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ABSTRACT

Full Name : [Mohammed Abdullah Al-Tairi]

Thesis Title : [A Simulation Study of The Draw Solution Separation System in
Forward Osmosis Desalination]

Major Field : [Mechanical Engineering]

Date of Degree : [April 2021]

Due to the rapid increase in global population and the regional water scarcity issues, the
demand of freshwater for life activates has become more significant. Thermal desalination
technologies are mature to some extent, and they are not highly efficient in terms of energy
consumption. Therefore, the global trend of research was turned to investigate more on
membrane-based desalination. Forward osmosis is one of the promising alternative method
for seawater or brackish water desalination since its remarkable capability of handling feed
with different salinity level, high level of purity and low energy consumption. The FO
system basically consists of two compartments i) membrane unit where thin-film
composite was utilized and ii) separation system that comprises of distillation and
absorption columns. The agent fluid utilized in the process is called the draw solution (DS).
One of the potential candidate solutes is ammonia bicarbonate (AB) since it has a relatively
high solubility in water and osmotic pressure, and most importantly it decomposes into
water, CO2 and NH3 under moderate heating (60 °C at atmospheric pressure). Water flux
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highly depends on the osmotic pressure difference between feed and DS which is the
driven- force for water solvent to pass through the membrane. Osmotic pressure was
increasing with DS concentration while reached its peak value just when the AB starts the
dissociation. The diluted DS was then introduced to RadFrac type distillation column with
variable number of stages for the aim of separating water form DS solutes as liquid product
at a rate of 1 L/min. Operating the column at high temperature and low temperature turned
out to enhance the gain output ratio (GOR), because AB decomposition process occurs
more rapidly at these conditions. The ammonia level in product water was assigned as
controlling parameter for the distillation process and ensuring not to exceed 1 ppm. The
specific energy consumption was found to be 180 kWh/m® at normal pressure and
temperature. Part of the DS coming out of the membrane has been utilized as agent stream
in the absorber to recover the draw solute leaving the distillation column. The gas
dissolving process (absorption) in liquid operates better at high pressure and low
temperature which is the opposite conditions of what distillation column. Therefore, the
concept of adding a gas compressor was necessary for achieving good recovery ratio. In
order to enhance the overall system performance, a heat recovery system was implemented
to utilizes the compressed gas stream as a heating source at certain column stages. The
performance improvement was significant ranging from 25 to 57 % in term of GOR, and
it was concluded that as the compressed gas enters at stages closer to the reboiler lead to a
better result. To evaluate the contribution of the compressor work, the performance ratio
(PR) concept was applied to account for both thermal and electrical energy utilization.
Overall, the FO desalination system was not as low energy system as expected that agrees

to the recent studies published. However, it is still under development stages which implies

XX1il



further advanced studies have to be conducted, and operating the system at large scale to

acquire a more accurate performance values.
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CHAPTER 1

INTRODUCTION

Water is indispensable for all kinds of lives on planet earth and one of the most valuable
natural resources. The uneven distribution of freshwater resources across the globe is one
of the most significant issue suffered by human life. These days, around quarter of the
world’s population encounter sever water sacristy, and the situation becomes more critical
in developing countries [1]. A sufficient and consistent supply of desirable freshwater
should be met to ensure the continuity of all agricultural (irrigation) which in facts for 70%
of the global freshwater consumption, and industrial activities. and economy development
projects. In the Western countries, the average water per person withdraw is approximately

150 L [2].

As the drastic increase in the human population and the accelerated growth in industrial
and agricultural areas as the higher water demand becomes more crucial issue that would
put more pressure on governments to develop more efficient techniques for water
desalination. Moreover, the circumference has become more vital on marine life because
of the utilization of chemical disposal in desalination process which will be eventually

dumped in the ocean as brine[3—6].



1.1 Thermal Desalination

Seawater thermal desalination is the most conventional earliest method of producing
freshwater by from seawater by removing salts upon heating. The min concept is to heat p
the feed up to boiling point then collected the condensed water vapor in trays. Although
thermal desalination consumes a large amount compared with membrane based
technologies, it is still dominating the market in some part of the world like in Middle

Eastern region because of its high capacity, purity level and reliability [7,8].

One of the most major theologies of thermal desalination is (MSF) in which the vapor is
formed within the liquid not inside the tubes where the feed flows a series of flashing
champers [9]. The largest desalination plant, build by Doosan, has been installed in Ras Al
Khair, Saudi Arabia in 2010 with a maximum capacity of 160 million imperial gallons per
day (MIGD). Another common desalination system is the (MED) in which the brine
temperature is relatively low (60-70 °C) which results in less scaling formation [8]. Despite
the potential and advantages of thermal desalination system, there are several serious
challenges encountered in formation of scaling and fouling on heat exchanger tubes which

limits the system operation window [7].



1.2 Membrane-Based Desalination

Due to the increase of global population and environmental pollution, the development of
water desalination projects focuses on improving currently operating systems or develop
new technologies. Thermal desalination technologies such as multi-stage flashing (MSF)
and milt-effect desalination (MED) are mature enough to some extent and consume
relatively high specific energy. [10]. Membrane desalination has been a sweet spot for
researchers and investment since the superior advantageous in low energy consumption
upon conventional thermal desalination. The most common membrane-based desalination
technics is reverse osmosis (RO) where approximately 30%, it might become higher or
lower depending on the price of electricity of the total cost in deducted for water
purification. Seawater reverse osmosis (SWRO) is a substantial conventual technology that
accounts for around 65% of the global seawater desalination, and the rate of increasing RO

global capacity (installed unit) has already surpassed the thermal systems.

Forward osmosis (FO) technology which as indicated by the name operates in an opposite
manner with RO, was promoted as a substantial alternative technology since it consumes
less energy (atmospheric pressure or lower) to drive the flow through the membrane. It
uses the nature of osmosis phenomena where the solvent or water molecules is traveled
from the seawater or brackish water (high chemical potential) to the high concentration

solution (low chemical potential), Fig.1.1, followed by solute separation process [11-13].



Source Water
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Brackish
Water)

Pure Water
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Figure 1.1 Elaboration for the Forward osmosis process indicating the driven force to reach
concentration equilibrium [13].]

Moreover, fouling and scaling is inevitable in any membrane process that is significantly
reduced in FO method since the applied pressure is relatively low and the orientation of
the flow is the opposite as in RO, nanofiltration (NF) and ultrafiltration (UT) and
microfiltration (MF) modes [14]. Although lots of researchers promoted the potential of
FO as desalination system that handles different feed concentrations, there are number of
challenges to achieve successful implementation. In addition to that, there is a discrepancy
regarding the process low-power consumption, which rises the need of detailed analysis of
the system. The aim of this thesis is to investigate all aspects of the process by
implementing with the system influential parameters to assist membrane and separation
units performance. The major energy consumption of the process in case of operating the
system as standalone system embedded with distillation column is the reboiler thermal

energy.



CHAPTER2

]LITERATURE REVIEW

Forward osmosis (FO) membrane technology is one of the promising solutions for
wastewater treatment, and seawater pretreatment as an integrated system with other
thermal desalination systems. In addition, a complete standalone desalination unit seems
to have high potential when it comes to energy consumption. The word forward
discriminates the process from reverse osmosis process, where hydraulic pressure is
applied to draw permeate water, in which in FO systems the osmotic pressure difference
between the feed and the concentrated solutions is the main driven force. Permeate flux
will flow from the low to the high concentrated solutions through the membrane due to the
osmotic pressure difference. Recently seawater desalination using FO technology has been
a sweet spot for researchers because of the lake of suitable membranes, relatively low
energy requirements and high capability of the process [15,16]. Osmosis is the process of
fluid to pass through a permeable membrane from the solution with high chemical potential
to lower chemical potential solution [17,18]. In fact, the principle of osmotic pressure-
driven flow has been observed from nature. Osmosis principles have been studied for 60
years and commonly applied in several applications such as separation process, water

treatment, food processing, seawater desalination and extended even to power generation.



Forward osmosis might be considered as feasible alternative technology for the current
operating membrane-based systems, e.g., reverse osmosis seawater desalination. It has a
number of substantial competitive advantages in terms of energy required, installation and
operating cost, fouling tendency, water recovery and more environmentally friendly
[19,20]. The semi-membrane is installed in the membrane compartment that allows only
solvent (water molecules) to pass from the feed side through the selective layer to dilute
what is called in the literature as draw solution. The draw solution always maintained to
have higher osmotic pressure than the feed solution, hence forward osmosis principles
indicate that the flow direction is from the low to high concentration sides. The product
water is being separated from the draw solution by several technics [19] while the draw
solute has to be recovered by backup stream in order to maintain steady process, otherwise
the lost mass should be supplied from external source. Although FO technology has lots of
remarkable features, still there are several challenges in membrane permeability need more
investigation. In addition, a complete model that operates as standalone FO desalination

system is not comprehensively deliberated in literatures.



2.1 Aqueous Solution Osmotic Pressure

Although a large number of patents and review papers have discussed the different
approaches and systems for water desalination via forward osmosis, this technology is not
mature enough due to the serious operating challenges and limitations. FO desalination
systems have been recently gained worldwide attention because of its substantial
advantages over similar technology in regard of membrane fouling, operating temperature
and applied hydraulic pressure [21]. The Van't Hoff equation is considered as the basis for
estimating the osmotic pressure () for feed or draw solutions as represented by the

following Eq.2.1.

T=M-R-T @.1)

Where M is the molar concentration of the solution or molality [mole/L], R is the universal
gas constant [kJ/kmol-K] and T is the absolute temperature [K]. Since the draw solution is
a highly concentrated, osmotic pressure coefficient should be involved the osmotic
pressure calculation, Eq.2.2. It describes the deviation of solvents from the mixture ideal

behavior as stated by Raoult's law [21-23].

T=¢M-R-T 2.2)

Where ¢ is the osmotic pressure coefficient.



One way to calculate the osmotic pressure of a solution is by dividing the chemical

potential difference of the solvent by the osmotic pressure, Eq.2.3 [22].

¢=W —p)/(R-T-MW-¥M;) (23)

Where " and u are the chemical potential in [kJ/kmole] of solvent as pure substance and

as presents in a solution, respectively.

It is worth to mention that the decomposition process should be considered when
calculating the molar concentration since not all species present in an ionic form. In case
of non-dissociated electrolytes, for example NaCl in water, when the salt is completely
dissolved, the solution molality can be obtained by dividing the sum of number of moles

over the solvent volume for each element as indicated in Eq.2.4 [24].

M = Yn;/v (24)

Where n is number of moles [mole] and V is solvent volume [L]. However, when chemical
decomposition is involved, the molality of dissociated electrolytes will be calculated
separately. In such a case, the stoichiometric coefficients of the dissociation appear in the
equation which has a unit of moles of specified component per mole of basic species.

Therefore, the solution molar concentration can be found from Eq.2.5[24,25].



Where v is the stoichiometric coefficient, i and j characterize the non- dissociated and
dissociated species, respectively.

2.2 FO Water Flux Estimation

Water flux or transportation of water solvent through the membrane is driven by a
difference in bulk osmotic pressure between feed and draw solutions. The rejection factor
of solute molecules across the membrane is approximately 99.99%, hence only water
particles are allowed tr travel through the membrane layers. The osmotic pressure
difference (Ar) is proportional to water flux as indicated by Eq2.6, which distinguishes FO
from RO in which the hydraulic pressure differential is the driven force. It is notable that
the transportation of water through the membrane is due to mass diffusion and convective

heat transfer between the two membrane sides [15,21].

Jw =A(Tgqsp — Tswp ) (2.6)

Where Jy, is water flux through the membrane [m/s], A is pure water permeability
coefficient [m-s-bar! ], masp and mswp are the osmotic pressure [bar] of the bulk draw

solution and seawater, respectively

Equation.2.7 is another mathematical form to calculate water flux and it is true only for
completely rejected symmetric membranes. In addition, the membrane is considered to

operate ideally means no allowing for any solute to travel through (no reverse flow)



Jw =0ATasp — Tswp ) (2.7)

Where o is the reflection coefficient.

The cases represented in Eqs.2.6& 2.7 are not the exact scenario for the water flux passing
through the membrane in FO process. The Forward osmosis system immanent challenge
that dramatically affecting the flux is the presence of concentration polarization, either
external (ECP) or internal (ICP). Studies outlined modified equations that account for the
ICP by unclosing the diffusion coefficient and estimate the water flux as presented in

Fig.2.1 [26,27].
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Figure 2.1 Elaboration of both ICP and ECP when
operating in FO mode. Four flux resistance in series
cause the reduction of driving force through the
membrane [24].
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2.2.1 The mass transfer coefficient for the ECP layer

Since a thin layer will be formed as an interface between the bulk solution and the
membrane, the transfer of water molecules will occur by both convection and diffusion.
The water flux according to the Film theory, widely used to illustrate ECP, can be obtained
from Eq.2.8. The overall mass transfer coefficient (k) depends strongly on Sherwood

number as described in Eq.2.9 [27].

Jw=—kCqw/Cap (2.8)

k =Sh-D/d, (2.9)

Where C is the molar concentration of salt (M) [mol/L], w is at membrane wall and b is
the bulk value. Sh is Sherwood number, D is solute diffusion coefficient [m?/s] and dn is

hydraulic diameter [m]

2.2.2 The impacts of the ICP layer

When either the feed or draw solution flows against the porous layer of the FO membrane,
the solute can enter and exit the porous layer of the membrane via convective water flux
and direct diffusion. On account of the fact that solutes particles are supposed not to
penetrate through the dense selective layer of the membrane, this will result in a
concentration polarization layer within the internal structure of the porous layer of the

membrane, abbreviated to ICP [26,27].
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The support layer structural properties are essential in determining the FO performance,
e.g., porosity and tortuosity. Number of literatures have outlined the influence of these
properties by introducing the structural parameter, donated by S, that accounts for the
membrane structural resistance to solute mass transfer. FO Membranes are designed to be
asymmetric because of the support layer that prevents mixing which drastically hinders
transportation of solvent. In FO systems, the support puros layer is oriented to face the
draw solution stream, hence the solute particles have to pass through the support layer prior
to reaching the selective layer, and then either being rejected or diffused. Because of that,
the formation of internal concentration polarization is inevitable to occur when operating
in FO mode. The severity of ICP drastically depends on the structure of the support layers

which is commonly described by the structural parameter (S), Eq.2.10 [26].

S =tr/e (2.10)

Where t, T and € are the support layer thickness, tortuosity and porosity, respectively.is In
most cases, it always desirable to design a system operates with low value of structural
parameter. It is usually obtained by fitting the water flux curve in the present of ICP for the

currently running membrane units. as described by Eq.2.11 [18].

Jw =D/S [In (Amys + Bs)/(Amtg,, + Bs + ] )] (2.11)

Membrane water permeability (A) and solute permeability (Bs) are experimental
parameters that are obtained independently from filtration tests in a reverse osmosis (RO)

mode [18].
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2.3 Draw Solution Selection Criteria

The selection of draw solutions (DS) in an essential part of building FO systems since DS
properties significantly affect permeate flux. For determining the suitable draw solution to

effectively produce high potable water, several criteria should be considered.

1. Osmotic pressure of the DS must be high, meaning that it has relatively high tendency
to dissolve in water (solubility) and low molecular weight. High osmotic pressure leads to
increase in permeate flux and feed recovery that will end up with achieving the ideal model

for FO system where there is zero liquid discharge [17,20,26].

2. Since the diluted draw solution or solute has to be recovered and absorbed by the feed
and pumped again, the recovery process or the re-concentration should be feasible and

economical [17,26,28].

3. The draw solution significantly affects the level of ICP in the membrane compartment,
so it should be performed with lowering ICP. Diffusion coefficient, viscosity and molecular
size of draw solution have momentous impacts on ICP formation. Therefore, draw solution
should be selected to meet the following specifications: high diffusion coefficient, low

viscosity and small particle size to avoid or minimize ICP formation [20,29].

4. Toxicity is a major factor that draw solute, if existing in product water, should fit for

human consumption (edible) or present within the acceptable range based on the solute

13



type. Although the utilization of non- toxic or safe draw solute is possible, mostly they

generate relatively less osmotic pressure [26].

2.3.1 Candidates Draw Solution and the Utilized Recovery Methods

In addition to the previously mentioned criteria, some other aspects should be also
considered such as damage caused to the membrane, stability of draw solution at pH value
close to the natural value, low cost and reverse permeability [17,30]. The developments
and investigations of draw solution in FO have been taking place over long period as shown
in Table.2.1. It can be inferred that volatile gases were commonly used due to the fact that
recovering draw solutes can be performed easily by separating upon heating or distillation

processes.
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Table 2.1 Overview of the draw solutes/solutions used in FO investigations and their recovery methods [29].

Year Draw solute/solution Recovery method Reference
2005-2007 | NH3z and CO2 (NH4HCO3) Moderate heating (~60 [31]
2007 Magnetic nanoparticles Captured by a canister [32]
2007 Dendrimers Adjusting pH or UF [32]
2007 Albumin Denatured and solidified | [32]
2010 2-Methylimidazole-based FO-MD [28]
2010-2011 | Magnetic nanoparticles Recycled by a magnetic | [33]
2011 Stimuli-responsive polymer Deswelling the polymer | [34]
2011 Fertilizers Unnecessary [35]
2011 Hydrophilic nanoparticles UF [36]
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2.3.2 Ammonia bicarbonate (AB) as Draw Solution in FO Desalination

Systems

The use of solid ammonium bicarbonate salt (NH4HCO3) as solute in draw solutions, with
molecular weight of 79.06 g/mole, has been initially proposed in the twentieth century by
McCutcheon et al., [31] and colleagues as a novel draw solution for FO desalination
system. It has the potential of generating high driving force caused by the huge difference
in the osmotic pressure that will result in a remarkable amount of water flux [30]. The
formation of ammonia bicarbonate draw solution is performed by dissolving two gases
ammonia NH3 and carbon dioxide CO2; both are extremely high soluble in water to produce

the aqueous solution (NH4HCO3).q as described below in Eqgs.2.12 [30,31,37].

NH,HCO; + H,0 S NH,OH + H,CO05

NH,OH S NH; + H,0 (2.12)

H,CO; S CO, + H,0

Recovering the draw solute is being conducted by exposing the ammonia bicarbonate to
modest heating 60 °C under atmospheric pressure that will cause decomposition slowly
into CO2(g), NHa(e) and H2O The same decomposition is obtained under temperature of 40
°C in vacuum pressures and sublimation occurs when temperature approaches 120 °C

[30,31,38,39].

16



Fig.2.2 depicts a comparison between ammonia draw bicarbonate solution and seawater in
osmotic pressure generated at different seawater recovery ratio. It can be concluded that
overall, draw solution has higher osmotic pressure that seawater that results in pulling

water molecules to the draw solution. [31].
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Figure 2.2 Osmotic pressure (solid lines) generated by ammonium bicarbonate
solution at 50°C, and seawater (dashed lines) and seawater undergoing 50% and
75% recovery [30].
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Fig.2.3 reveals the layout of FO system, constructed by [39] that mainly composes of the
two major compartments, membrane and separation units. The purpose of this experiment
is to maintain cooling and heat exchange efficiency for cooling tower, nevertheless part of
the experiment was to investigate the separation process of ammonia bicarbonate solutes
from water. The dissociation process was under the condition of 0.1 MPa (atmospheric)
pressure and maintaining draw solution temperature of 60 °C via distillation process within

6 hours [39].

Despite the fact that ammonias bicarbonate has significant potential in wide area of
desalination when utilized as draw, one critical issue is removing the smell of ammonia in
the water product and guarantee the ammonia content is not exceeding the acceptable limit
for usable water [30]. Both ammonia (NH3) and its ionic form (NH4") contents are affected
by the temperature and pH of the solution. According to the World Health Organization
(WHO) the average ammonia level in ground water is found to be 0.2 ppm, and in the
United States the average content of drinkable water ranges between 0.25 to 32.5 ppm [40].
Even though the excessive content of ammonia in water might result in an unpleasant odor

and smell, it is not considered as highly toxic for human consumption unlike marine life.

Because that, the U.S. Environmental Protection Agency (USEPA) and the WHO have not
yet set a standard limit for ammonia content in drinkable water. has not set a standard upper
limit for ammonia in public water sources. It is worth to mention that at normal water

temperature of 12 to 23 °C, around 96% of ammonia presents in its ionized form (NH4").
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Figure 2.3 Experimental setup of FO membrane Mode [37].
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24 FO Draw Solution Separation Systems

FO system separation compartment can be integrated different configurations depending
on the utility where it can be used as filtration unit (FO-RO, FO-MSF) or desalination
system (FO-Standalone), Fig.2.4. This section will outline the available published systems,
as possible, in the aim of wide versatility of FO membrane applications. The standalone
configuration which was done basically by the use of distillation column, will be

highlighted in more details since it is the most relevant to the thesis scope.

Membrane layer

Feed in—i I ’—> DS out

FO-RO
4 )
_ FO-MSF
\_ J
4 )
FO-Standalone
Feed 4—, DS in
\ J

Figure 2.4 Different possible configurations for separation technics utilized with FO system.

20



2.4.1 FO-RO Integrated Desalination System

Reverse osmosis (RO) is one of the most common technologies utilized in water
desalination all over the globe. According to statistics, around 50% of seawater and
brackish water desalination process operate on RO desalination mode [41]. A typical
configuration of seawater reverse osmosis (SWRO) system consists of pretreatment and
feed storage units, hydraulic energy source (high-pressure pump), semi-membrane unit,
post-treatment system and permeate water storage tank [42]. The substantial advantageous
of RO upon the conventional thermal desalination processes such as multi-stage flashing
(MSF) and multi-effect desalinating (MED) is the cost per cubic meter of product, and for
this reason it is considered as the leading technology for water desalination. RO is a sweet
attractive spot for researchers due to the relatively low energy consumption (almost only
pressure energy). Therefore, a large number of developments have been done in purpose
to enhance the system efficiency to reach a value of 4 kWh/m? energy required per unit of
production for current systems instead of 10 kWh/m? in the 1980s. Modern large-scale RO
desalination plants has been improved further to be able to operate with specific energy of

2.2 kWh/m?, and some pilot plants are even operating at 1.8 kWh/m? [43].

Although the technology seems to be a promising alternative, membranes are always very
sensitive to fouling issues which is inevitable to occur as long as high salt solution is fed
to the unit. Several dissolved and undissolved constituents, particulate matter, and salt
precipitates would require extensive and prohibitive pre-treatment to ensure acceptable

performance [41].
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An integrated configuration forward osmosis and reverse osmosis process for seawater
desalination is illustrated in Fig.2.5. In this combined system, forward osmosis acts as a
pretreatment stage for a reverse osmosis process that permeates product water. The
concentrated draw solution, coming out of the RO unit, is connected to a makeup stream
to maintain a fixed solution concentration, and then recycled back to the FO unit. Unlike
the RO membrane, the tendency for irreversible fouling is much lower when operating in
FO mode [44]. Therefore, installing forward osmosis unit to function as a pretreatment
stage is an effective technique since restoring flux lost to fouling can be achieved by
applying osmotic backwashing and/or periodic physical scouring. This integrated process
has the potential to achieve low boron and chloride concentrations without the need of
additional post-treatment reverse osmosis stages. The reason behind that is the mechanism
of the treatment scheme where the treated seawater have to pass through two selective

membranes layers [42,43].

Forward Osmosis Unit Reverse Osmosis Unit
Concentrated Feed Concentrated Draw Solution
-------------- Draw
Solution
Makeup
and/or Bleed

Product Water

= 0=
Seawater Feed

Dilute Draw =75,
Solution

Figure 2.5 An integrated reverse osmosis and forward osmosis, as pretreatment desalination system [42].

22



The main purpose of the pretreatment process is to reduce the accumulation of fouling and
scaling, caused by the nature of the reverse osmosis process, on the membranes layer. This
is accomplished by several methods, for example, using chemical addition and micro or
ultrafiltration. The RO main principle is opposite to what has been observed in FO mode
in which the hydraulic pressure is applied on the high concentrated solution to overcome
the osmotic pressure of the diluted solution. Seawater is purified by the semi-permeable
that allows only pure water or solvent to pass through the membrane layer while the solute
molecules are rejected by solution-diffusion mechanism Water permeate or flux (Jw)

through the membrane in RO mode is estimated by Eq.2.13 [42]

Jw =A (AP — CP - Amtpy) (2.13)

Where Jy is in [L/m?>-h], A is the water permeability coefficient [L/m*h bar], AP is the
pressure gradient across the membrane in [bar], CP is the concertation polarization factor,
and Azry is the osmotic pressure gradient across the membrane. It is notable that the above
equation dose not account for fouling resistance, assuming clean membrane, hence further
advanced mathematical expression is needed for more reliable results to accurately

evaluate system performance. [45]

2.4.2 FO-MSF Integrated Desalination System

Multi-stage flashing desalination system is one of the most conventional methods for the
areas where water scarcity is critical. The presence of some specific ionized elements in

seawater hinders the process performance and causes scaling issues. One of the major
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constraints of MSF systems is the limiting values of the top brine temperature TBT which
in most cases should not exceed 110 °C to avoid scaling formation and deposition most

properly occurs inside heat exchanger tubes.

In MFS-FO hybrid system Fig.2.6, the chemically treated brine will be diluted, used as
draw solution for FO unit, and then reused as feed water to the MSF system. Consequently,
the highly concentrated rejected brine, which is 50% higher in salinity than seawater, will
be reduced substantially, and eventually reduce the cost of the draw solution and preserve
marine life. The semi-permeable membrane allows only solvent (pure water) to pass
through from the low concentration side (feed) to the high concentration side (draw
solution or brine), hence ionic species such as Ca**, CO, Mg?* and SO>™ will be removed
from the brine stream [7]. Forward osmosis membrane integrated with a multi-stage
flashing desalination system is a promising solution for enhancing water treatment process.
Even though nanofiltration (NF) technology has been intensively utilized in thermal
desalination systems for seawater pretreatment, FO-MSF hybrid system has lots of

advantages in terms of power consumption.
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Figure 2.6 Layout of a hybrid MSF-FO system [7].

The FO system consists of two compartments, the feed side and the draw side separated by
the semi-permeable membrane. The feed water for FO comes directly from seawater and
the draw solution is the brine rejected from the heat rejection section in the MSF-BR
desalination system. In aim to implement the system, a simulation has been conducted with
a feed salinity that ranges from 32,000 mg/L to 50,000 mg/L. The gain output ratio (GOR)
of desalination system can be significantly improved by operating at high top brine
temperature (TBT) as illustrated in Fig.2.7. Nevertheless, it has been found that operating
at elevated temperature encourages the formation of the ionized elements, e.g., Ca2+,
Mg2+ and SO4*. In most common cases, FO is compared with NF in seawater pretreatment

since the NF is the current running technology in industry [7,44,46].
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To precisely examine the performance of FO as pretreatment unit, a comparison between
NF and FO in regard of water flux and feed pressure over a range of feed TDS as in
Fig.2.8.a. it can be implied that NF water flux is not affected by feed salinity while in FO
it is dramatically escalating. Although the performance of the NF is fascinating in terms of

water flux, FO consumes 750% less energy, Fig.2.8.b while results similar outcomes [46].
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Figure 2.7 : MSF capacity as a function of the top brine temperature (TBT) [7].
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Figure 2.8 Comparison between FO membrane and NF in terms of a) water flux and feed pressure, b) water

flux and specific power consumption at different feed stream salinities [45].
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2.4.3 FO as Standalone Desalination System with Separation Column

Recently seawater desalination using FO has been a sweet spot for researchers due to the
lake of suitable membrane, low energy requirements and high capability of the process
[15,16]. The principle of osmotic pressure-driven flow is observed from nature. Although
the idea was proposed in 1975 by [47], it has been realized lately how the separation of
permeate water from draw solution via membrane unit and recover the draw solute could
resolve membrane fouling challenges and lead to more energy-wise desalination. The
simplest FO systems consist of three major components 1) membrane unit, ii) draw solution
recovery system and iii) permeate water separation column Fig.2.9. The most common
method to separate the draw solution from water is by utilizing distillation column where

decomposition for the draw solution occurs and pure water is collected [37].

Energy consumption, mostly thermal with small amount of electrical is relatively low
compared to conventional desalination systems and according to literatures, waste heat can
be utilized to provide the energy required for the process as in Fig.2.10, single vacuum
column where steam is injected by the reboiler that is at heat of 40 °C. The most common
draw solution ammonium bicarbonate where part of it will be extracted for draw solute
recovery unit and the remaining flows to the separation unit. It should be noted that the
amount of separated pure water from the draw solution has to be equal to the water flux

through the membrane in aim to keep the process steady [15,37].
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Figure 2.10 Single vacuum distillation column [36].
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The diluted draw solution existing the membrane unit will be heated up first to moderate
temperature of 40 to 60 °C before entering the distillation column. In the specified
temperature range, the decomposition process of ammonia bicarbonate should take a place

based on the following chemical reaction.2.14 [15].

NH,HCOs ) < NHJ ) + HCO3 ) <> NHz, + CO,p) + H0()  (2.14)

The input thermal energy to the system is independent of the operating pressure
nevertheless, under low-pressure condition the economical cost-effectiveness could
possibly increase due to the reduction of the operating temperature which is a case where
waste energy could be enough to employ the system. However, this improvement of the

system is going to be in expense of the water product quality [15].

Distillation process is the most utilized technology, that accounts for around 90-95% in
chemical separation operations. This process takes place in industrial applications where
two or more substances or components (mixture) are desired to be separated. Variety of
distillation process are available and most utilized is the continuous distillation where the
feed, top and bottom products stream moving in a continues loop (steady process). In this
section, single-stage (vessel) and multi-stage (cascade) distillation column will be

introduced and discussing the main features [48].
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As described by the reaction above, water will appear as product that should be separated
from other components to produce the required product. Fig.2.11 is a representation of the
integrated system where FEED enters the distillation column, PRODUCT is the liquid
water, RECOVERY unit to absorb solutes, and SCRUBER, basically another absorber, to
polish the gases leaving the system. This configuration was proposed by Kim et al., [15]
as a separation unit with recovery sections, nevertheless the main focus of his work was on

the experimental part.

The use of distillation column is to enhance the decomposition reaction rate and definitely
to control the product quality to meet the acceptable concentration of some components
like NH3 and NH4". Liquid product is supposed to be highly diluted while vapor stream is
mainly CO2) and NH3 s and water vapor. The amount of permeate water passing through
the membrane should be theoretically equal to the water in liquid product, otherwise
composition of some components might be required. Solute components existing the
column in vapor form should be recovered by absorption system with bypass draw solution
as an absorption agent. The bottom stream from the absorption column is the concentrated
draw solution that will head back to the membrane unit to ensure the system operates in
steady status. It should be noted that, in addition to the solute recovery system a solute
makeup line might be needed to keep the draw solution concentration within operating

range [15]

31



SCRUBBER

CR-0UT

RECOVERY

Figure 2.11 Complete FO system configuration consists of membrane unit on the
left side and distillation column on the right side [15].
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2.5 Thesis Aims and Objectives

According to literature, freshwater separation process from ammonia bicarbonate can be
accomplished by using distillation column. The governing equations for calculating mass
flux through the membrane are well known while there are research vacancies in the
operation of the separation unit. The use of distillation column has been mentioned by few
researchers, however majority of the work published are based on experimental research
while comprehensive analysis for each component and the essential influential parameters

are not well illustrated. The aims and main objectives of this thesis can be listed as follows:

. To size a complete FO system along with the distillation column to deliver a certain

distillate rate and estimate the expected system performance parameters.

. Modeling (for membrane) and simulation (for recovery) of the forward osmosis
separation process with ammonia bicarbonate as the draw solution using Aspen

Plus.

. Validation of results such as osmotic pressure and GOR, will be performed based

on the available experimental studies.

. Conduct sensitivity analysis of the most influential system parameters, for example
feed temperature, pressure, concentration and flow rate, product purity and column

number of stages, to investigate the impacts on system performance.
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. Comparison of the FO system performance with other current technologies.

It is worth mentioning that the simulation process will be solved as rating problem, while
letting the software optimizes the system design parameters. The main focus of the thesis
is to evaluate the system performance considering input energy while, keeping the

economy analysis for future work.
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CHAPTER 3

Process Simulation on Aspen Plus

The forward osmosis desalination system as discussed previously consists of two major
compartments, the membrane and separation units. The purpose of this thesis is to model
the whole system and then compare it with current technology. Membrane analysis has
been outlined in the literature review section (chapter# 2) where the governing equations
can be coded into any programing software. However, the chemical dissociation process
in fact occurs all over the system (pipes, columns, etc.). Hence, additional analysis has to
be conducted to account for the proposed aqueous solution. In this study, a simplified
model for estimating FO water flux through the membrane is used to complete the whole
picture of the system since the major focus of this study is on the separation process. The
second part of the system is the separation compartment, which can take several layouts.
The FO desalination system as a standalone system is not mature technology, hence
different system configurations are proposed and compared based on the level of product
quality and performance parameters (energy required, operating pressure, temperature,

etc.).
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3.1 Membrane Unit Selection

Membranes utilized in FO mode follow similar principles as those in RO, where the
membrane only allows water molecules to pass through and reject most of the dissolved
solutes. However, RO membranes are exposed to extremely high hydraulic pressure unlike
FO where the operating pressure is less or equal to atmospheric. Membranes must be
designed to sustain the process pressure, and for that reason a support layer is usually
attached to the membrane layer to strengthen the whole structure which significantly
decreases water flux when running as FO mode [31,37]. Despite the fact that RO
membranes are manufactured to operate in different environment, many researchers
concluded that thin film composite (TFC) and cellulose triacetate woven (CTA) membrane
types result in promising performance in FO process [17,28,49]. When selecting FO
membrane, several factors should be considered, water permeability and solute to water
permeability ratio or reverse flux. Additionally, membranes are supposed to have high

fouling resistance.

As discussed in Chapter 2, concentration polarization is a major cause of low membrane
performance. It is reflected on osmotic pressure as the effective is less than the bulk
pressure. However, in this study it is not accounted in the water flux analysis, hence water
permeability is the only membrane-characteristic parameter [50,51]. Although using
membranes in which they are specifically manufactured for FO process results in much
better flux that the RO type, most of the available references conduct their analysis on TFC

membranes.
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In this study, the hollow fiber TFC membrane, proposed by Lay et al., [50,52], which
comes with the AL-DS orientation where active layer faces the draw solution side, and
water permeability of 1-3 [Lmh 'bar'] which is donated by A in the governing equation

of water flux calculation.

3.2  Separation Unit Analysis

The concept of using draw solution in membrane unit as the higher osmotic pressure stream
and then apply separation technic to produce fresh water has been frequently mentioned in
the literature. However, a complete system analysis has not being published, which was
the motivation to start working on FO system. At first, the main focus was to seek for
mathematical model that describes the ammonia bicarbonate dissociation process, then
estimate the required input thermal energy. As claimed by researchers that the needed
energy is relatively low compared with other systems, hence it is convenient to use solar

or waste energy as heat source for this process.

After conducting a literature review of related papers on modeling the separation unit for
FO system, it was concluded that there are sub sub-processes and ionization reactions
involved in the dissociation of ammonia bicarbonate solution, so seeking for a
representative mathematical model that describes the process was a major challenge. To
overcome this issue, the use of process simulation software (Aspen Plus) was an effective

method for handling the distillation and absorption processes.
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3.2.1 Single Stage Slash Distillation

One of the simplest modes of distillation where part of the liquid stream is being vaporized
or vapor stream is being converted to liquid. Liquid product id withdrawal from the
chamber bottom and vapor is collected at the top. This process is highly efficient since feed
will be introduced in one chamber only hence, controlling product quality is not controlled.
The major Fig.3.1, components of the system are auxiliary heater to control feed
temperature, throttling valve to decrease the pressure so, part of liquid is vaporized, the
drum, and demister to prevent liquid from being suspended with vapor. The pressure
variation is extreme and rapid, so this configuration is also called flash distillation. The
energy analysis for this system is going to be sorted here, nevertheless, cascade distillation

will be discussed in more details [48].

V.y
= == Hy
Te : EE—E |
P | | Demister
he | :
Feed :-p-ﬂi— i
F,2 g '
T. I Valve I Tarum
1+P Pump  Heater | | p
DH | i drum
| B N S i
I |
|

— —— — ] ——

r
ﬂ
‘I_

=
r

Figure 3.1 Flash Distillation column [33].
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3.2.2 Cascade Distillation Column

In order to achieve a large degree of distillation and make the system more efficient, one
configuration is to send the vapor (top) product to another column and perform the same
for the liquid product (bottom). This system is called simple distillation cascade Fig3.2 and
V3 is the vapor from the main column that will be compressed and enter flash tank 2 that
operates at higher pressure than of tank 3. Similarly, liquid product L3 is passed through

expansion vale and enter tank 1 that is at lower pressure.

2
Pump or
C'ompreccor
] Y——L,
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Feed stream ——={ 3
5 ,
I

Expancion

valve

I—

Figure 3.2 Configuration of simple distillation cascade [33].
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The distillation column system consists of several components, such as the trays that are
designed to allow liquid vapor contact to increase system efficiency. Two more essential
equipment are added to operate the system firstly, condenser that liquifies top vapor and
extract portion as product and remaining is sent back as “reflux” Secondly the reboiler that
heats up the liquid stream (bottom) and extract part as permeate product and what
vaporized is pushed back to the system. The up-flowing vapor stream exchange heat with

down-flowing liquid stream so that the system will operate in steady state [48].

The energy balance for the above system can be described as in Eq.3.1 when the value of

both top and bottom stream are obtained.

hFF+QR+QC :hDD+hBB (31)

Where, hr, hp and hg are the feed, distilled (top) and bottom enthalpies, respectively, D and
B are distillate and bottom flow rates, respectively. The input energy is represented by Qr
which represents reboiler heat duty and Qc is the condense load. It should be noted that all

systems must be balanced in terms of species were Eq.3.2 must be satisfied.

F=B+D

z;F = Bxg + Dxp (3.2)

Where zi, xg and xp are the weight fraction of one of the two components (usually the more

volatile) for feed, bottom, and distilled respectively while F, B and D are the feed, bottom

40



and distillate streams. Below is a complete mathematical model for the cascade distillation

column operating with binary mixture of water and ethanol [48].

3.3 Aspen Plus Working Environment

During my undergraduate and graduate studies, I have not been involved in Aspen Plus
related projects, so using the software required extensive learning and practice. Moreover,
the concepts of distillation, absorption processes and dealing with aqueous solutions have
not been covered before, hence the whole system is a new environment for me. There are
two main environments that every Aspen plus simulation problem has to filled with
specified requirements.

1. Property environment is where the user basically defines the solution components
and select the suitable base method. Each component has to be inserted manually and if
electrode solution presents, the Elec Wizard Fig.3.3.a command will handle the salt
dissolving process and provide the possible reactions as it is going to be illustrated later.
The next step is to select based on which base method (collection of models and methods
used to evaluate thermodynamic properties) the software is going to calculate the
substances’ physical properties Fig.3.3.b. For examples, IDEAL method uses ideal activity
coefficient model, ideal gas model and Rackett model that is usually selected for systems
operate at vacuum pressure. Electrolytes method is suitable for systems where advanced
analysis of electrolyte species is required (aqueous solution such as ammonia bicarbonate

is an an example).
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Figure 3.3 Property environment windows in Aspen Plus, where (a) shows component selection and (b) is the

property method.
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2. Simulation environment

In simulation sheet, the user is going to build-up the complete layout specifying all streams
and models (units). For simple physical separation process (water-ethanol mixture) a
separator column or drum is utilized Fig3.4. The inlet feed stream is going to be separated
to one liquid (L) and one vapor (V) stream. The feed stream specification window is shown
in Fig.3.5.a where physical properties, flow rate and compositions are required to define
the state. This configuration might be considered as simplest form of separation process
since the only controlling parameters are the column flash specifications Fig.3.5.b. When
all minimum required inputs are provided, the simulation can be run, and results will be
outlined as in Fig.3.5.c. Since FO system relies on water separation from ammonia
bicarbonate, understanding distillation column was an essential stage for creating

successful model.

3.3.1 Distillation Process

Using single distillation column is not an effective method as mentioned previously, so one
approach is to setup a series of columns which will eventually increase the process
efficiency and product quality. Another common technique is the cascade columns

(discussed in ch#2) that are available in Aspen Plus with different styles.
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a) stream properties
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Figure 3.5 Steps to specify input a) stream properties, b) column specifications and c) obtained stream results.
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The DSTWU model, Fig.3.6, is the shortcut column (only two inputs are required to make
the system in fully defined state) that optimizes the column design and duties in which a
general sense of the process can be implied. This column can be utilized to determine the
minimum or actual reflux ratio or number of stages. Before building the FO system, one
model example from [48] has been modeled by EES coding software using the well-known
governing equations in order to validate the simulation results obtained from Aspen Plus.
A common case in distillation process is water-ethanol separation in which ethanol is
considered as the more volatile component (evaporates faster). The bottom (liquid) product
is expected to have high water content and distillate (vapor) should carry most of the
ethanol as illustrated by the recovery ratio Fig.3.7. Reflux ratio represents the amount of
reflux stream from the condenser to the column divided by the distillate stream (leaving
the condenser). After running the simulation, the results summery is shown in Fig.3.7.b&ec,
emphasizing that bottom stream is around 95% liquid water and top stream is 80% ethanol.
The returned values of reboiler heat duty and condenser load (denoted as QR and QC

respectively in EES code) by EES are adjacent to results obtained by Aspen simulation.

FEED

Figure 3.6 DSTWU or shortcut column which is usually utilized to provide
initial sense of the process.
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Figure 3.7 DSTWU column a) specification window, b) column results and c) stream results.
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P_colu=101.1 [kPa] "Column pressure”

T_F=40[C] "Feed temperature”

F=10000 [kg/h] "Feed flow rate"

z_ie=0.3 "Feed weight fraction of EtOH"
R=3.0 "Reflux ratio"

R=L_o/D "= Reflux / distillate product”
x_B_e=0.05 "Bottom composition of liquid EtOH"
x_D_e=0.80 "Distillate composition of liquid EtOH"
X B=0.0 "Bottom quality”

X D=0.0 "Distillate quality”

X1=1.0 "Top stream quality”

——=—==—=—=—=—=—=—=—=—=——=—=—=—=—==—=—===== Species Balance

zie*F=B*xBe+D*xDe

ziw=1-zie "Feed stream weight fraction of water"

y.1le=xDe "Top stream composition of vapor EtOH"
ylw=1-y1le "Top stream composition of vapor water"
x_0_e=xD_e "Reflux stream composition of liquid EtOH"
xBw=1-xB_e "Bottom stream composition of liquid water"
xDw=1-xD_e "Distillate stream composition of liquid water"
"================== Properties Calculations ========================="
phi = 0.23884 [kcal /K]] "Conversion factor, k] to kcal"

h_F_w = Enthalpy(Water,T=T_F,P=P_colu) "Feed stream enthalpy of water [k]/kg]"
h_1_w = Enthalpy(Water,x=X_1,P=P_colu) "Top stream enthalpy of water [k]/kg]"

h_D_w = Enthalpy(Water,x=X_D,P=P_colu) "Distillate stream enthalpy of water
[k]/kg]"

h_B_w = Enthalpy(Water,x=X_B,P=P_colu) "Bottom stream enthalpy of water

(k] /kg]"

h_F_e = Enthalpy(Ethanol, T=T_F,P=P_colu) "Feed stream enthalpy of EtOH [K]/kg]"
h_1_e = Enthalpy(Ethanol,x=X_1,P=P_colu) "Top stream enthalpy of EtOH [k]/kg]"
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h_D_e = Enthalpy(Ethanol,x=X_D,P=P_colu) "Distillate stream enthalpy of EtOH

[k]/ke]"

h_B_e = Enthalpy(Ethanol,x=X_B,P=P_colu) "Bottom stram enthalpy of EtOH [k]/kg]"

h_F=(zie*h_F_e+ziw*h_Fw)*phi

"IFeed stream enthalpy [K]/kg]"

h1=(y_.1e*h_1 e+y 1 w*h_1_w)*phi "ITop stream enthalpy [k]/kg]"
h_D=(x_D_e *h_D_e + x_D_w *h_D_w) * phi "IDistillatestream enthalpy [k]/kg]"
h_B = (x_B_e *h_B_e + x_B_w * h_B_w) * phi "!Bottom stram enthalpy [k]/kg]"

h.o=hD

"IReflux stream enthalpy [Kk]/kg]"

V_1=R*D +D "Top stream flow rate"
QC=D*h_D+L_o*h_o-V_1*h_1"Condenser cooling load [ kcal/h]"

Reboiler Energy Balance

QR=D*h_D+B*h_B-F*h_F-Q_C"Reboiler heating load [ kcal/h]"

Unit Settings: SI C kPa k] mass deg

B =6667 [kg/h]

h1 =339.5 [kcal/kg]
hB =98.12 [kcal/kg]
hD = 69.5 [kcal/kg]
hF =38.61 [kcal/kg]
ho = 69.5 [kcal /kg]
f=0.2388 [kcal/K]]
QR = 4.1E+06 [kcal/h]
V1 =13333 [kg/h]
xB,w =0.95 [1]
xD,w=0.2 [1]
ylw=0.2[1]

RESULTS

D =3333 [kg/h]
hl,e =1108 [Kk]/kg]
hB,e = 259.1 [k]/kg]
hD,e = 259.1 [k]/kg]
hF,e = 147.8 [k] /kg]
Lo =10000 [kg/h]
Pcolu = 101.1 [kPa]
R=311]
X1=1XB=0
XD=0

x0,e = 0.8

zi,e = 0.3 [1]
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F = 10000 [kg/h]
h1,w = 2676 [k]/ke]
hB,w = 418.8 [k] /kg]
hD,w = 418.8 [k]/kg]
hF,w = 167.6 [K]/kg]

QC =-3.600E+06 [kcal/h]
TF =40 [C]

xB,e = 0.05 [1]

xD,e = 0.8 [1]
yle=0.8[1]

zi,w = 0.7 [1]



In regard of simulating the separation process of ammonia bicarbonate draw solution, the
DSTWU column was selected just to provide initial sense of the column design and profile.
However, when chemical reactions are involved in the separation process, more regressed
model is required to handle the distillation process effectively. In this case, RadFrac model
is dedicated for performing advanced rating and design calculation in addition to its
capability to operate as absorber column which is another essential part in the FO system.
Since RadFrac is going to be used as the distillation unit in FO system, column
specifications and required input-parameters will be covered during system construction

phase.

3.3.2 Absorption Process

As described by the proposed system that vapor stream coming out of the distillation
column (basically, water + CO> + NH3) is supposed to be recovered by draw solution
bypassed stream. To more understand the absorption process using RadFrac column, a
model example, Fig.3.8, was selected to run a simulation and investigate the influential
parameters. The system basically consists of one column (scrubber) with no condenser or
reboiler and two inlet streams (WATER and GASFEED) Fig.3.9.a&b. The objective of
operating this absorption column is to capture as much acetic acid gas as possible (ACET-
01) by injecting liquid water that serves as agent stream. The column was designed to
operate under atmospheric pressure with five stages, Fig.3.9.c; liquid and gas streams enter
the column at Above-Stage# one and On-Stage # n(last), respectively, Fig3.9.d. As it can
be observed from output results in Fig. 3.10, acetic acid mostly presents in liquid product

stream with negligible amount in gas stream.

50



I > ll GASFEED

| VAPOR |

Figure 3.8 RadFrac column types for absorption process.

51



a) Gas stream properties

L~ Specifications
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~ | Specifications
Flash Type Temperature ~ Pressure ~ Composition
~State variables — —ii T
Temperature 25)|C bk Component Value
Pressure 10 bar v WATER 1

Vapor fraction

Total flow basis Mass > N
Total flow rate 150 kg/hr - e
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Solvent |

¢) RadFrac column specifications

IQCcnfigurahon IQStveams | & Pressure ‘ Condenser Reboiler 3-Phase |Cnmments ]

Setup options

Calculation type s

Number of stages 55 | Stage Wizard |
Condenser None =
Rebaoiler None i
Valid phases Vapor-Liquid -
Convergence Standard o

Operating specifications

Free water reflux ratio a

| Design and specify column internals

d) Feeds inlet stages

| @Configuration | @streams | @Pressure | Condenser | Reboiler | 3-Phase | Comments |

Feed streams
Mame Stage Convention
¥ | GASFEEL 5 On-Stage
M. 1 Absove- Stage

Product streams

Mame Stage Phaze Basiz Flow Units Flow Ratic Feed Specs
AP 1 Vapar Fole kemaliiu
LIQUIT 5 Liquid Nake kernalim
Pseudo streams
Mume Pseudo STream Slage Interndl Phase  Rebailer Phace Rebronder Purmgiaroand Pumpatound Flow Urits
ype Conditions Conditians

Figure 3.9 Absorption process of ACET-01 form a gas mixture by injecting liquid water to a RadFrac
column. a) and b) show the gas and water streams properties, respectively, c) RadFrac column
specifications and d) feeds inlet stages.
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Material | Heat | Load | Work | Vol.% Curves | Wt % Curves | Petroleum | Polymers | Solids

Units GASFEED = WATER = VAPOR = Lauip -
Cost Flow §/hr
= MIXED Substream
Phase Mixed Liquid Vapor Liquid
Temperature c 40 25 26.5399 28.1115
Pressure bar 10 0 10 10
Mass Vapor Fraction 0959874 0 1 0
Molar Vapor Fraction 0.999906 0 1 0
Volume Flow cum/hr 594654 0150912 5.5691 0.153528
4+ Mass Flows kg/hr 100 150 97.4782 152.522
= Mass Fractions
WATER 0 1 0.00142659 0.982554
co2 0982 o 0986268 00135088
N2 0012 0 00123054 3.2581e-06
» ACETI-01 0.006 0 246452e-16 0.00393386

Figure 3.10 Stream results of the absorption process of ACET-01.
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3.3.3 Ammonia Bicarbonate Solution Generation

The essential first step is to successively generate the aqueous ammonia bicarbonate draw
solution. Several papers have been proposed to explain the potential of using NHs4HCOs3 in
FO system, but a comprehensive detailed interpretation of the system is not available
according to the conducted review. At first, the use of mixing device to dissolve the salt
into water was tested which will eventually result in formation of the aqueous solution.
However, the solution undergoes chemical reaction (dissociation) at any point in the
system, hence simple mixing process ends in simulation error messages. To solve this
problem, we reached to Chemical Engineering Department for consultant about dealing
with Aspen Plus aqueous solution and they recommended checking the electrolyte chapter
in the software manual. Fortunately, the available guideline was extremely helpful
demonstrating each necessary step to generate the desired aqueous solution. Since the
dissociation process is an equilibrium chemical reaction, the solution can always be

identified from both sides of the equation.

First method, starting from decomposition reactants components

Aspen Plus by default adds water as solvent whenever the user selects electrolyte solution
template, hence only the interested solutes or salts is going to be typed in component list
Fig.3.11.a. The next step is to run the electrolyte wizard Fig.3.11.b and specify
unsymmetric reference state since nor additional inputs are required to calculates the

equilibrium constants as function of temperature. It is worth to mention that, in this process
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water desiccation should be involved since it plays a major role in the decomposition

process.

Ammonia gas (NH3) is one of the three resultant products from the of ammonia bicarbonate
decomposition reaction that is only formed as water dissociation occurs. All possible
aqueous specious and solid salts, beside the reactions were shown in Fig.3.11.c in which
the user might eliminate undesirable components. In our case, the first salt was removed
since it is unrelated to the specified draw solution and in fact, this will have no substantial
impacts since at any point of the FO system, the salt is supposed to be completely dissolved.
Before proceeding to the last step, the simulation approach or results representation style
was selected as “true components approach”, Fig.3.12.a meaning that only non-iconic
compounds will be shown in output sheet (hiding solution chemistry, ex: NaCl instead of
Na+ and Cl-). Finally, the resultant components were tabulated in Fig.3.12.b providing
each components ID and type. At this point, solution generation stage is completed and
since electrolyte template was selected, the base method consequently was assigned as

Electrolyte-NRTL.

55



a) Inserting components

Component name Alias

Component ID Type
H20 Conventional WATER H20
NH4HCO3 Conventional AMMONIUM-HYDROGEN-CARBON NH4HCO3

b) selecting the chemistry data bank and reference state

@ Electrolyte Wizard

Welcome to Electrolyte Wizard

‘Welcome to the Electrolyte Wizard, the quickest way to generate components and reactions for electrolyte systems.
This Wizard has the following steps:

1 - Define base components and select reaction generation options.
2 - Remove any undesired species or reactions from the generated list.

3 - Select simulation approach for electrolyte calculations.
4 - Review physical properties specifications and modify the generated Henry components and reactions.

Select chemistry databank and reference state
Chemistry data source: | Apvoo REACTIONS * |

Reference state for ionic components: | Unsymmetric w |

Click Mext> to continue to your next step.

| Cancel J : | MNext>

¢) generating species and the possible equilibrium reactions

) Electrolyte Wizard

Generated Species and Reactions

Remove undesired generated species and reactions

Aqueous species Salts
NHZCOO- ~ NH2COONH4(S)
H3N u NH4HCO3(S)
Reactions

NH2COONH4(S) <===> NH2COO- + NH4+
NHAHCO3(5) «===> HCO3- + NH4+
MNH4AHCO3 -—> HCO3- + NH4+

H3N + HCO3- <===> H20 + NHZCOD-

mis

w

| Remaove

Setup global property method
1@ Set up with property method: | ELECMRTL =

_) Do not set up, but add generated species to the Companents form

Generate Chemistry and Henry components

Click Mext = to continue,

[ Cancel ” <Back || Mext=

Figure 3.11 Ammonia bicarbonate solution generation steps (a) inserting components, (b) selecting the chemistry
data bank and reference state and (c) generating species and the possible equilibrium reactions.
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a) Selecting the simulation approach

B Electrolyte Wizard X
Simulation Approach
Select electrolyte simulation approach
@ True component approach
_ Apparent component approach
Generated reactions and Henry components will be placed in
Chemistry form with |D: GLOBAL
Components Henry-Comps form with ID: GLOBAL
Click Mext> to create the above Chemistry and Henry-Comps 1Ds,
Cancel | | <Back | I Next
b) Resultant components
Compenent 1D Type Compenent name Alias
H20 Conventional WATER H20
NH4HCO3 Conventional AMMONIUM-HYDROGEN-CARBON NH4HCO3
H30+ Conventional + H30+ H30+
NH4+ Conventional NH4+ NH4+
AMMONIA Conventional AMMONIA H3N
02 Conventional CARBON-DIOXIDE €02
AMMON(S) Solid AMMONIUM-CARBAMATE NH2COONH4
NH2C00- Conventional CARBAMATE NH2C00-
OH- Conventional OH- 0H-
HC03- Conventional HCO3- HCO03-
€03-- Conventional €03-- €03-2

Figure 3.12 Ammonia bicarbonate solution generation (cont.). (a) selecting the simulation approach and (b) the
resultant components from performing the electrolyte wizard.
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Second method, starting from decomposition product components

The above-described method might be also performed in alternative way. In case if the
desired salt was not included in Aspen Plus data bank, considering the composition or
combining or synthesis reaction is a possible solution. Ammonia bicarbonate decomposes
into water, CO2 and NH3, Fig.3.13.a, hence dissolving these gases in water should end up
forming the original salt. As a substitutional procedure and to validate the obtained results
from the first method, we run the electrolyte wizard following exact same previous steps

which eventually returned in matching results Fig.3.13.b

a) Input components

Component [D Type Component name Alias
H20 Conventional WATER H20
o2 Conventional CARBON-DIOXIDE oz
NH3 Conventional AMMONIA H3N

b) Resultant components

Compenent ID Type Component name Alias

» H20 Conventional WATER H20

o2 Conventional CARBON-DIOXIDE o2

NH3 Conventional AMMONIA H3N

H30+ Conventional H30+ H30+

NH4+ Conventional NH4 -+ NH4-+

AMMONIS) Solid AMMONIUM-HYDROGEN-CARBOM NH4HCO3

NH2C00- Conventional CARBAMATE NH2C00-

HCO3- Conventional HCO3- HCO3-

OH- Conventional OH- OH-

C03-- Conventional C03-- €03-2

Figure 3. 13 An alternative approach for generating the ammonia bicarbonate draw solution, a) input components
and b) resultant components.
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3.4 FO Separation System Developing Phases

The process of building the FO separation system has been gone through several stages in
the aim of producing a good quality permeate while consuming a relatively lower thermal
and electrical energy. The initial system was inspired by Kim, et al., [15] who has suggested
the use of distillation column for separation process in addition to absorption column for
solute recovery. Nevertheless, most of the research work that has been done are
experimental, and to simulate the process, lots of inputs parameters and design
specifications for constructing system were needed, hence the development process was

started from the scratch.

3.4.1 Distillation Columns Design Specifications

Firstly, the distillation column was selected to be a RadFrac type since it is designed to
handle multistage vapor-liquid operations in addition to its capability for modeling
columns where chemical reactions are involved. RadFrac uses rigorous model for
performing the simulation process which is suited when the operation includes: 1)
absorption, ii) striping, iii) ordinary distillation and more. As mentioned above, the scope
of this system is broad in which it will cover a wide range of feed stream properties, column
design specifications, as shown in Tab.3.1, in order to examine their influence on system
performance, Fig.3.14. The simulation process will be carried on for the distillation column
separately according to the system inputs shown in, consequently the contribution of

absorption column will be added later.
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Table 3.1 Distillation column and feed stream specifications.

FEEDCOL
Concentration % or [g/100mL] 5-10
Temperature [°C] 25-80
Pressure [bar] 02-1.5
Flow rate [kg/hr] 80 - 560
DISTCOL
Type RadFrac
Number of stages 6-21
Operating pressure [bar] 0.2-1.4
Reboiler type Kettle
Condenser None
Feed inlet stage Above-Stage 1
Boil-up ratio 0.1-1.0
Valid phase Vapor-Liquid
Design specifications Product ammonia level 0.1 - 1.4 ppm
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B

CL R AR N
Q
A

DISTCOL

Fe——
{ LIQuiD | o

Figure 3.14 RedFrac distillation column for ammonia bicarbonate separation process with kettle reboiler and no
condenser.

There were several assumptions that were applied during the simulation process which
can be listed as follows:

. RadFrac column assumes equilibrium stages, vapor—liquid equilibrium (VLE).
. The column was assumed to run adiabatically.

. The system operates as steady state.

. The enthalpy changes between the adjacent stages are small, compared to the

latent heat changes (i.e. the changes in phase between the vapor and the liquid

. The latent heat of vaporization (or condensation) per mole is relatively constant
throughout the column phases.

It should be noted that, the problem was solved following the rating approach, meaning
that energy input is the interested parameter and column design is expected to be provided.
However, any design, geometry, material inputs were optimized by Aspen Plus according

to the specified feed specifications.
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The influence of feed stream properties and column specification of the distillation process
will be reflected on the calculated value of GOR (gain output ratio) which represents how
much kilogram of steam has been used to produce one kilogram of water. The system was
disassembled to separate units in order to run each of them independently then combine
them to end up with a comprehensive study of the whole process. Although the analysis
will be conducted only on the distillation column where other components contribution
was not considered, this is a helpful strategy to well understand the influential parameters.

The next step is to introduce the absorption column and evaluate the overall performance.
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3.4.2 Absorption Columns Design Specifications

The DS recovery process will be executed in the absorption column where the liquid feed
is an extracted diluted DS stream, and vapor is the top product from the distillation column.
One of the major challenges is to prepare the suitable environment for the absorption
process because distillation process operates with almost opposite conditions. To illustrate
more, an effective distillation process occurs under low pressure and high temperature

environment, will be elaborated later in chapter#4, while gas solubility in liquid decreases.

To enhance the absorber efficiency, a DS pump and vapor compressor were added to the
system in the aim of adjusting streams pressure, Fig.3.15. In addition, absorber feeds
temperature must be controlled as well, hence this can be done by connecting the
compressed vapor to a colling device. Furthermore, the diluted DS (absorber liquid) most
probably will be at 40-80 °C which is a relatively high, so another cooler was installed
before the pump. Initially the pump was located prior to the cooler, nevertheless the power
consumption was significant because the stream was a two-phase liquid vapor mixture.
Reducing the stream temperature results in an increase of the liquid phase proportion that
substantially lower the pumping power. All new added components characteristics all listed
in Tab.3.2 where all device notation matches what was revealed in Fig.3.15. The bypassed
represent the DS recovery stream or absorber agent which is basically an extracted line
from DS coming out of the membrane. The split fraction varies between 0.7-0.95 for the

FEEDCOL stream.
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DSCOLER

DSPUMP
--»&:--g “I ressmm e
1
v‘I

ABSORPER

NOTES:

* EACH LINE COLOR REPRESENTS CERTIAN STREAM.

* EACH LINE STYLE REPRESENTS CERTIAN STREAM PHASE:
DASH FOR MIX, SOLID LIQ AND DOT FOR GAS.

Figure 3. 15 Distillation and absorption system layout including all needed component to run the system.
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Table 3.2 Absorption column, vapor compressor, DS pump, vapor and liquid streams specifications.

VAPORC
Temperature [°C] 85-150
Pressure [bar] 1.0-10
VAPORCOM
Type Isentropic
Discharge pressure [bar] 1-10
Isentropic efficiency 0.72 (default)

Mechanical efficiency

1.0 (default)

Calculation method Rigorous

Valid phase Vapor only
DSPUMP

Discharge pressure [bar] 1-10

Valid phase Vapor-Liquid

VAPORCOL
Outlet stream temperature [°C] 85-150
Outlet stream pressure [bar] 2

Valid phase Vapor-Liquid
DSCOLER

Outlet stream temperature [°C] 25-35

Outlet stream pressure [bar] 0.6

Valid phase

Vapor-Liquid
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ABSORPER

Type RadFrac
Number of stages 3-10
Operating pressure [bar] 1-10

Reboiler None
Condenser None

Valid phase Vapor-Liquid
Calculation type Equilibrium
Liquid feed inlet stage Above-Stage 1
Vapor feed inlet stage On-Stage 5
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