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REGENERATIVE ADSORPTION 
DISTILLATION SYSTEM 

TECHNICAL FIELD 

[0001] The present invention generally relates to a regen 
erative adsorption distillation system. The present invention 
also relates to a regenerative adsorption distillation method. 

BACKGROUND 

[0002] The search for fresh or potable Water remains a 
pressing concern throughout many regions of the World. 
Potable Water is a basic and essential resource for all daily 
human activities, such as agricultural needs, industrial needs 
and for domestic consumption, and relate to the usage of 
potable Water directly or indirectly. 
[0003] The conventional supply of fresh Water is from the 
natural Water cycle, Which is greatly in?uenced in many parts 
of the World by changes in climatic conditions that may lead 
to mal-distribution of local rainfall. Coupled With an increas 
ing demand for Water from the domestic, industrial and agri 
cultural sectors, the gap betWeen such demands and the 
amount of natural fresh Water supply has Widened in recent 
years. The World Health Organization (WHO) reported that 
at least one billion people are denied access to clean and fresh 
Water, and more than 41% of the Earth’s population lives in 
Water- stressed areas. According to WHO and reports from the 
United Nations, the affected number of people that are denied 
access to clean and fresh Water may climb to 3.5 billion or 
more by the year 2025. In particular, potable Water shortage is 
severe in arid and semi-arid regions, such as the Arabian Gulf 
or the countries in the Gulf Cooperation Council (GCC). With 
increasing population groWth in these GCC countries, the 
Water shortage problem could reach crisis proportions by the 
year 2020. 
[0004] To deal With the Water shortage crisis, desalination 
has become a practical solution. Desalination is a process by 
Which the dissolved salts in sea or brackish Water are removed 
by the input of energy. In 2010, the total amount of potable 
Water derived from such man-made processes exceed 61 mil 
lion m3 per annum. 

[0005] These processes are categoriZed into three groups, 
namely: (1) thermally-activated systems, Which utiliZe ther 
mal energy through evaporation and condensation processes; 
(2) pressure-activated systems, Which utiliZe certain pressure 
higher than the osmotic pressure processes through semi 
permeable membrane technology; and (3) chemically-acti 
vated desalination systems, Which make use of chemical pro 
cesses to produce potable Water. 
[0006] Of the above groups of processes, the Multi-Stage 
Flash (MSF), Multi-Effect Distillation (MED), Mechanical 
Vapor Compression (MVC) and Reverse Osmosis (RO) 
methods produce more than 80% of global desalination 
capacity. In particular, the MED systems are most energy 
e?icient amongst the thermal desalination techniques, due to 
repeated boiling and condensation processes in multiple 
effects or stages. 

[0007] In the recent decade, the adsorption desalination 
(AD) cycle, Which is a thermal desalination technique, has 
emerged as a novel thermodynamic cycle that could utiliZe 
either loW-temperature Waste heat or reneWable solar energy. 
To poWer a batch-operated AD cycle, heat input temperatures 
varying from 50° C. to 85° C. are su?icient to produce potable 
Water from sea or brackish Water. The adsorbent-adsorbate 
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pair used in the AD cycle is the silica gel and Water pair Which 
is an inert and environmentally friendly adsorbent. During the 
AD cycle, desalting is performed as a simple and robust 
evaporative boiling that occurs in an evaporator chamber at 
sub-atmospheric pressure. An AD plant has almost no major 
moving parts except the Water pumps and valves and thus, the 
speci?c energy (electricity) required to operate the AD cycle 
is inherently loW, typically at 1.38 kWh/m3 . Besides the loW 
speci?c energy consumption, the evaporative processes of the 
AD cycle occur at loW solution temperatures, typically from 
50 C. to 20° C., and therefore fouling on the external surfaces 
of evaporator tubes can be signi?cantly reduced. 

[0008] Since the heat input temperatures of the AD cycle 
are loW, the input heat source is deemed as free energy 
because it is obtained readily from Waste heat or reneWable 
sources. HoWever, if such free energy is unused, it Would be 
purged to the atmosphere, thereby creating Wastage of free 
energy. Such free energy sources for desalination are akin to 
energy input from the sun to evaporate seaWater from the 
ocean, Which is essentially the natural Water cycle. For natural 
Water cycles, the free solar energy input is estimated to be 475 
kWh/m3. Hence, in comparison With the engineered desali 
nation processes, the use of free solar energy is highly inef 
?cient since unused solar energy is lost to the atmosphere. 

[0009] With respect to MED technologies, the presently 
available MED cycles of today are limited in the number of 
effects or stages by the condensing temperature Which is 
dictated by the cooling media of the condenser. Furthermore, 
Without external Work input, the loWest temperature of the 
condenser is that of the seaWater Which is used for condensing 
the vapor of the last effect. The heat of condensation is also 
used for preheating of the incoming feed Water. Accordingly, 
since the loWest temperature attained is that of the seaWater, 
the heat of condensation generated is disadvantageously loW. 
Hence, additional energy is also required to preheat the 
incoming feed Water. 

[0010] There is a knoWn technique that combines the use of 
AD and MED cycles, Wherein the vapor obtained from the 
evaporative processes of the AD cycle is fed into the ?rst 
effect of the MED cycle. HoWever, the number of effects of 
the MED cycle in this combination technique is also limited. 
In addition, this combination cycle can only be operated at 
high temperatures of about 200° C., adding to operational 
costs. 

[0011] Therefore, there is a need to provide an ef?cient 
desalination technique that overcomes, or at least amelio 
rates, one or more of the disadvantages described above. 

SUMMARY 

[0012] According to a ?rst aspect, there is provided a regen 
erative adsorption distillation system comprising: 

[0013] a train of distillation effects in ?uid communication 
With each other and comprising at least one intermediate 
effect betWeen the ?rst and last distillation effects of the train, 
each effect comprising a vessel and a condensing tube for 
?oW of a ?uid therein; and 

[0014] a pair of adsorption-desorption beds in vapour com 
munication With the last effect and at least one intermediate 
effect, Wherein the beds contain an adsorbent that adsorbs 
vapour from the last effect and transmits desorbed vapour into 
at least one intermediate effect. 
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[0015] According to a second aspect, there is provided a 
regenerative adsorption distillation method for producing 
condensate from a feed liquid phase stream, comprising the 
steps of: 
[0016] (a) providing a train of distillation effects in ?uid 
communication With each other and comprising at least one 
intermediate effect betWeen the ?rst and last distillation 
effects of the train, Wherein each effect comprises a vessel and 
a condensing tube for ?oW of a ?uid therein, Wherein vapour 
present inside the condensing tube condenses to form a con 
densate While liquid present outside the condensing tube at 
least partially evaporates to form a vapour; 
[0017] (b) passing vapour produced in the last effect to an 
adsorbent in a pair of adsorption-desorption beds; and 
[0018] (c) passing the desorbed vapour from the adsorbent 
into at least one intermediate effect. 

[0019] Advantageously, the disclosed system and method 
may result in a high Water production yield While consuming 
less energy compared to conventional multi-effects distilla 
tion systems Without the adsorption-desorption beds. 
[0020] Advantageously, the introduction of desorbed 
vapour into the intermediate effect(s) may result in an 
increase in the number of effects that can be utiliZed in the 
system as Well as alloWing a number of the effects to Work 
beloW ambient temperature. Due to the loWered temperature 
of the effects, the liquid streams that exit these effects may be 
used as cooling energy for other processes or in room air 
conditioning. 

DEFINITIONS 

[0021] The folloWing Words and terms used herein shall 
have the meaning indicated: 
[0022] The Word “substantially” does not exclude “com 
pletely” eg a composition Which is “substantially free” from 
Y may be completely free fromY. Where necessary, the Word 
“substantially” may be omitted from the de?nition of the 
invention. 
[0023] Unless speci?ed otherWise, the terms “comprising” 
and “comprise”, and grammatical variants thereof, are 
intended to represent “open” or “inclusive” language such 
that they include recited elements but also permit inclusion of 
additional, unrecited elements. 
[0024] As used herein, the term “about”, in the context of 
concentrations of components of the formulations, typically 
means+/—5% of the stated value, more typically +/—4% of the 
stated value, more typically +/—3% of the stated value, more 
typically, +/—2% of the stated value, even more typically 
+/—1% of the stated value, and even more typically +/—0.5% 
of the stated value. 

[0025] Throughout this disclosure, certain embodiments 
may be disclosed in a range format. It should be understood 
that the description in range format is merely for convenience 
and brevity and should not be construed as an in?exible 
limitation on the scope of the disclosed ranges. Accordingly, 
the description of a range should be considered to have spe 
ci?cally disclosed all the possible sub-ranges as Well as indi 
vidual numerical values Within that range. For example, 
description of a range such as from 1 to 6 should be consid 
ered to have speci?cally disclosed sub-ranges such as from 1 
to 3, from 1 to 4, from 1 to 5, from 2 to 4, from 2 to 6, from 3 
to 6 etc., as Well as individual numbers Within that range, for 
example, 1, 2, 3, 4, 5, and 6. This applies regardless of the 
breadth of the range. 
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[0026] Certain embodiments may also be described 
broadly and generically herein. Each of the narroWer species 
and subgeneric groupings falling Within the generic disclo 
sure also form part of the disclosure. This includes the generic 
description of the embodiments With a proviso or negative 
limitation removing any subject matter from the genus, 
regardless of Whether or not the excised material is speci? 
cally recited herein. 

DETAILED DISCLOSURE OF EMBODIMENTS 

[0027] Exemplary, non-limiting embodiments of a regen 
erative adsorption distillation system Will noW be disclosed. 
The regenerative adsorption distillation system comprises a 
train of distillation effects in ?uid communication With each 
other and comprising at least one intermediate effect betWeen 
the ?rst and last distillation effects of the train, each effect 
comprising a vessel and a condensing tube for ?oW of a ?uid 
therein; and a pair of adsorption-desorption beds in vapour 
communication With the last effect and at least one interme 
diate effect, Wherein the beds contain an adsorbent that 
adsorbs vapour from the last effect and transmits desorbed 
vapour into at least one intermediate effect. 

[0028] Typically distillation effects are in series ?uid ?oW 
With each adjacent distillation effect of said train. 

[0029] The system may further comprise a vapour phase 
generation source con?gured to be in ?uid communication 
With the train of distillation effects. The vapour phase gen 
eration source may be in ?uid communication With the ?rst 
effect. The vapour phase generation source may comprise an 
evaporator that feeds a vapour stream into the ?rst effect and 
receives a liquid stream from at least one of the ?rst effect, 
intermediate effect(s) and last effect. 
[0030] The vapour phase generation source may be poW 
ered by a heat source such as Waste heat or solar hot Water, 
Whereby the temperature of the heat source may be in the 
range selected from the group consisting of about 55° C. to 
about 150° C., about 55° C. to about 130° C., about 55° C. to 
about 110° C., about 55° C. to about 90° C., about 55° C. to 
about 85° C., about 55° C. to about 800° C., about 55° C. to 
about 70° C., about 55° C. to about 60° C., about 60° C. to 
about 150° C., about 70° C. to about 150° C., about 80° C. to 
about 150° C., about 85° C. to about 150° C., about 90° C. to 
about 150° C., about 110° C. to about 150° C. and about 130° 
C. to about 150° C. In one embodiment, the temperature of the 
heat source may be about 55° C. to about 85° C. 

[0031] In the ?rst effect, vapour phase from the vapour 
phase generation source enters the condensing tube and at 
least partially condenses therein to form a condensate liquid 
phase. Concurrently, in a counter-current ?oW con?guration, 
liquid phase ?oWing into the ?rst effect from the intermediate 
effect (second effect) as a falling ?lm at least partially evapo 
rates outside the condensing tubes to form a vapour phase 
outside of the condensing tubes. In this con?guration, a feed 
liquidphase stream may be introduced into the last effect such 
that the ?oW of liquid phase and vapour phase betWeen effects 
is in counter-current ?uid ?oW. The latent heat from the con 
densation of the vapour inside the tubes causes the evapora 
tion of the liquid outside the tubes. The vapour from the 
evaporation of the liquid may be combined With remaining 
vapour that did not condense inside the condensing tubes, if 
any, and introduced into the second effect and the above 
condensation-evaporation processes repeat in the second and 
subsequent effects. 
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[0032] The condensate liquid phase produced in the effects 
may be collected in a reservoir. The remaining liquid in the 
?rst effect (that is, concentrated feed liquid) Which did not 
evaporate in the ?rst effect ?oWs to the vapour phase genera 
tion source to serve as a liquid source for the generation of 
vapour. The condensate liquid phase produced from the inter 
mediate and last effects may either be collected in a reservoir 
or collected to pre-heat the incoming feed liquid phase 
stream. 

[0033] Cooling energy may be extracted from the conden 
sate liquid phase from the various effects using a heat 
exchanger and channeled to cool processes or in room air 
conditioning. Cooling energy may also be extracted from the 
effects that are at a temperature beloW ambient temperature. 
For process cooling, relative high-temperature chilled Water 
(temperature of about 10° C. to about 20° C.) can be used 
While for residential air-conditioning, relatively loW-tem 
perature chilled Water (temperature of about 5° C. to about 
10° C.) can be used. The cooling energy may be extracted 
from the loWer temperature effects using a heat exchanger to 
supply the cooling energy. The concentrated feed liquid may 
pass through the heat exchanger prior to entering the next 
effect or bleed out from the effects. 

[0034] In the intermediate effect, vapour that is rejected or 
desorbed from the adsorbent in the adsorption-desorption 
beds may be combined With the vapour from the preceding 
effect. The desorbed vapour may be introduced into the inter 
mediate effect in vapour ducts controlled With valves. The 
operation of these valves is dependent on the temperature of 
the desorbed vapour, hence ensuring the effective recovery of 
the thermal energy from the vapour for evaporation in the 
effects. The vapour duct may be a single duct or multiple 
ducts. A single duct may be employed for simplicity Whereas 
multiple ducts may be used to improve the Water production 
rate from better reutiliZation of the desorbed vapour. 
[0035] The temperature of the desorbed vapour may be 
substantially similar to or greater than the temperature of the 
intermediate effect. The temperature difference betWeen the 
desorbed vapour and the intermediate effect (Tvapow—Te?ct) 
may be less than about 3° C. Hence, the temperature differ 
ence may be less than about 29° C., less than about 28° C., 
less than about 27° C., less than about 26° C., less than about 
25° C., less than about 24° C., less than about 2.3° C., less 
than about 22° C., less than about 2.1 ° C., less than about 20° 
C., less than about 1.9° C., less than about 1.8° C., less than 
about 1.7° C., less than about 1.6° C., less than about 15° C., 
less than about 1.4° C., less than about 1.3° C., less than about 
12° C., less than about 1.1° C., less than about 1.0° C., less 
than about 0.9° C., less than about 0.8° C., less than about 0.7° 
C., less than about 0.6° C., less than about 05° C., less than 
about 0.4° C., less than about 0.3° C., less than about 02° C. 
and less than about 0.1 ° C. The temperature difference may be 
0° C. 

[0036] The pressure of the desorbed vapour may also be 
substantially similar to that of the intermediate effect. 

[0037] In an alternative embodiment, the How of vapour 
phase and liquid phase betWeen effects is in co-current ?uid 
?oW. Here, in addition to the vapour from the vapour phase 
generation source, the feed liquid phase stream is also fed to 
the ?rst effect. As the vapour and liquid travels from the ?rst 
effect to the last effect, the above condensation-evaporation 
processes and input of desorbed vapour into the intermediate 
effect(s) proceed as described above. After passing through 
the effects, the feed liquid phase stream becomes concen 
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trated due to the removal of Water. The concentrated feed 
liquid stream may be recycled back to the evaporator or may 
be discarded. If the temperature of this concentrated feed 
liquid stream is signi?cantly beloW the ambient temperature, 
the concentrated feed liquid stream may be passed through a 
heat exchanger to extract the cooling energy from this stream. 
[0038] The regenerative adsorption distillation system may 
comprise a vertically- stacked countered ?oW vapour and feed 
supply. In this con?guration, the effect having the loWest 
stage temperature may be placed at the top-most position 
While the bottom-most effect has the highest temperature. 
The feed liquid phase stream may be supplied from the top 
to-bottom of the stages, using gravity-assisted ?oW for the 
preheating of the feed liquid phase stream. 
[0039] The regenerative adsorption distillation system may 
comprise a horiZontal feed-forWard, feed-backWard or paral 
lel-feed multi effect distillation cycle With the adsorption 
desorption beds. 
[0040] It is to be appreciated that the con?guration of the 
regenerative adsorption distillation system and How direc 
tions of the vapour and liquid are not particularly limited to 
the disclosed embodiments and can be of any con?gurations 
that can be envisaged by a person skilled in the art Working 
Within the boundaries of such systems. 
[0041] The combination of the adsorption-desorption beds 
With the multiple distillation effects offers several advan 
tages. Due to the input of desorbed vapour into the interme 
diate effect, a greater amount of condensate liquid phase may 
be produced in the intermediate effect, leading to an increase 
in the Water production yield. In addition, the latent heat 
generated from the condensation of the vapour phase may be 
reused. In addition, the input of desorbed vapour into the 
intermediate effect may alloW for more distillation effects to 
be used in this system as compared to a conventional multi 
effect distillation system Which does not have a pair of 
adsorption-desorption beds as part of its con?guration and 
operation. Further, the additional effects used may be oper 
ated at a temperature beloW the ambient temperature, Which is 
not possible in a conventional multi-effect distillation system. 
External heat that leaks into these loW temperature effects 
may aid in the production of vapour in these effects. The loW 
temperature evaporation and condensation of these effects 
operating beloW the ambient temperature may be maintained 
by the adsorption process of the adsorption-desorption beds. 
[0042] The temperature in each effect may decrease pro 
gressively from the ?rst effect to the last effect. The tempera 
ture of the last effect may be as loW as the freeZing point of the 
feed liquid phase stream, Which may be about — 1 ° C. The loW 
temperature of the last effect may be due to the continued 
extraction of vapour from the last effect to the adsorption 
desorption beds. The temperature of the last effect may be in 
the range of about —1° C. to about 120° C. While the tempera 
ture of the ?rst effect is that of the vapour from the vapour 
phase generation source. Accordingly, the temperature of the 
last effect may be selected from the group consisting of about 
—1° C. to about 120° C., about —1° C. to about 100° C., about 
—1 ° C. to about 80° C., about —1 ° C. to about 60° C., about —1 ° 
C. to about 40° C., about —1° C. to about 20° C., about —1° C. 
to about 10° C., about —1° C. to about 5° C., about 5° C. to 
about 120° C., about 10° C. to about 120° C., about 20° C. to 
about 120° C., about 40° C. to about 120° C., about 60° C. to 
about 120° C., about 80° C. to about 120° C., about 100° C. to 
about 120° C., about 5° C. to about 20° C. and about 5° C. to 
about 10° C. 
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[0043] The train of distillation effects may comprise 3 to 25 
distillation effects. Hence, the train of distillation effects may 
comprise 3,4,5,6,7,8,9,10,11,12, 13,14,15,16, 17,18, 
19, 20, 21, 22, 23, 24 or 25 effects. 
[0044] The adsorption-desorption beds may comprise an 
adsorbent. The adsorbent may be a hydrophilic material With 
a pore surface not less than 200 m2/ g or not less than 500 
m2/ g. The adsorbent may be selected from the group consist 
ing of silicalite, silica gel, activated carbon, alumina, acti 
vated Zeolite and silica-alumina. 
[0045] The adsorption-desorption beds may be in thermal 
communication With a heat exchanger. The heat exchanger 
may comprise a cooling Water supply and a heat source such 
as the heat source from the vapour phase generation source. In 
use, When one of the adsorption-desorption bed is exposed to 
vapour from the distillation module, in particular, from the 
last effect, the adsorbent adsorbs vapour into its pores due to 
the hydrophilic nature of the adsorbent. When the adsorbent is 
saturated, the adsorbent is then heated to cause the rejection 
or desorption of vapour from the pores of the adsorbent. As 
mentioned above, the rejected or desorbed vapour then goes 
into at least one of the intermediate effect(s). The adsorbent is 
then cooled to regenerate the adsorption ability of the adsor 
bent. Each bed is individually and independently heated and 
cooled such that When one bed is in the cooled stage, the other 
bed is in the heated stage. This may ensure a substantially 
constant supply of desorbed vapour to the intermediate effect 
(s) and may also aid in minimiZing doWn-time associated With 
the heating and cooling of the beds. 
[0046] The system may be used to produce potable Water 
from a feed liquid phase stream such as seaWater, treated 
seaWater (ie that has had at least some of its original salt 
content removed), brackish Water or grey Water. Hence, the 
vapour produced in the system is Water vapour and the con 
densate liquid phase is potable Water. 
[0047] Exemplary, non-limiting embodiments of a regen 
erative adsorption distillation method for producing conden 
sate from a feed liquid phase stream Will noW be disclosed. 
The method comprises the steps of: 
[0048] (a) providing a train of distillation effects in ?uid 
communication With each other and comprising at least one 
intermediate effect betWeen the ?rst and last distillation 
effects of said train, Wherein each effect comprises a vessel 
and a condensing tube for ?oW of a ?uid therein, Wherein 
vapour present inside said condensing tube condenses to form 
a condensate While liquid present outside said condensing 
tube at least partially evaporates to form a vapour; 
[0049] (b) passing vapour produced in the last effect to an 
adsorbent in a pair of adsorption-desorption beds; and 
[0050] (c) passing the desorbed vapour from said adsorbent 
into said at least one intermediate effect. 

[0051] The method may comprise the step of providing a 
vapour phase generation source con?gured to be in ?uid 
communication With the train of distillation effects. The 
method may comprise the step of feeding vapour from the 
vapour phase generation source such as an evaporator into the 
?rst effect. 
[0052] The method may comprise the step of selecting the 
temperature of the heat source in the vapour phase generation 
source from the range selected from the group-consisting of 
about 55° C. to about 150° C., about 55° C. to about 130° C., 
about 55° C. to about 110° C., about 55° C. to about 90° C., 
about 55° C. to about 85° C., about 55° C. to about 800° C., 
about 55° C. to about 70° C., about 55° C. to about 60° C., 
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about 60° C. to about 150° C., about 70° C. to about 150° C., 
about 80° C. to about 150° C., about 85° C. to about 150° C., 
about 90° C. to about 150° C., about 110° C. to about 150° C. 
and about 130° C. to about 150° C. In one embodiment, the 
temperature of the heat source may be about 55° C. to about 
85° C. 
[0053] The feed liquid phase stream may be fed into the last 
effect such that the feed liquid phase stream may at least 
partially evaporate to form a vapour. The non-evaporated 
liquid may ?oW into the preceding effect. Here, the liquid 
phase and vapour phase ?oW in a counter-current ?uid ?oW. 
[0054] In an alternative embodiment, the feed liquid phase 
stream may be fed into the ?rst effect such that the feed liquid 
phase stream may at least partially evaporate to form a vapour. 
The non-evaporated liquid may ?oW into the next effect. 
Here, the liquid phase and vapour phase ?oW in co-current 
?uid ?oW. 
[0055] The passing step (c) may comprise passing desorbed 
vapour to at least one intermediate effect Which has a tem 
perature that is substantially similar or lesser than that of the 
desorbed vapour. As mentioned above, the temperature dif 
ference (Tvapow—Te?ct) may be less than about 3° C. Hence, 
the temperature difference may be less than about 2 .9° C., less 
than about 28° C., less than about 27° C., less than about 26° 
C., less than about 25° C., less than about 24° C., less than 
about 23° C., less than about 22° C., less than about 21° C., 
less than about 20° C., less than about 19° C., less than about 
18° C., less than about 1.7° C., less than about 16° C., less 
than about 15° C., less than about 14° C., less than about 1.3° 
C., less than about 12° C., less than about 1.1° C., less than 
about 10° C., less than about 09° C., less than about 08° C., 
less than about 07° C., less than about 06° C., less than about 
05° C., less than about 04° C., less than about 03° C., less 
than about 02° C. and less than about 0.1 ° C. The temperature 
difference may be 0° C. 
[0056] The pressure of the desorbed vapour may also be 
substantially similar to that of the intermediate effect. 
[0057] In each effect, the above condensation-evaporation 
processes take place. The method may comprise the step of 
collecting the condensate liquid phase from each effect in a 
reservoir. 
[0058] The method may comprise the step of selecting the 
number of distillation effects from the group consisting of 3, 
4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 
23, 24 and 25 effects. 
[0059] The method may comprise the step of selecting a 
hydrophilic material With a pore surface not less than 200 
m2/ g or not less than 500 m2/ g as the adsorbent. The adsorbent 
may be selected from the group consisting of silicalite, silica 
gel, activated carbon, alumina, activated Zeolite and silica 
alumina. 
[0060] As mentioned above, the adsorption-desorption 
beds may be in thermal communication With a heat 
exchanger. The method may comprise the step of altema 
tively heating or cooling the adsorption-desorption beds 
using the heat exchanger to thereby cause said adsorbent to 
reject vapour during heating and alloW said adsorbent to 
adsorb vapour during cooling. 
[0061] The method may be used to produce potable Water 
from a feed liquid phase stream such as seaWater, treated 
seaWater (that is, seaWater that has had at least some of the its 
original salt content removed), brackish Water or grey Water. 
Hence, the vapour produced in the system is Water vapour and 
the condensate liquid phase is potable Water. 
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[0062] The disclosed system and method may improve the 
Water production yield by at least 1.5 times as compared to a 
conventional multi-effect distillation system Without the 
adsorption-desorption beds. The Water production yield may 
be improved by at least 1.6 times, at least 1.7 times, at least 1.8 
times, at least 1.9 times, at least 2.0 times, at least 2.1 times, 
at least 2.2 times, at least 2.3 times, at least 2.4 times or at least 
2.5 times. 
[0063] The disclosed system and method may require 
loWer speci?c (primary) energy consumption than a conven 
tional multi-effect distillation system. Hence, the energy con 
sumption of the disclosed system and method may be in the 
range selected from the group consisting of about 10 to about 
20 kWh/m3, about 10 to about 19 kWh/m3 , about 10 to about 
18 kWh/111 about 10 to about 17 kWh/m3, about 10 to about 
16 kWh/m3, about 10 to about 15 kWh/m3, about 10 to about 
14 kWh/m3, about 10 to about 13 kWh/m3 , about 10 to about 
12 kWh/m3, about 10 to about 11 kWh/m3, about 11 to about 
20 kWh/m3, about 12 to about 20 kWh/m3 , about 13 to about 
20 kWh/m3, about 14 to about 20 kWh/m3 , about 15 to about 
20 kWh/m3, about 16 to about 20 kWh/m3, about 17 to about 
20 kWh/m3, about 18 to about 20 kWh/m3 , about 19 to about 
20 kWh/m3 and about 11 to about 13 kWh/m3. In one embodi 
ment, the energy consumption is about 12 kWh/m3 While that 
of a conventional system is about 22 kWh/m3. 

BRIEF DESCRIPTION OF DRAWINGS 

[0064] The accompanying draWings illustrate a disclosed 
embodiment and serves to explain the principles of the dis 
closed embodiment. It is to be understood, hoWever, that the 
draWings are designed for purposes of illustration only, and 
not as a de?nition of the limits of the invention. 

[0065] FIG. 1 is a schematic diagram of the regenerative 
adsorption distillation system according to one embodiment. 
[0066] FIG. 2a is a schematic diagram ofthe cross-section 
of an intermediate effect in the disclosed regenerative adsorp 
tion distillation system. FIG. 2b is an expanded vieW of the 
condensing tube Within the intermediate effect of FIG. 2a. 
[0067] FIG. 3 is a graph shoWing the simulated tempera 
ture-time pro?les of the effects in the disclosed regenerative 
adsorption distillation system. Here, eight effects are used in 
the simulation. 
[0068] FIG. 4 is a graph shoWing the simulated transient 
Water production rate of the disclosed regenerative adsorption 
distillation system. 
[0069] FIG. 5 is a graph shoWing the simulated transient 
Water production rate of the disclosed regenerative adsorption 
distillation system With eight stages as compared to a conven 
tional multi-effect distillation system With ?ve stages. 

DETAILED DESCRIPTION OF DRAWINGS 

[0070] Referring to FIG. 1, there is shoWn a schematic 
diagram of the disclosed regenerative adsorption distillation 
system 100 according to one embodiment in Which the hori 
Zontal backWard-feed multi-effect distillation cycle is incor 
porated With a tWo-bed adsorption-desorption cycle. 
[0071] The regenerative adsorption distillation system 
(100) comprises a train of distillation effects in ?uid commu 
nication With each other. Here, four distillation effects (35, 
12,34,11) are shoWn in Which there are tWo intermediate 
effects (12,34) betWeen the ?rst effect (35) and last effect 
(11). Each effect (35,12,34,11) comprises a vessel and a con 
densing tube (24) for How of a ?uid therein. 
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[0072] The regenerative adsorption distillation system 
(100) further comprises a pair of adsorption-desorption beds 
(1,2) in vapour communication With the last effect (11) and 
intermediate effects (12,34). The beds (1,2) contain an adsor 
bent such as silica gel (5,6) that adsorbs vapour from the last 
effect (11) and transmits desorbed vapour into the intermedi 
ate effects (34,12). The silica gel (5,6) has a surface area more 
than 500 m2/g With higher equilibrium uptake of adsorbate 
such as Water vapor. 

[0073] The regenerative adsorption distillation system 
(100) further comprises a vapour phase generation source in 
the form of an evaporator (4), Which is heated by heat source 
(3) such as Waste heat or solar hot Water. The evaporator (4) 
produces vapour Which is fed into the ?rst effect (35) as 
shoWn by the arroW (23) While taking concentrated seaWater 
from the ?rst effect (35) as shoWn by the arroW (39). 
[0074] The beds (1,2) may each operate in series or parallel 
With the heat source (3). When the beds (1,2) are operated in 
series, the hot Water is ?rst fed to the evaporator (4) prior to 
feeding it to the beds (1,2). 
[0075] In a given batch-operated half-cycle, the beds (1,2) 
are linked to the last effect (11) via vapour valves (7,8) to draW 
vapour from the last effect (11). The beds (1,2) are linked to 
the intermediate effects (34,12) via vapour valves (9,10,21, 
22) to transmit desorbed vapour from the beds (1,2) to the 
intermediate effects (34,12). 
[0076] The coolant valves (13,14,15,16,17,18,19,20) con 
nect the heat exchangers containing the silica gels (5,6) in the 
beds (1,2) to either the cooling Water supply (36) or the heat 
source (3) depending on the mode of operation such as 
adsorption and desorption. The heat source exits the system 
(100) from heat source outlet (41). The opening and closing of 
the coolant valves (13,14,15,16,17,18,19,20) are timed 
accordingly to the tWo timing intervals, namely, the sWitching 
and the half-cycle intervals. Further, the vapour valves (21, 
22) that distribute the vapour to the pre-selected intermediate 
effects (34,12) are alWays dictated by the positive tempera 
ture differential betWeen the desorber bed (1,2) and the con 
densing (vapor) temperature of the intermediate effects (34, 
12). The vapor distribution may be individual or 
simultaneous, depending on the differential temperatures and 
the effect pressures. 
[0077] The feed liquid phase stream such as seaWater feed 
(40) is fed into the last effect (11). 
[0078] The heat transfer mode in the evaporator (4) is 
largely controlled by the pool-boiling phenomenon, namely 
the RosenhoW correlation and this occurs fairly close to the 
temperature of the heat source (3). The generated vapour 
moves to the ?rst effect (35) as shoWn by the arroW (23) Where 
the vapour enters the condensing tube (24) and condenses on 
the inner tube Walls, Whilst the heat of condensation sets off 
an evaporation effect on the outer tube Walls Where a ?lm of 
seaWater ?oWs doWn from the top of the ?rst effect (35). The 
positive temperature gradient across the falling Water ?lm 
promotes surface evaporation of vapor Where the system satu 
ration pressure is slightly loWer in the chambers. The excess 
liquid on the outside of the tubes is also preheated in the 
doWnWard ?oW, giving rise to a slight increase in the liquid 
temperature as it transverse doWn to be collected at the bot 
tom chamber (25) of the ?rst effect (35). 
[0079] The vapour produced from the ?rst effect (35) 
passes into the next intermediate effect (12) as shoWn by the 
arroW (37) While the concentrated seaWater from the interme 
diate effect (12) ?oWs into the ?rst effect (35) as shoWn by the 
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arrow (3 8) in a counter-current con?guration. This is repeated 
in the other effects (intermediate effect (34) and last effect 
(11)). 
[0080] The pressure difference between the various effects 
is balanced automatically using U-tube devices (26,27,28, 
29). 
[0081] The condensate liquid phase is collected at the bot 
tom of the condensing chambers (30,31,32,33) and extraction 
of condensate liquid phase from the chambers can be per 
formed using a pump. Another possible means of extracting 
the condensate liquid phase is by using a 10 m U-tube (not 
shown in FIG. 1). 
[0082] In the regenerative adsorption distillation system 
(100), the effects (11,34,12,35) operate at two clusters of 
operating temperature level i.e., temperature (i) higher and 
(ii) lower than the ambient temperature. Intermediate effect 
(34) and last effect (11) are operating at sub atmospheric 
temperatures (lower than 30° C.) while intermediate effect 
(12) and ?rst effect (35) are operating at higher temperatures. 
These low temperature effects (11,34) result from the com 
bination of the adsorption-desorption cycle at the end of the 
lowest temperature effect (11) from which the beds (1,2) 
adsorb water vapor to the surface of the silica gel (5,6). The 
operating temperature in the last effect 11 of the system 100 
could be as low as 5° C. 

[0083] In another con?guration of supplying the heat 
source (3) to the system (100), the beds (1,2) precedes the 
evaporator (4) in receiving the hot water. In such a con?gu 
ration (not shown in FIG. 1), the pressure of the evaporator (4) 
could be ?uctuating in tandem with the batch-operated beds 
(1,2). Although this is a feasible operating sequence of the 
system (100), it is less favored due to the oscillating pressures 
in the effects (11,34,12,35). 
[0084] Referring to FIG. 2a, there is shown a schematic 
diagram of the cross-section of an intermediate effect (12') in 
the regenerative adsorption distillation system (100) of FIG. 
1. Like reference numerals are used to represent like features, 
but with an additional prime (') symbol. 

[0085] In this intermediate effect (12'), vapour from the ?rst 
effect (42) as well as desorbed vapour from the beds (43) enter 
the condensing tube (24'). Here, the combined vapour con 
denses to form a condensate liquid phase (45) while releasing 
its latent heat of condensation to a falling ?lm of seawater (47) 
outside the condensing tube (24'). The seawater (47) is fed 
into the top of the intermediate effect (12') and ?ows down the 
intermediate effect (12') by gravity. The seawater (47) heats 
up and evaporates to form water vapour (44) that travels to the 
next effect (intermediate effect (34) of FIG. 1). Any remain 
ing seawater (47) is collected and fed to the ?rst effect. 

[0086] FIG. 2b is an expanded view showing the conden 
sation and evaporation processes that take place at the wall 
(48) of the condensing tube (24'). As seen in FIG. 2b, the 
vapour phase condenses inside the condensing tube (24') to 
form water vapour molecules (49) while the liquid phase 
outside the condensing tube (24') evaporates to form a vapour 
as depicted by the arrows (50). 

EXAMPLES 

[0087] Non-limiting examples of the invention will be fur 
ther described in greater detail by reference to speci?c 
Examples, which should not be construed as in any way 
limiting the scope of the invention. 
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Example 1 

[0088] A simulation of the transient temperature-time pro 
?le in the regenerative adsorption distillation system was 
carried out on the IMSL platform based on the parameters 
shown in Table 1 below. Eight integrally-linked effects were 
simulated, four of which were able to operate below ambient 
temperatures. These four effects could exploit the heat leaks 
from the external environment to increase the water produc 
tion of the system. When the temperature of the heat source 
was set at 85° C. and the ambient temperature was set at 30° 
C., it can be seen that a conventional multi-effect distillation 
(without complicated heat recovery schemes) could give at 
best three effects whilst the disclosed system could easily 
yield eight effects of water production. 

TABLE 1 

Heat source temperature: 85° C. 
Heat source ?ow rate: 48LPM 

Cooling water temperature: 300 C. 
Cooling water ?ow rate: 48LPM 
Mass ofsilica gel: 144 kg 
Number ofbeds: 4 
Number of effects: 8 
Feed seawater temperature: 300 C. 
Seawater ?ow rate: 1OLPM 
Concentration of seawater at 35000 ppm 
inlet: 
Area of brine heater (TBT): 3 m2 
Area ofeach effect or stage: 2.4 m2 
Tube materials: Cuprous Nickel 

[0089] FIG. 3 depicts the performance of the disclosed 
regenerative adsorption distillation system obtained in this 
simulated example. The temperature pro?les of the system 
with eight effects highlighted the effects operating above and 
below the ambient temperature, which was set at about 303K. 
The evaporation and condensation processes in the ?rst three 
effects were dominated by the heat source temperature in the 
?rst effect whilst these in the later effects were in?uenced by 
the adsorption phenomenon that operated in a batch mode of 
adsorption and desorption, incurring the temperature ?uctua 
tion. As shown by the lowest circle in FIG. 3, four effects 
could be operated below the ambient temperature, which is 
possible due to the contribution of the adsorption desalination 
(AD) cycle. 
[0090] FIG. 4 shows the water production rate of the simu 
lated regenerative adsorption distillation system. The same 
kind of ?uctuation in the water production rate at lower tem 
perature effects was observed, thus increasing the overall 
water production rate of the disclosed system. The total water 
production yield from the disclosed system was obtained by 
summing up the various water production rates. Here, the 
water production yield of the disclosed system is 0.4 kg/ s 
((1.44 m3/h) while that for MED is 0.22 kg/s (0.792 m3/h). 
[0091] FIG. 5 is a graph showing the simulated transient 
water production rate of the disclosed regenerative adsorption 
distillation system with eight stages (labeled as “MEDAD-8 
stages”) as compared to a conventional multi-effect distilla 
tion system with ?ve stages (labeled as “MED 5 stages”). As 
shown, the water production rate of the disclosed system is 
greatly increased as compared to that of a conventional multi 
effect distillation system. 

APPLICATIONS 

[0092] Advantageously, the disclosed process provides an 
e?icient desalination technique which symbiotically inte 
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grates an adsorption desalination (AD) cycle With a multi 
effect desalination (MED) cycle. 
[0093] Speci?cally, the advantages of anAD cycle Whereby 
Waste heat can be utiliZed to generate Water vapor are advan 
tageously exploited in the invention disclosed herein to 
increase the number of effects of the MED cycle. 
[0094] Advantageously, the Water vapor generated from the 
AD cycle enables the effects or stages of the MED cycle to 
operate beloW ambient temperatures. Further, as a conse 
quence of the loW evaporative temperatures of the stages, 
scaling and fouling in the tubes are advantageously pre 
vented. 
[0095] Advantageously, the combination of AD and MED 
cycles as disclosed herein improves Water production yield by 
more than 1.7 times of conventional MED cycles, thereby 
loWering the speci?c energy consumption of the disclosed 
process to only about 12 kWh/m3 . Furthermore, cooling 
energy is produced and may be recycled back to the disclosed 
process or may be used for other industrial or commercial 
needs. 
[0096] Advantageously, the disclosed system has feW mov 
ing parts and thus, has loWer maintenance costs as compared 
With other conventional desalination methods. 
[0097] It Will be apparent that various other modi?cations 
and adaptations of the invention Will be apparent to the person 
skilled in the art after reading the foregoing disclosure With 
out departing from the spirit and scope of the invention and it 
is intended that all such modi?cations and adaptations come 
Within the scope of the appended claims. 

1. A regenerative adsorption distillation system compris 
mg: 

a train of distillation effects in ?uid communication With 
each other and comprising at least one intermediate 
effect betWeen the ?rst and last distillation effects of said 
train, each effect comprising a vessel and a condensing 
tube for ?oW of a ?uid therein; and 

a pair of adsorption-desorption beds in vapour communi 
cation With said last effect and said at least one interme 
diate effect, Wherein said beds contain an adsorbent that 
adsorbs vapour from the last effect and transmits des 
orbed vapour into said at least one intermediate effect. 

2. The system of claim 1, comprising a vapour phase gen 
eration source con?gured to be in ?uid communication With 
said train of distillation effects. 

3. The system of claim 2, Wherein said vapour phase gen 
eration source comprises an evaporator that feeds a vapour 
stream into said ?rst effect and receives a liquid stream from 
at least one of the ?rst effect, intermediate effects and last 
effect. 

4. The system of claim 3, Wherein the temperature in each 
effect decreases progressively from the ?rst effect to the last 
effect. 

5. The system of claim 4, Wherein a feed liquid phase 
stream is introduced into the last effect and the ?oW of vapour 
phase and liquid phase betWeen effects is in counter-current 
?uid ?oW. 

6. The system of claim 4, feed liquid phase stream is 
introduced into the ?rst effect and the ?oW of vapour phase 
and liquid phase betWeen effects is co-current ?uid ?oW. 

7. The system of claim 6, Wherein the vapour phase con 
denses inside said condensing tubes to form a condensate 
liquid phase. 

8. The system of claim 7, Wherein the latent heat released 
from the condensation of the vapour phase evaporates the 

Dec. 26, 2013 

liquid phase outside of said condensing tubes to form a 
vapour phase outside of said condensing tubes. 

9. The system of claim 7, comprising a reservoir for col 
lecting the condensate from each effect. 

10. The system of claim 9, Wherein the temperature of said 
desorbed vapour is substantially similar to or greater than the 
temperature of said intermediate effect. 

11. The system of claim 10, the number of said distillation 
effects is selected from the group consisting of 3, 4, 5, 6, 7, 8, 
9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24 and 
25 effects. 

12. The system of claim 11, Wherein the operating tem 
perature of saidvapour phase generation source is in the range 
of55o C. to 1500 C. 

13. The system of claim 12, Wherein the temperature of the 
last effect is in the range of —10 C. to 200 C. 

14. The system of claim 13, Wherein the adsorbent is a 
hydrophilic material With a pore surface not less than 200 
m2/ g. 

15. The system of claim 14, Wherein said adsorbent is 
selected from the group consisting of silicalite, silica gel, 
activated carbon, alumina, activated Zeolite and silica-alu 
mina. 

16. The system of claim 15, comprising a heat exchanger in 
thermal communication With said adsorption-desorption 
beds, Wherein heat is applied to cause said adsorbent to reject 
vapour and Wherein heat is removed to alloW said adsorbent to 
adsorb vapour. 

17. The system of claim 16, Wherein said feed liquid phase 
stream is selected from the group consisting of seaWater, 
seaWater that has had at least some of its original salt content 
removed, brackish Water and grey Water. 

18. The system of claim 17, Wherein said vapour is Water 
vapour and said condensate is Water. 

19. A regenerative adsorption distillation method for pro 
ducing condensate from a feed liquid phase stream, compris 
ing the steps of 

(a) providing a train of distillation effects in ?uid commu 
nication With each other and comprising at least one 
intermediate effect betWeen the ?rst and last distillation 
effects of said train, Wherein each effect comprises a 
vessel and a condensing tube for ?oW of a ?uid therein, 
Wherein vapour present inside said condensing tube con 
denses to form a condensate While liquid present outside 
said condensing tube at least partially evaporates to form 
a vapour; 

(b) passing vapour produced in the last effect to an adsor 
bent in a pair of adsorption-desorption beds; and 

(c) passing the desorbed vapour from said adsorbent into 
said at least one intermediate effect. 

20. The method of claim 19, comprising the steps of feed 
ing said feed liquid phase stream into the last effect, said feed 
liquid phase stream at least partially evaporating to form a 
vapour and ?oWing the non-evaporated liquid into the pre 
ceding effect. 

21. The method of claim 19, comprising the steps of feed 
ing said feed liquid phase stream into the ?rst effect, said feed 
liquid phase stream at least partially evaporating to form a 
vapour and ?oWing the non-evaporated liquid into the next 
effect. 

22. The method of claim 21, comprising the step of pro 
viding a vapour phase generation source con?gured to be in 
?uid communication With said train of distillation effects. 
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23. The method of claim 22, comprising the step of feeding 
vapour from said vapour phase generation source into the ?rst 
effect. 

24. The method of claim 23, comprising the step of col 
lecting the condensate from each effect in a reservoir. 

25. The method of claim 24, Wherein in step (c), the des 
orbed vapour is passed to said at least one intermediate effect 
Which has a temperature that is substantially similar or lesser 
than that of the desorbed vapour. 

26. The method of claim 25, comprising the step of select 
ing the number of distillation effects from the group consist 
ing of3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 
20, 21, 22, 23, 24 and 25 effects. 

27. The method of claim 23, comprising the step of select 
ing the operating temperature of said vapour phase generation 
source is in the range of 55° C. to 1500 C. 

Dec. 26, 2013 

28. The method of any claim 27, comprising the step of 
selecting said adsorbent as a hydrophilic material With a pore 
surface not less than 200 m2/ g. 

29. The method of claim 28, Wherein said adsorbent is 
selected from the group consisting of silicalite, silica gel, 
activated carbon, alumina, activated Zeolite and silica-alu 
m1na. 

30. The method of claim 29, comprising the step of alter 
natively heating or cooling said adsorption-desorption beds 
using a heat exchanger in thermal communication With said 
beds to thereby cause said adsorbent to reject vapour during 
heating and alloW said adsorbent to adsorb vapour during 
cooling. 

31. The method of claim 30, Wherein said feed liquid phase 
stream is seaWater, seaWater With at least some of its original 
salt content removed, brackish or grey Water, said vapour is 
Water vapour and said condensate is Water. 

* * * * * 


