred	that	the	most	solar	irradiation	takes	place	around	

locations	in	which	water	scarcity	is	an	issue	such	as	the	Middle	East,	Africa	and	parts	of	

Eastern	Asia	[19].	So	in	this	case,	harvesting	water	vapor	would	make	much	more	sense	

than	harvesting	fog.	This	brings	us	to	the	pith	of	this	project:	utilizing	atmospheric	water	

as	a	water	source	and	sunlight	as	an	energy	source	to	capture	and	release	water	as	an	

alternative	to	current	expensive	drinking-water-producing	processes.		
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Figure	1.2:	Average	annual	relative	humidity	map	[18]	

	

Figure	1.3:	Average	solar	radiation	1990-2004	[19]	

1.1.5	|	Atmospheric	Water	Harvesting	Technologies	

Capturing	atmospheric	water	 is	not	a	new	method	for	supplying	drinking	water	

and	has	been	around	for	at	least	a	century	[13].	In	ancient	Greece,	water	was	collected	

from	 the	 air	 to	 supply	 cities	with	water	 [13].	 Fog	 harvesting	 is	 a	 process	 that	 can	 be	

found	 in	nature	happening	passively.	Researchers	have	found	certain	species	of	plants	
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and	 animals	 that	 possess	 special	 properties	 on	 their	 surfaces	 and	 other	 abilities	 that	

allow	them	to	collect	fog	from	the	air.	These	species	include	butterflies	[20],	beetles	[21,	

22],	 spiders	 [23]	 and	 cacti	 [24]	 that	 possess	 nano-tips/nano-stripes	 on	 wings,	

hydrophilic-hydrophobic	 regions	 on	 surfaces,	 spindle-knots	 separated	 by	 joints,	 and	

conical	 spines	 and	 trichomes	 in	 stems,	 respectively.	 Such	 surface	 structures	 and	

properties	inspire	the	design	of	biomimetic	fog	collecting	devices	[25,	26].	In	more	than	

25	 countries,	 dwellers	 of	 remote	 and	 rural	 areas	 already	 capture	 fog,	 such	 as	 some	

villages	 in	Chile	 [13,	23-27],	but	 the	 limitation	and	 challenge	 to	 this	 is	 that	harvesting	

atmospheric	 water,	 specifically	 fog,	 can	 be	 achieved	 only	 when	 the	 relative	 humidity	

(RH)	is	high	(almost	around	100%),	which	is	the	case	in	specific	areas	around	the	globe	

and	not	the	majority	[28,	29].	

Refrigeration-based	atmospheric	water	generators	(AWGs),	shown	in	figure	1.4,	

have	been	used	to	harvest	atmospheric	water	to	generate	potable	water	from	air	[30].	A	

refrigerant	is	cycled	through	this	process.	The	refrigerant	is	compressed,	condensed	and	

then	 evaporated.	 As	 the	 refrigerant	 enters	 the	 condenser,	 it	 cools	 down	 by	 changing	

phases	from	gas	to	liquid	after	transferring	the	latent	heat	to	the	substance	that	is	in	the	

condenser.	Then,	as	it	enters	the	evaporator,	it	evaporates	by	gaining	the	latent	heat	of	

vaporization	in	a	coil-like	piping	system	from	the	ambient	air	flowing	around	the	pipes.	

The	moist	air	around	the	pipes	then	cools	down	to	dew	point	temperatures	due	to	the	

loss	 of	 its	 latent	 heat	 of	 vaporization	 to	 the	 refrigerant	 and	 subsequently	 condenses.	

The	cycle	then	starts	over.	
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Figure	1.4:	Atmospheric	water	generator	[30]	

The	 condensed	 water	 is	 then	 collected	 for	 further	 use.	 Water	 production	 via	 AWGs	

decreases	 as	 the	 RH	 of	 the	 ambient	 air	 decreases.	 Therefore,	 the	 refrigeration-based	

AWGs	tend	to	not	be	efficient	with	RH	values	of	below	30-40%	and	its	energy	efficiency	

is	lower	as	the	ambient	temperature	increases.	In	dry	regions	with	very	low	RH,	the	dew	

point	 temperatures	 may	 reach	 down	 to	 sub-zero	 temperatures,	 making	 it	 almost	

impossible	 for	 the	 refrigeration-based	 AWGs	 to	 harvest	 atmospheric	 water.	 And	 it	 is	

needless	 to	 say	 that	 the	 type	 of	 AWGs	 need	 electricity	 to	 power	 the	 compressor,	

evaporator,	fans,	etc.	adding	more	sources	of	energy	consumption	[30,	31].	

1.1.6	|	Adsorption-Based	Atmospheric	Water	Harvesting	Technologies	

Porous	 materials	 with	 sorbents	 have	 been	 used	 as	 water	 adsorbing	 materials	

such	 as	 silica	 gels,	 zeolites	 and	 metal-organic	 frameworks	 (MOFs)	 [32-34].	 These	

materials	 would	 then	 desorb	 the	 water	 after	 they	 have	 heated	 up	 and	 their	

temperatures	have	risen.	The	desorbed	water	then	condenses	on	a	nearby	cool	surface.	
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This	 temperature	gradient	drives	 the	water	vapor	condensation	process	and	results	 in	

the	 loss	 of	 the	 water	 vapor’s	 latent	 heat	 of	 vaporization	 [35].	 Condensation	 is	 also	

caused	 by	 the	 high	 partial	 pressure	 of	 the	 water	 vapor	 in	 the	 area	 surrounding	 the	

surface	on	which	condensation	occurs	[35].	Zeolites,	which	are	aluminosilicate	minerals,	

interact	with	water	molecules	in	a	fashion	that	is	highly	dependent	on	the	concentration	

of	aluminum	in	their	unit	cells.	As	the	concentration	of	aluminum	increases,	interaction	

with	water	becomes	stronger	leading	to	more	water	adsorption	[32].	Some	zeolites	are	

also	 used	 for	water	 capturing	 in	 electric	 dehumidifiers	 [33].	 However,	 these	methods	

require	high	RH	values	and	energy	sources	to	capture	and	release	water,	such	as	in	the	

case	of	silica	gels	and	zeolites	[34].	Zeolites	adsorb	water	based	on	their	high	affinity	to	

water.	However,	this	water	affinity	makes	it	difficult	to	desorb	the	water.	So,	the	easier	

the	water	is	adsorbed,	the	more	difficult	it	is	to	desorb	it,	which	leads	to	requiring	high	

temperatures	for	the	materials	to	achieve	desorption	[35].	MOFs	are	more	attractive	for	

this	application	due	to	their	very	high	porosity	and	the	ability	to	modify	their	molecular	

structure	[34].	They	have	been	used	for	water	adsorption	[33,	34].	Professor	Omar	M.	

Yaghi’s	group	at	the	University	of	California,	Berkeley	has	investigated	this	in	2014	using	

zirconium	 MOFs	 [33].	 They	 have	 found	 that	 MOF-801	 and	 MOF-841	 have	 the	 best	

performance	in	terms	of	water	adsorption	due	to	the	hydrogen	bonding	that	occurs	in	

the	MOF	cavities,	which	leads	to	the	occurrence	of	water	clusters	[33].	The	group	then	

took	 this	work	a	 step	 further	 in	2017	and	 investigated	 these	materials’	 capabilities	 to	

capture	 atmospheric	 water	 [34].	 They	 found	 that	MOF-801	 captured	 water	 from	 the	

ambient	air	at	low	relative	humidity	levels	(as	low	as	20%	RH),	making	this	suitable	for	
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providing	water	in	regions	with	such	low	RH,	such	as	North	Africa	[34].	To	overcome	the	

strong	bonding	between	the	adsorbed	water	and	the	MOF	structure	and	subsequently	

release	 the	water,	 low-grade	heat	 from	sunlight	was	used	 (lower	 than	1	kW/m2)	 [34].	

This	MOF	was	found	to	harvest	about	0.2	L	of	water	per	kg	of	MOF	at	20%	RH.	Releasing	

the	adsorbed	water	solely	depended	on	the	energy	from	the	sun,	which	heated	up	the	

material	 through	 the	 graphite-coated	 surface	 (0.91	 absorptance)	 [34].	 In	 2018,	 the	

group	 also	 used	 MOF-801	 and	 MOF-303	 to	 test	 actual	 desert	 conditions	 in	 Arizona,	

where	 the	 humidity	was	 as	 low	 as	 10-40%	 and	 the	 dew	 point	was	 sub-zero	 [31,	 36].	

However,	thermodynamically	speaking,	MOFs	are	not	that	efficient	when	compared	to	

other	commercially	available	alternatives	[37].	Some	salts,	known	as	hydrates,	can	have	

water	 in	 their	 crystal	 structures.	 Their	 anhydrous	 counterparts,	however,	do	not	have	

water	in	their	crystal	structure	but	can	bind	to	water	molecules	due	to	their	high	water	

affinity.	 Anhydrous	 salts	 are	 cheap,	 have	 high	 water	 uptake	 and	 are	 commercially	

available	[38].	Copper	(II)	chloride	(CuCl2)	is	knows	as	one	of	the	best	salts	that	control	

humidity	levels	due	to	its	water	affinity	[39].	In	2018,	Li,	R.,	et	al.	proposed	using	disks	of	

silica	filters	that	were	filled	with	different	anhydrous	and	hydrous	salts	and	coated	with	

CNT	 as	means	 of	 capturing	 and	 releasing	 atmospheric	 water	 using	 sunlight	 [38].	 The	

proposed	design	 is	 illustrated	 in	 figure	1.5.	 This	work	 compares	 the	performance	of	 a	

group	 of	 hydrous	 and	 anhydrous	 salts	 based	 on	 their	 atmospheric	 water	 capture	

abilities.	
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Figure	1.5:	Steps	to	fabricating	the	water	collection	disk	[38]	

Results	show	that	copper	chloride	CuCl2	is	suitable	to	harvest	water	from	air	in	regions	

with	low	RH	but	abundant	sunlight	irradiation.	And	both	CuSO4	and	MgSO4	are	suitable	

for	regions	with	high	RH	but	 low	sunlight	 irradiation.	These	salts	were	able	to	capture	

water	 at	 very	 low	 RH	 (15%)	 and	 release	 that	 water	 at	 sub-one	 sun	 intensity	 (0.7-1	

kW/m2).	In	2018,	the	same	group	investigated	using	a	polyacrylamide	(PAM)-CNT-CaCl2	

hydrogel	 as	 an	 atmospheric	water	 sorbent	 [35].	 This	 hydrogel	 could	 capture	water	 at	

35%	RH.	And	under	natural	sunlight,	35	g	of	dry	hydrogel	would	deliver	20	g	of	water	in	

2	hours	and	a	half	[35].	To	supply	the	minimum	daily	water	consumption	of	about	3	kg,	

it	would	cost	about	$3.20	to	purchase	the	materials	the	hydrogel	is	made	of	[35].	

In	 this	 project,	 we	 propose	 a	 cheaper	 way	 of	 capturing	 water	 from	 the	

atmosphere:	 using	 copper	 (II)	 chloride	 (CuCl2)	 loaded	 into	 carbon	 nanotube-coated	

mesoporous	silicon	dioxide	monoliths	and	releasing	the	captured	water	using	sunlight.	

Meanwhile,	we	investigate	the	kinetic	efficiency	of	water	vapor	sorbents	by	tuning	the	

size	 of	 the	 mesoporous	 silicon	 dioxide	 powder	 agglomeration.	 The	 powder	

agglomeration	 size,	 as	 our	 results	 will	 later	 show,	 has	 an	 effect	 on	 the	 rate	 or	
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adsorption/desorption	 of	 water	 vapor	 into/from	 the	 pores.	 This	 method	 can	 be	

prototyped	to	turn	into	a	POU	device	that	produces	potable	water	in	dry	regions.	During	

the	night,	when	humidity	becomes	high,	 the	anhydrous	salt	captures	the	water	within	

the	pores	of	the	material.	And	during	the	day,	the	sun	heats	up	the	material	to	release	

the	adsorbed	water.	Especially,	the	CNTs	contribute	to	the	heating	process	due	to	their	

high	 photo-to-thermal	 energy	 conversion	 efficiency	 (almost	 100%).	Once	 the	water	 is	

released	as	vapor,	it	then	condenses	on	the	surrounding	cool	surfaces	for	collection.	It	is	

important	 to	 note	 that	 this	 technology	 does	 not	 consume	 any	 energy	 to	 capture	 or	

release	water.	This	work	sheds	light	on	using	sunlight	as	an	abundant	source	of	energy	

to	produce	clean	water	in	a	sustainable	manner.	

1.2	|	Theory	

	 Capturing	water	from	air	via	anhydrous	salts	implies	the	presence	of	a	hydration	

reaction	between	the	salt	and	water	molecules.	As	CuCl2	becomes	hydrated,	it	becomes	

bound	to	two	water	molecules	at	maximum.	Other	salts,	such	as	CuSO4	and	MgSO4,	bind	

to	more	 than	 three	water	molecules	 in	 their	 hydrous	 states	 (five	 and	 four	molecules,	

respectively).	 Such	 hydration	 reactions	 have	 an	 enthalpy	 of	 reaction	 values	 that	

thermodynamically	describe	the	extent	to	which	a	certain	reaction	direction	is	favored.	

The	 higher	 the	 absolute	 value	 of	 enthalpy	 of	 reaction	 is,	 the	 easier	 this	 reaction	 is	

achieved.	 The	 hydration	 reaction	 enthalpies	 of	 different	 salts	 are	 listed	 in	 table	 1.1,	

which	was	recreated	using	the	tabulated	data	taken	from	the	supporting	information	of	

Li,	 R.,	 et	 al.	 [38].	 In	 the	 table,	∆rHm/H!O	(kJ/mol)	 represents	 the	 average	 formation	

enthalpy	 for	 one	 mole	 of	 water	 added	 to	 the	 salt.	 Whereas	∆rHm 	represents	 the	
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average	formation	enthalpy	of	all	 the	water	molecules	added	to	the	salt	 in	the	overall	

reaction	[38].	

Table	1.1:	Hydration	reaction	enthalpy	values	of	different	salts	as	taken	from	Li,	R.,	et	al.	[38]	

Reactions	 ∆𝐫𝐇𝐦 
𝐤𝐉
𝐦𝐨𝐥 	 ∆𝐫𝐇𝐦/𝐇𝟐𝐎

𝐤𝐉
𝐦𝐨𝐥 	

CuCl2+2H2O	–	CuCl2.2H2O	 -131.83	 -65.92	

CuSO4+1H2O	–	CuSO4.1H2O	 -72.65	 -72.65	

CuSO4.1H2O+2H2O	–	CuSO4.3H2O	 -114.84	 -57.42	

CuSO4.3H2O+2H2O	–	CuSO4.5H2O	 -111.70	 -55.85	

MgSO4+1H2O	–	MgSO4.1H2O	 -75.33	 -75.33	

MgSO4.1H2O+2H2O	–	MgSO4.3H2O	 -124.61	 -62.31	

MgSO4.3H2O+1H2O	–	MgSO4.4H2O	 -46.58	 -46.58	

MgSO4.4H2O+2H2O	–	MgSO4.6H2O	 -104.62	 -52.31	

	

The	 importance	 of	 these	 enthalpy	 values	 lies	 in	 their	 ability	 to	 help	 choose	 the	

appropriate	type	of	salt	for	a	specific	application	when	evaluated	based	on	the	Clausius-

Clapeyron	equation	(eqn.	1.1)	[38].	

	 	 	 	 ∆𝐇𝐦 = 𝐑𝐓𝟏𝐓𝟐
𝐓𝟐!𝐓𝟏

𝐥𝐧 𝐩𝟐
𝐩𝟏
		 				 										Eqn.	1.1	
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Where	∆𝐇𝐦	is	the	enthalpy	of	reaction	(absorption	heat),	R	is	the	gas	constant	and	p1	

and	p2	 are	 the	partial	 pressures	 at	 temperatures	 T1	 and	T2,	 respectively.	 In	our	water	

capture	and	release	scenario,	T1	is	the	temperature	at	night	during	the	summer	and	T2	is	

the	temperature	at	which	the	photothermal	desorption	process	happens	(290-298K	and	

343-358K,	 respectively)	 with	 RH	 values	 between	 1%	 and	 25%.	 As	 indicated	 in	 the	

literature	[38],	the	minimum	absorption	heat	in	that	temperature	range	is	calculated	to	

be	 in	 the	 range	of	 60	 to	130	KJ/mol.	 This	means	 that	 the	 chosen	 salt	 should	have	an	

enthalpy	of	reaction	that	is	not	lower	than	60	KJ/mol.	Looking	back	at	table	1.1,	it	can	be	

inferred	 that	 some	 salts	 do	 not	 fall	 in	 that	 range,	 making	 them	 not	 suitable	 for	 the	

application	 scenario.	 Within	 this	 context,	 CuCl2	 is	 a	 good	 choice	 because	 of	 its	 high	

reaction	 enthalpy,	which	 corresponds	 to	 absorption	 at	 low	 RH	when	 compared	 to	 its	

other	salt	counterparts	[38].	

	 The	 kinetics	 of	 this	 process	 consists	 of	 different	 steps.	 The	water	 vapor	would	

diffuse	 until	 it	 reaches	 the	 surface	 of	 the	 material.	 When	 it	 comes	 to	 chemical	

adsorption,	water	molecules	would	fill	the	salt’s	crystals	once	they	are	in	contact	in	the	

pores.	The	limit	to	this	is	that	the	water	hydrates	the	crystals	depending	on	the	type	of	

salt.	For	non-deliquescent	salts,	such	as	CuCl2,	water	will	hydrate	the	crystals	until	the	

maximum	 number	 of	 water	 molecules	 the	 crystal	 can	 uptake	 is	 reached.	 For	

deliquescent	salts,	water	will	hydrate	 the	crystals	and	 form	a	solution	until	 the	partial	

pressure	of	water	 in	 the	 solution	and	 the	 vapor	pressure	of	water	 in	 the	 vapor	 reach	

equilibrium.	 By	 inputting	 energy,	 the	 partial	 pressure	 of	 the	 water	 in	 the	 solution	
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becomes	higher	than	the	vapor	pressure	in	air,	leading	to	desorption.	That	is	when	the	

salt	becomes	dehydrated	again.	 	
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Chapter	2	

2.1	|	Materials	

2.1.1	|	Chemicals	

Poly(ethylene	 glycol)	 (PEG),	 Pluronic	 P123,	 acetic	 acid	 (HAc),	 sulfuric	 acid	

(H2SO4),	nitric	acid	(HNO3),	carbon	nanotubes	(CNT),	copper	(II)	chloride	dehydrate	and	

ammonium	 hydroxide	 (NH4OH)	 were	 all	 purchased	 from	 Sigma	 Aldrich.	 Tetramethyl	

orthosilicate	 (TMOS)	 was	 purchased	 from	 Fluka	 Analytical.	 Ethanol	 absolute	 was	

purchased	 from	 VWR.	 The	 deionized	 (DI)	 water	 used	 was	 generated	 by	 a	 Milli-Q	

MILLIPORE	 system	 installed	 in	 lab.	 All	 of	 the	 aforementioned	 chemicals	were	 used	 as	

received	except	for	the	CNT,	which	was	pretreated	as	will	be	explained	in	section	2.2.3.	

2.1.2	|	Devices	and	Instruments	

	 The	oven	used	in	the	heating	and	drying	steps	of	the	experiments	was	a	Lindberg	

Blue	M	oven	with	a	 temperature	control.	For	 the	sample	pores	Brunauer-Emett-Teller	

(BET)	 studies,	 a	Micrometrics	 TriStar	 II	 nitrogen	 sorption	 device	was	 used	with	 liquid	

nitrogen.	 Sample	 weights	 were	 recorded	 using	 a	 Mettler	 Toledo	 weighing	 balance.	

Scanning	 electron	 microscopy	 (SEM)	 images	 were	 obtained	 using	 an	 FEI	 Quanta	 600	

microscope.	Transmission	electron	microscopy	(TEM)	images	were	obtained	using	an	FEI	

Titan	CT	microscope.	A	Simultaneous	Thermal	Analyzer	 (STA)	was	used	to	monitor	the	

change	in	sample	weight	as	humidity	and	temperature	change	(water	adsorption).	The	

STA	 model	 used	 was	 NETZSCH	 Jupiter	 STA	 449	 system	 coupled	 with	 a	 water	 vapor	

generator.	 Water	 desorption	 was	 tested	 using	 an	 ORIEL	 Sol3A	 solar	 light	 simulator	
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coupled	with	an	FLIR	camera	to	read	 irradiation	released	from	the	sample.	A	LabVIEW	

program	monitors	 the	 change	 in	mass	 of	 sample	 (from	weighing	 balance	 connected)	

against	time.	And	the	FLIR	software	records	the	temperature	change	with	time	off	the	

surface	of	the	sample	via	the	infrared	(IR)	camera.	

2.2	|	Methods	

2.2.1	|	Synthesizing	Silica	Substrate	

	 PEG	and	Pluronic	P123	were	added	 to	each	other	 in	Pyrex	glass	bottles.	 Then,	

HAc	 was	 added	 and	 the	 solution	 was	 stirred	 using	 a	magnetic	 stirrer	 until	 the	 solids	

dissolved	 and	 the	 solution	 became	 homogenous.	 Once	 the	 solution	 became	

homogenous,	 the	 bottle	 was	 transferred	 into	 an	 ice	 bath	 while	 keeping	 the	 stirring.	

While	 the	 bottle	 is	 in	 the	 ice	 bath,	 TMOS	was	 added	 to	 initiate	 the	 reaction	 and	 the	

bottle	was	left	for	20	minutes.	The	amount	of	PEG,	Pluronic	P123,	HAc	and	TMOS	were	

as	shown	in	table	2.1.	Five	different	samples	were	synthesized	with	varying	amounts	of	

PEG,	Pluronic	P123	or	TMOS.	The	idea	behind	this	synthesis	method	was	obtained	from	

Wang,	 Y.,	 et	 al.	 [40]	 but	 some	 modifications	 were	 made	 in	 terms	 of	 amount	 and	

polymers	used.	

Table	2.1:	Different	samples	with	different	compositions	of	starting	materials	

Sample	number	 PEG	 Pluronic	

P123	

Acetic	Acid	(0.01	M)	 TMOS	

1	 1.1	g	 0	 10	mL	 4	mL	

2	 0	 1	g	 10	mL	 4	mL	
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3	 1.1	g	 0.25	g	 10	mL	 4	mL	

4	 0.25	g	 1	g	 10	mL	 4	mL	

5	 1.1	g	 1	g	 10	mL	 2	mL	

Once	 the	 20	minutes	were	 up,	 the	 thick	 liquid	 solution	was	 transferred	 into	 a	 plastic	

bottle	and	left	overnight	in	a	45	oC	oven.	The	next	day,	the	bottle	is	taken	out	and	the	

liquid	is	decanted,	 leaving	behind	a	white	gel.	The	gel	 is	then	immersed	in	NH4OH	and	

left	 in	 an	 85	 oC	 oven	 for	 24	 hours	while	 changing	 the	 base	 every	 12	 hours.	 This	 step	

initiates	 the	polymer	 crosslinking.	After	 24	hours,	 the	 gel	 is	 immersed	 in	 0.1	M	HNO3	

until	the	pH	of	the	solution	reaches	seven.	Once	the	solution	becomes	neutral,	the	gel	is	

taken	out	and	is	washed	by	DI	water.	Then	gel	is	then	washed	with	ethanol	and	left	to	

dry	for	10	hours	in	a	50	oC	oven.	Once	the	gel	dries,	it	is	then	put	back	into	the	oven	for	

the	micelle-burning	step.	The	oven	is	set	to	heat	up	from	room	temperature	(~20	oC)	to	

550	oC	in	increments	of	5	oC/minute	and	to	hold	the	temperature	at	550	oC	for	one	hour	

before	cooling	down	to	room	temperature.	Once	this	step	has	ended,	a	BET	analysis	was	

carried	out	as	explained	in	the	next	chapter.	

2.2.2	|	Adding	CuCl2	into	the	Substrate	Pores	

	 CuCl2	solution	was	prepared	by	dissolving	CuCl2	powder	in	DI	water	with	a	ratio	

of	5	g	of	CuCl2	 in	every	10	mL	of	DI	water.	Once	the	solution	is	homogeneous	and	the	

CuCl2	 solid	aggregates	have	dissolved	completely,	 the	 solution	 (green	 in	 color)	 is	 then	

pipetted	onto	the	solid	silica	substrate	until	 it	 is	 fully	covered	with	the	green	solution.	

Then,	the	solution-covered	substrate	is	dried	in	the	oven	overnight	at	a	temperature	of	
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70	oC.	This	step	will	ensure	the	drying	of	the	water	and	the	deposition	of	only	the	salt	

particles	within	the	matrix	of	the	substrate.	

2.2.3	|	Carbon	Nanotube	Coating	

The	purchased	CNT	was	pretreated.	Of	the	purchased	CNT	(6-9	nm	in	diameter	

and	5	um	in	length),	3	g	was	dispersed	in	a	120	mL	mixture	(30	mL	70%	nitric	acid	and	90	

mL	97%	sulfuric	acid)	following	the	pretreatment	step	reported	in	Li,	R.,	et	al.	[38].	The	

CNT	 solution	 used	was	 2	mg/mL,	which	was	 diluted	 from	 a	 previously	 prepared	 5.19	

mg/mL	one.	The	CNT	solution	was	added	to	the	CuCl2-silica	substrate	until	 the	sample	

became	 completely	 covered	with	 CNT	 from	all	 sides	while	mixing	with	 a	 spatula.	 The	

end	CNT-to-sample	ratio	used	was	found	to	be	1.5	grams	of	salt-loaded	silica	substrate	

for	every	mg	of	CNT.	This	is	then	transferred	to	an	85	oC	oven	and	dried	overnight.	A	day	

later,	 the	 dry	 salt-loaded-CNT-coated	 silica	 substrate	was	 crushed	 using	 a	mortar	 and	

pestle	resulting	in	powder.	The	powder	was	then	separated	into	five	vials,	each	with	a	

specific	 range	 of	 powder	 agglomeration	 size.	 Size	 separation	was	 obtained	 using	 four	

mesh	filters	of	sizes	1	mm,	300	um,	106	um	and	45	um.	The	five	vials	had	powder	with	

the	following	sizes:	>	1	mm,	300	um	-	1	mm,	106-300	um,	45-106	um,	<	45	um.	

2.2.4	|	BET	Test	

	 All	the	tested	samples	were	first	degassed	at	120	oC	in	nitrogen	atmosphere	for	

24	hours.	Then,	the	samples	were	moved	to	the	analyzer	for	a	nitrogen	sorption	test	at	

a	liquid	nitrogen	temperature	of	around	-195	oC.	
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2.2.5	|	TEM	and	SEM	

	 The	 TEM	 and	 SEM	 images	 obtained	 will	 be	 shown	 in	 section	 3.1.2.	 TEM	

acceleration	 voltage	was	120	 kW	and	only	blank	 silica	 substrate	was	 imaged	 (prior	 to	

adding	 CuCl2	 and	 CNT).	 SEM	 acceleration	 voltage	 (EHT)	 was	 5.00	 kV	 and	 the	 probe	

current,	which	corresponds	to	the	beam,	was	200	pA	in	all	the	images.	However,	some	

images	 differ	 from	other	 by	 different	magnification	 value	 as	will	 be	 shown	 in	 section	

3.1.2.	

2.2.6	|	Simultaneous	Thermal	Analyzer	(STA)	Test	

	 There	were	two	types	of	tests	that	were	conducted	on	each	sample:	a	dynamic	

humidity	 test	and	a	static	humidity	one.	 In	 the	dynamic	humidity	 test,	 the	humidity	 is	

programmed	 to	 increase	 incrementally.	 Whereas	 in	 the	 static	 humidity	 test,	 the	

humidity	 is	 kept	 constant	 throughout	 the	 entire	 duration	 of	 the	 test.	 Two	 static	

humidity	values	(RH	15%	and	35%)	were	tested	on	the	entire	samples	that	had	different	

sizes.	

	 Each	dynamic	humidity	test	 lasted	for	about	15.6	hours.	The	test	begins	with	a	

dehydration	step	with	a	constant	RH	of	1.5%,	which	allows	the	water	adsorbed	into	the	

sample	 from	 the	ambient	 air	 to	be	desorbed	by	 increasing	 the	 furnace’s	 temperature	

from	25	oC	to	~72	oC	and	kept	constant	for	30	minutes	and	then	cooled	back	down	to	25	

oC.	At	the	100-minute	mark,	the	RH	started	to	increase	incrementally	from	1.5%	to	80%	

in	 the	 span	 of	 750	minutes	 before	 dropping	 back	 down	 to	 1.5%.	During	 the	 test,	 the	

weight	of	 the	 sample	was	measured	 to	monitor	 the	water	desorption	 and	adsorption	

processes.	
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	 The	static	humidity	tests	had	the	same	dehydration	step	as	the	dynamic	ones	in	

terms	of	temperatures	and	RH.	But	once	the	100-minute	mark	was	reached,	the	RH	was	

increased	 from	 1.5%	 to	 the	 constant	 RH	 value	 under	 which	 the	 samples	 were	 being	

tested	(15%	and	35%).	

2.2.7	|	Solar	Light	Simulator	Test	

	 This	 specific	 test’s	 setup	 consists	 of	 a	 solar	 light	 simulator	 (ORIEL	 Sol3A	 1000	

w/m2	intensity),	a	weighing	balance	and	an	FLIR	camera	that	were	all	connected	to	an	

in-lab	computer.	Two	software	programs	were	used	to	monitor	both	the	weight	of	the	

sample	 on	 the	 weighing	 balance	 and	 the	 temperature	 of	 the	 sample.	 A	 LabVIEW	

software	was	programmed	to	monitor	the	weight	on	the	weighing	balance	and	record	

the	weight	every	one	second.	And	the	FLIR	software	was	used	to	record	the	maximum,	

minimum	and	average	temperatures	every	one	second	on	the	sample’s	surface	through	

the	IR	camera.	This	test	results	in	two	plots	for	each	sample:	a	mass	vs.	time	plot	and	a	

temperature	vs.	time	plot.	Figure	2.1	shows	this	test’s	setup.		

	

Figure	2.1:	Laboratory	setup	of	solar	light	simulator	test	
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Chapter	3	

3.1	|	Results	and	Discussion	

3.1.1	|	BET	Results	

	 As	 shown	 in	 table	2.1,	 the	porous	 silica	 substrates	were	prepared	with	varying	

concentrations	 resulting	 in	 five	 different	 samples.	 All	 five	 samples	 were	 tested	 by	 a	

nitrogen	adsorption-desorption	experiment	to	find	the	sample	with	higher	surface	area	

and	adsorption	pore	volume.	The	BET	results	are	shown	below	in	table	3.1.	

Table	3.1:	BET	results	of	the	six	different	silica	substrate	samples	

Sample	

Number	
BET	Surface	Area	(m2/g)	

BJH	 Adsorption	 Pore	

Volume	(cm3/g)	

Average	 Pore	

Diameter	(nm)	

1	 214.1	 1.05	 22.08	

2	 272.9	 1.2	 18.4	

3	 213.2	 1.04	 22.5	

4	 210.3	 1.2	 27.8	

5	 87.5	 0.8	 40.6	

From	table	3.1,	it	is	evident	that	sample	2	has	the	highest	surface	area	and	pore	volume	

and	therefore	only	sample	2	was	used	in	the	rest	of	the	study.	It	can	be	seen	that	having	

only	 Pluronic	 P123,	 only	 PEG	 or	 a	 mixture	 of	 PEG	 and	 Pluronic	 P123	 in	 the	 starting	

reactants	 does	 not	 affect	 the	 surface	 area	 and	pore	 volume	drastically.	However,	 the	

decrease	in	the	amount	of	TMOS	used	decreases	the	surface	area	and	the	pore	volume	

values	drastically.	The	nitrogen	adsorption	and	desorption	 isotherms	 for	 sample	2	are	
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shown	 in	 figure	 3.1.	 The	 adsorption-desorption	 curve	 shows	 correlation	 to	 a	 Type	 II	

adsorption	 isotherm	 (as	 known	 by	 IUPAC	 classification).	 The	 mismatch	 between	 the	

adsorption	line	and	desorption	line	is	what	is	known	as	the	hysteresis	loop.	This	loop	is	

due	to	capillary	condensation.	As	the	layers	of	nitrogen	are	formed	on	the	walls	of	the	

pore	during	adsorption,	 they	eventually	stack	up	to	reach	a	point	where	the	 layers	on	

opposite	side	interact.	However,	during	the	desorption	process,	the	nitrogen	molecules	

in	 the	 middle	 of	 the	 pore	 (resulting	 from	 capillary	 condensation)	 will	 need	 higher	

pressure	drop	to	get	desorbed,	which	results	 in	this	curve	mismatch.	Figure	3.2	shows	

the	pore	diameter	distribution	of	 the	 sample	2.	As	 can	be	 seen,	 the	 formation	of	 the	

porous	structure	of	sample	2	is	mainly	contributed	by	mesopores.	

	

Figure	3.1:	Adsorption	and	desorption	isotherms	of	sample	2	obtained	from	BET	

The	almost	flat	line	between	0.2	and	0.6	p/po	in	figure	3.1	corresponds	to	the	

monolayer	 adsorption.	 The	 hysteresis	 loop	 starts	 at	 ~0.8	 p/po	 and	 is	 the	 vertical	 gap	

between	the	red	and	black	curves.	From	figure	3.2,	it	is	evident	that	the	majority	of	the	



	 37	

pores	are	less	than	50	nm	in	diameter	(mesopores)	with	some	below	2	nm	(micropores)	

and	some	above	50	nm	(macropores).	

	

Figure	3.2:	Pore	diameter	distribution	within	sample	2	

The	adsorption/desorption	BET	isotherms	for	samples	1,	3,	4	and	5	are	shown	in	

figures	3.3	a,	b,	c	and	d,	respectively.	Figures	3.4	a,	b,	c	and	d	show	the	pore	diameter	

distributions	within	samples	1,	3,	4	and	5,	respectively.	
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Figure	3.3:	Adsorption	and	desorption	isotherms	of	a)	sample	1,	b)	sample	3,	c)	sample	4,	d)	sample	5	

Samples	 1,	 3	 and	 4	 show	 similarities	 to	 sample	 2	 from	 looking	 at	 their	 isotherms.	

However,	sample	5	has	a	shorter	isotherm	(smaller	y-axis	value	at	the	end	of	the	curve)	

when	compared	to	sample	1,	2,	3	and	4.	The	adsorption	curves	of	samples	1,	2,	3	and	4	

stop	around	700-800	cm3/g,	whereas	sample	5	stops	at	around	500	cm3/g.	This	means	

that	 the	 pores	 in	 sample	 5	 take	 up	 less	 nitrogen	 than	 samples	 1,	 2,	 3	 and	 4	 due	 to	

smaller	 pore	 volume	and	 surface	 area.	 This	 points	 to	 table	 3.1,	which	 shows	 that	 the	

pore	volume	and	surface	area	of	sample	5	are	less	than	those	of	samples	1,	2,	3	and	4.	

This	 is	 mainly	 contributed	 by	 the	 decrease	 in	 TMOS	 used	 (from	 4	mL	 to	 2	mL).	 PEG	
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and/or	Pluronic	P123	form	the	micelles	that	the	TMOS	surrounds.	As	TMOS	surrounds	

these	micelles,	 it	creates	the	frames	that	would	then	become	the	pores	surfaces	once	

the	calcination	process	occurs	 in	 the	 furnace	 (burning	 the	micelles	and	 leaving	behind	

the	outer	frame).	

	 	

		 					 	
	
	

Figure	3.4:	Pore	diameter	distribution	within	a)	sample	1,	b)	sample	3,	c)	sample	4,	d)	sample	5	

Similar	to	sample	2,	samples	1,	3,	4	and	5	all	show	pore	diameter	distributions	that	hint	

towards	 the	 formation	 of	mesopores	 (less	 than	 50	 nm)	 in	majority,	with	 some	 in	 the	

micro	and	macro	range.	
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3.1.2	|	TEM	and	SEM	Results	

Figure	3.5	shows	TEM	images	obtained	of	sample	2.	The	formation	of	pores	 is	evident	

from	the	TEM	images	below	as	there	is	contrast	(dark	and	light	spots)	on	the	surface	of	

the	material.	The	TEM	images	also	show	that	the	porous	structure	in	sample	2	is	mainly	

formed	 by	 powder	 agglomeration.	 The	 darker	 the	 spots	 are,	 the	 more	 powder	 is	

agglomerated	at	those	specific	spots.	

	 	

Figure	3.5:	TEM	images	of	sample	2	

Figure	3.6	shows	SEM	images	of	sample	2	with	different	CuCl2,	namely,	sample	2	with	

CuCl2	 powder	 >	 1	mm,	 sample	 2	with	 CuCl2	 powder	 106-300	 um,	 and	 sample	 2	with	

CuCl2	powder	<	45	um.	The	SEM	images	show	the	channels/pores	formed	on	the	surface	

of	the	agglomerated	powder	as	small	dark	dots.	They	also	show	the	agglomeration	size	

and	verify	the	size	filtration	technique	used.	
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Figure	3.6:	SEM	images	of	a)	sample	2,	b)	sample	2	with	CuCl2	powder	>	1	mm,	c)	sample	2	with	CuCl2	powder	106-
300	um	d)	and	sample	2	with	CuCl2	powder	<	45	um	

3.1.3	|	STA	Results	

This	 test	helps	 investigate	the	water	adsorption	stage,	which	occurs	during	the	

night.	25	oC	and	72	oC	were	chosen	as	the	temperatures	at	which	humidity	is	introduced	

and	the	samples	are	dehydrated	in	order	to	simulate	nighttime	and	daytime	conditions.	

Figure	 3.7	 shows	 the	 results	 of	 the	 dynamic	 humidity	 STA	 test.	 Each	 colored	 line	

corresponds	 to	a	 specific	powder	agglomeration	 size	 range.	As	 the	plot	 shows,	all	 the	

samples	start	to	absorb	water	at	about	12%	RH,	which	is	lower	than	what	was	reported	

by	previous	adsorption-based	atmospheric	water	harvesting	technologies,	such	as	MOFs	

[34].	It	is	also	evident	that	the	powder	agglomeration	size	plays	a	role	in	the	kinetics	of	

the	 process.	 As	 the	 powder	 agglomeration	 size	 decreases,	 the	 rate	 at	 which	 the	

adsorption	happens	 increases.	This	can	be	best	seen	through	the	slope	of	 the	colored	
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lines.	The	higher	the	slope	is,	the	higher	the	rate	of	change	in	mass	is.	The	brown	y-axis	

on	the	right	corresponds	to	the	humidity	 line,	which	is	the	step-wise	increasing	brown	

line	in	the	plot.	

							 	

Figure	3.7:	Dynamic	humidity	STA	test	showing	percent	change	in	sample	mass	with	different	powder	agglomeration	
sizes	

	 To	 evaluate	 the	 samples’	 performance	 further,	 the	 samples	 were	 tested	 in	

constant	 RH	 environments	 of	 RH	 15%	 and	 35%	 (static	 humidity	 STA	 test).	 Figure	 3.8	

shows	 the	 mass	 change	 in	 15%	 RH	 with	 100%	 being	 the	 mass	 of	 the	 completely	

dehydrated	 sample	 before	 any	water	 adsorption	 occurs.	 Figure	 3.9	 shows	 the	 rate	 of	

change	of	sample	mass	(first	derivative	of	figure	3.5	data).	The	higher	the	absolute	value	

of	the	rate	of	change	is,	the	faster	the	sample	adsorbs/desorbs	water.	
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Figure	3.8:	Change	of	sample	mass	with	time	in	15%	RH	environment	of	different	powder	agglomeration	sizes	

	
Figure	3.9:	Rate	of	change	of	sample	mass	with	time	in	15%	RH	environment	of	different	powder	agglomeration	sizes	
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From	the	figures,	it	can	be	inferred	that	0.12,	0.13,	0.14,	0.15	and	0.22	kg	of	water	can	

be	adsorbed	per	1	kg	of	<	45	um,	45-106	um,	106-300um,	300	um-1	mm	and	>	1	mm	

samples	 used,	 respectively,	 when	 saturation	 is	 achieved.	 That	 much	 water	 can	 be	

adsorbed	 in	environments	with	RH	values	as	 low	as	15%,	such	as	deserts.	The	highest	

adsorption	 rate	 (mass	 increase	 per	 minute)	 occurs	 with	 the	 smallest	 powder	

agglomeration	 size	 (<	 45	 um)	 and	 is	 around	 0.17%	 per	 minute.	 The	 smallest	 sample	

reached	saturation	in	~100	minutes	only.	As	the	powder	agglomeration	size	decreases,	

the	rate	at	which	water	is	adsorbed	increases.	This	phenomenon	is	due	to	the	difference	

in	 diffusion	 rate	 due	 to	 decreasing	 diffusion	 path	 and	 increasing	 adsorption	 surface	

area.	As	 the	porous	powder	agglomeration	size	gets	 smaller,	 the	water	molecules	will	

have	 a	 shorter	 path	 to	 travel	 into	 the	 powder	 agglomeration	 form	 the	 surrounding	

environment	 to	 reach	 the	pores’	 inner	 surface.	Shorter	diffusion	path	 results	 in	 faster	

diffusion.	Also,	 the	surface	area	 increases	with	decreasing	powder	size,	allowing	more	

water	molecules	to	adsorb	faster	due	to	more	empty	adsorption	sites.	

Figure	 3.10	 shows	 the	 percent	 change	 of	 sample	 mass	 of	 different	 powder	

agglomeration	sizes	at	35%	RH	and	figure	3.11	shows	the	rate	of	change	of	the	sample	

mass	at	the	same	RH.	
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Figure	3.10:	Change	of	sample	mass	with	time	in	35%	RH	environment	of	different	powder	agglomeration	sizes	

	
Figure	3.11:	Rate	of	change	of	sample	mass	with	time	in	35%	RH	environment	of	different	powder	agglomeration	

sizes	
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In	the	first	50	minutes,	0.15	kg	of	water	was	absorbed	per	1	kg	of	<	45	um	sample	used.	

And	at	the	100-minute	mark,	0.15,	0.17,	0.21	and	0.25	kg	of	water	is	adsorbed	per	1	kg	

of	45-106	um,	106-300	um,	300	um-1	mm	and	>	1	mm	sample	used,	respectively.	The	

fastest	adsorption	occurs	in	the	sample	with	powder	size	<	45	um	with	a	rate	of	change	

of	 mass	 value	 of	 0.3	 %/min.	 As	 seen	 in	 the	 15%	 RH	 results,	 the	 trend	 of	 increasing	

adsorption	rate	with	decreasing	powder	agglomeration	size	 is	still	observed	in	35%	RH	

environments.	

	 In	 summary,	 STA	 results	 showed	 that	 the	 samples	 started	 adsorbing	 water	 at	

12%	RH.	And	 as	 the	 powder	 size	 became	 smaller,	 the	 adsorption	 rate	 became	 faster.	

This	 is	 a	 result	 of	 decreasing	 diffusion	 path	 and	 increasing	 available	 surface	 area	 for	

adsorption	to	occur	on.	

3.1.4	|	Solar	Irradiation	Results	

	 Figures	3.12	and	3.13	show	the	change	in	sample	mass	under	the	simulated	solar	

irradiation	of	the	samples	without	CNT	and	with	CNT	coating,	respectively.	These	plots	

represent	 the	water	desorption	property	under	 simulated	 sunlight.	 The	 samples	were	

kept	in	the	laboratory	before	testing	them,	meaning	that	they	were	hydrated	by	about	

60%	RH.	
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Figure	3.12:	Change	in	sample	mass	with	time	under	1	kW	solar	light	simulator	of	different	powder	agglomeration	size	
without	CNT	

	 	
	

Figure	3.13:	Change	in	sample	mass	with	time	under	1	kW	solar	light	simulator	of	different	powder	agglomeration	size	
with	CNT	
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Without	 any	 CNT	 coating	 (figure	 3.12),	 the	 desorption	 size	 dependency	 is	 almost	

nonexistent,	 as	 there	 is	 no	 evident	 pattern.	 In	 fact,	 the	mass	 of	most	 of	 the	 samples	

fluctuates	 in	 an	 obvious	 manner,	 hinting	 towards	 the	 temperature	 not	 being	 high	

enough	to	achieve	complete	dehydration.	This	could	also	mean	that	the	hydration	and	

dehydration	 reactions	are	alternating,	 causing	 the	mass	 to	 fluctuate	as	a	 result	of	 the	

addition	and	removal	of	water	molecules	in	those	reactions.	

A	 similar	 pattern	 to	 the	 STA	 results	 is	 observed	 when	 desorbing	 using	 CNT	

coating	 (figure	 3.13);	 as	 the	 size	 of	 the	 powder	 agglomeration	 decreases,	 the	 rate	 of	

mass	change	increases,	hinting	to	faster	desorption	due	to	decreasing	diffusion	path	and	

increasing	surface	area.	Among	all	 the	powder	agglomeration	sizes,	 the	smallest	 (<	45	

um)	 has	 the	 fastest	 desorption	 rate:	 releasing	 0.25	 kg	 of	 water	 for	 every	 0.95	 kg	 of	

sample	used	(equivalent	to	~0.26	kg	of	water	for	every	1	kg	of	sample	used)	in	around	

1750	 seconds	 (~29	 minutes).	 Figure	 3.14	 shows	 the	 maximum	 temperatures	 on	 the	

surfaces	of	the	samples	without	CNT	coating.	



	 49	

	

Figure	3.14:	Change	in	maximum	temperature	on	surface	of	samples	under	1	kW	solar	light	simulator	of	different	
powder	agglomeration	size	without	CNT	

Figures	3.15	shows	the	maximum	temperatures	on	the	surfaces	of	the	samples	with	CNT	

coating.	 Those	 two	 plots	 show	 that	 coating	 the	 material	 with	 CNT	 increases	 the	

maximum	temperature	 the	 samples	 could	achieve	 (57	 oC	without	CNT	and	65	 oC	with	

CNT).	They	also	show	that	smaller	powder	agglomeration	size	results	 in	higher	heating	

rate	 (oC/second).	 This	 can	 be	 attributed	 to	 the	 higher	 heat	 transfer	 rate,	 which	 is	

proportional	to	the	surface	area.	As	the	powder	size	decreases,	the	outer	surface	area	

increases,	which	 increases	the	area	that	 is	exposed	to	 light	 leading	to	a	faster	heat-up	

process.	
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Figure	3.15:	Change	in	maximum	temperature	on	surface	of	samples	under	1	kW	solar	light	simulator	of	different	

powder	agglomeration	size	with	CNT	

Figure	3.16	shows	the	image	obtained	from	the	IR	camera	as	it	reads	the	temperature	

on	 the	surface	of	 the	300	um-1	mm	sample	with	CNT	under	1	kW/m2	simulated	solar	

light.	The	 IR	 images	of	 the	other	samples	 (with	and	without	CNT)	can	be	 found	 in	 the	

appendix.	



	 51	

								 								 	

Figure	3.16:	300	um-1	mm	sample	with	CNT	as	seen	with	IR	camera	

	 In	summary,	water	desorption	occurs	when	temperatures	are	high	enough	(~65	

oC).	 Such	 temperatures	 are	 reached	 successfully	 using	 CNT.	 Also,	 the	 rate	 of	 water	

desorption	 increases	 as	 the	 powder	 size	 decreases	 as	 a	 result	 of	 decreasing	 diffusion	

path	and	increasing	surface	area.	The	rate	of	change	in	temperature	also	increases	with	

decreasing	 powder	 size	 as	 a	 result	 of	 increasing	 the	 surface	 area	 available	 for	 heat	

transfer.	

3.2	|	Conclusion	

	 Water	scarcity	and	access	to	clean	drinking	water	are	issues	that	a	huge	portion	

of	 the	earth’s	population	 faces.	 In	 countries	 that	are	not	wealthy	enough	 to	 revert	 to	

conventional	 drinking	 water	 production	 technologies	 but	 have	 abundant	 solar	

irradiation,	 atmospheric	 water	 can	 be	 captured	 to	 eliminate	 such	 challenges.	 We	

propose	 an	 adsorption-based	 technology	 consisting	 of	 mesoporous	 silica	 monoliths	

filled	with	CuCl2	and	coated	with	carbon	nanotubes	 (CNT)	and	 investigate	their	kinetic	
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properties.	This	material	can	be	deployed	outdoors	 in	night-day	cycles	where	at	night,	

when	humidity	is	at	its	highest,	water	adsorbs	into	the	pores,	and	as	the	sun	rises	and	

the	material	heats	up,	the	water	is	then	desorbed	to	later	condense	on	cool	surfaces	for	

collection.	We	 specifically	 investigate	 how	 the	 powder	 agglomeration	 size	 affects	 the	

adsorption/desorption	 kinetics.	 Simultaneous	 thermal	 analyzer	 (STA)	 tests	 show	 that	

the	onset	of	adsorption	starts	at	low	relative	humidity	values	(about	12%)	for	all	powder	

agglomeration	 sizes.	 STA	 also	 showed	 that	 at	 a	 constant	 relative	 humidity	 value,	 the	

smaller	 the	 powder	 agglomeration	 size	 is,	 the	 faster	 the	 rate	 of	 adsorption	 is.	 The	

samples	 were	 tested	 under	 1	 kW/m2	 in-lab	 simulated	 solar	 light	 to	 investigate	 the	

desorption	step	that	would	take	place	under	direct	sunlight.	This	test	showed	that	the	

smaller	 the	 powder	 agglomeration	 size	 is,	 the	 higher	 the	 desorption	 rate	 is.	 Also,	 it	

confirms	that	using	CNT	is	effective,	as	it	allows	the	material	to	heat	up	to	temperatures	

higher	 than	 temperatures	 reached	 without	 CNT.	 In	 a	 scenario	 where	 the	 relative	

humidity	is	60%,	using	1	kg	of	a	fully	hydrated	sample	of	>	1	mm	powder	agglomeration	

size,	0.26	kg	of	water	is	desorbed	in	almost	half	an	hour	(29	minutes).	

	 In	 conclusion,	 using	 this	 CuCl2-filled,	 CNT-coated	 mesoporous	 silica	 allows	

communities	to	minimize	the	effects	of	potable	water	shortage	in	dry	and	sunny	regions	

where	the	relative	humidity	is	12-15%.	This	powder-like	material	desorbs	about	25	kg	of	

water	per	100	kg	of	powder	used	in	about	two	hours,	enough	to	secure	the	daily	water	

need	(3	L)	of	about	eight	individuals.	 	
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APPENDIX	

Below	are	the	IR	images	of	the	different	sample	sizes	with	and	without	CNT.	The	

images	read	the	maximum,	minimum	and	average	temperatures	on	the	surface	of	the	

samples.	

											 	

Figure	A1:	>	1	mm	sample	without	CNT	as	seen	with	IR	camera	

															 	

Figure	A2:	>	1	mm	sample	with	CNT	as	seen	with	IR	camera	
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Figure	A3:	300	um-1	mm	sample	without	CNT	as	seen	with	IR	camera	

								 	
	

Figure	A4:	106-300	um	sample	without	CNT	as	seen	with	IR	camera	
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Figure	A5:	106-300	um	sample	with	CNT	as	seen	with	IR	camera	

							 	
	

Figure	A6:	45-106	um	sample	without	CNT	as	seen	with	IR	camera	
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Figure	A7:	45-106	um	with	CNT	as	seen	with	IR	camera	

											 	
	

Figure	A8:	<	45	um	sample	without	CNT	as	seen	with	IR	camera	
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Figure	A9:	<	45	um	sample	with	CNT	as	seen	with	IR	camera	

	


