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ABSTRACT

CONTINUOUS CO SEPARATION BY LIQUID ABSORPTION IN
AQUEOUS CUPROUS CHLORIDE (CuCl) AND MAGNESIUM

CHLORIDE (MgCl,) SOLUTION

Paul J. Foster
Department of Chemical Engineering

Master of Science

The purpose of the research was to design, build, test, and recommend a process
to economically separate CO from a gas mixture of CO, CO,, and O,. The general
method considered in this research to accomplish the separation was liquid absorption in
a packed column. Several experiments were performed to identify the best process
solution to use in a prototype. The experiments, based on the COSORB process,
consisted of CuCl mixed with a complexing agent (metal tri-chloride) and a solvent
(metal tetra-chloride, toluene, ethanol, etc.). The best method consisted of an aqueous
solution of CuCl and MgCl,, which has previously been used for CO absorption
experiments reported in the literature. The absorption takes place at elevated pressure (30

psig) and ambient temperature, and the stripping occurs at approximately 75 °C.






Using the apparatus at approximate design conditions, the highest removal of CO
was 88% with a product composition of 48%. The highest product composition achieved
was 84%; in this case CO removal was 66%. Product composition was low because a
significant amount of CO, physically absorbed into solution (which also decreased the
pH of the solution to about 4, according to calculation). The removal of CO should
increase with a taller column and higher liquid flow through the column; however, this
might decrease the product composition. Advantages of this process are that the raw
materials used are relatively cheap, heating and cooling requirements are lower than

similar processes, and operation is relatively simple.
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NOMENCLATURE

A a constant, depends on nominal packing size
a specified dumped packing surface area, ft”
a’ interfacial area, ft!

A’ total Cu” concentration, mol/L

Aco area of CO peak

Aco CO absorption into solution (Section 4.1), mol/L
Acon area of CO, peak

Acs absorber column cross-sectional area, ft*

ap same as a

apn specified dumped packing surface area of gas-liquid interface, ft”'
Cap capillary number

Ca CI concentration, mol/L

Ceus Cu' concentration, mol/L
Ccuct CuCl concentration, mol/L

CL packing specific constant related to the liquid
Chwmg++ Mg++ concentration, mol/L

Cp liquid heat capacity, J/kg'K

Cu’ elemental copper

Cv packing specific constant related to the gas

Dg gas diffusion coefficient, ft’/s

dy hydraulic absorber column diameter, ft

Dp liquid diffusion coefficient, ft*/s

dp nominal packing size, ft

Dt absorber column diameter, inches

DY same as Dg

€i coefficients used in solution density equation (i =0 to 3)
f flooding factor

Frp liquid Froude number

g gravitational acceleration, ft/s>

G molar gas flow rate, mol/s

H height of packed section in absorber column, ft

H(T)  Henry’s constant as a function of temperature, atm
hp liquid holdup

ki absorption coefficient (dilute solutions), Pa’!

ky absorption coefficient (concentrated solutions), Pa™
kco2 co proportionality constant relation ycos to yco

kga gas mass-transfer coefficient, g!

K" liquid mass-transfer coefficient, ft/s

xiii



kra liquid mass-transfer coefficient, gt

kY vapor mass-transfer coefficient, ft/s

Kia overall liquid, volumetric mass-transfer coefficient, mol/ft’s
L liquid molar flow rate, mol/s

c liquid surface tension, dyne/cm

It absorber column length/height, ft

m liquid mass flow rate, kg/s

MW average gas molecular weight in absorber column
P co threshold pressure of CO
Pco CO gas partial pressure, Pa

P; partial pressure of component i, atm

Q energy, watts

Re’p Reynolds number based on interfacial area

Revy Reynolds number for vapor phase

Scr Schmidt number for liquid phase

Scy Schmidt number for vapor phase

T temperature, °C

u'L mean effective liquid velocity, ft/s

Uo superficial gas velocity at flooding, in/s

ug superficial gas velocity, ft/s

Wer liquid Weber number

X bulk CO liquid mole fraction

Xeq CO mole fraction that would be in equilibrium with the CO gas mole
fraction

Xi mole fraction composition of component i in solution

yco mole fraction of CO in gas

Yco2 mole fraction of CO, in gas

AT temperature difference between hot and cold streams, K

€ void fraction

[0 liquid viscosity, g/ft's

VG gas kinematic viscosity, ft*/s

VL liquid kinematic viscosity, ft*/s

PG average gas density in column, g/mL

pL solution density, g/mL

o liquid r, g/ft’

(ofs packing critical surface tension, dyne/cm

oL liquid surface tension, N/m

Additional subscripts

refers to cooled liquid stream
feed stream

refers to heated liquid stream
product stream

gas

component 1

liquid

— =0 Q5 O

X1V



1 INTRODUCTION

1.1 Overview

At high temperatures, CO, partially dissociates to form a gas mixture of CO,,
CO, and O,. Jensen and Traynor have shown this can be achieved by using solar
energy.! In their project, this mixture is then quenched to prevent complete
recombination of the CO and O, (currently they have achieved ~12 mole %
conversion of CO, to CO in the quenched stream). The steam generated from the
quenching process can be used to produce electricity, while the CO is separated from
the gas mixture and reacted with steam to form H, gas. The production of H; is the
primary goal of the project. The H, is then used as a fuel source while the primary
byproduct, CO,, is recycled to the start of the process. The focus of research for this
thesis is separating the CO from the CO,/CO/O;, gas mixture. To determine if the
process would work, a laboratory prototype capable of continuously separating the CO

from this stream was constructed.

1.2 Approach

The objective was to separate the CO from the CO, and O,. The general

approach to accomplish this consisted of the following steps:



1. Choose separation technique (pressure swing adsorption vs liquid
absorption).

2. Conduct preliminary experiments to select the best option.

3. Design a process for the separation.

4. Construct prototype to achieve separation.

5. Test prototype to determine practicality.

6. Reconcile results with design predictions and make recommendations for
scale up to a commercial process.

Sections 3 through 7 discuss these steps in detail as they were followed during the

research.

1.3 Application

Although the primary objective of this project is to separate the CO for H;
production, the process also has potential application in industrial processes which use
CO as a raw material.  These include the production of olefins through
hydroformylation,” as an intermediate in numerous processes involving C; chemistry,’
and as a raw material in the production of methanol, formaldehyde, acetic acid,
isocyanates, aldehydes, formic acid, pesticides, herbicides, polyurethanes, oxalic acid,

dimethyl formamide, ethylene glycol, and solvents.* > ©



2 LITERATURE REVIEW

Two methods were considered to obtain the desired separation: pressure swing
adsorption (PSA) and liquid absorption. The technology involved in these two
methods is generally well developed; both methods have been successfully used to

separate and purify various gas mixtures.

2.1 Liquid Absorption

In 1850 Leblanc, Stas, and Doyere discovered that copper salts in HCI and
ammoniacal solutions bind CO." ® Since that time, cuprous chloride (CuCl), the
primary agent in binding the CO, has been used in many processes to separate and
purify CO from gas mixtures. Some of these processes are summarized below.

Both solvents discovered by Leblanc in 1850 have been further developed. Of
the two he discovered, the ammoniacal cuprous chloride’ process has been used
industrially, and, although not developed on an industrial scale (probably because of
corrosion problems associated with the concentrated acid solution), the HCI solvent
has been the object of further studies. Numerous studies discuss the use of CuCl in
HCI and/or NaCl solutions to selectively bind CO, and discuss the absorption and

. . . . . + —++
effects of O, in the mixture (i.e., oxidation of Cu” to Cu™™).!% 111213 14.15.16



In the ammoniacal process, CO is absorbed in a solution of CuCl in NH4CI or
aqueous NHj, forming a carbonyl. Absorption of CO occurs at ambient temperature
and elevated pressure, and decomplexation occurs at decreased pressure and elevated
‘[empera‘[ure.9

One study’ reports the effects of mass-transfer and kinetics in the ammoniacal
cuprous chloride solution. Not many data on this reaction and associated kinetics
were previously reported. The absorption reaction in the ammoniacal process was
found to be controlled by mass-transfer because of its dependence on the agitation in
the experiments. It was also found that absorption rate decreased with increasing
temperature (after passing through a maximum) and increased with increasing CO
partial pressure and CuCl concentration.

A more economical process than its competitors, the COSORB process was

’s.>® 1t was later sold to KTI, from

developed by Tenneco Chemicals, Inc. in the 1970
whom much information on the COSORB process was gathered during this study. In
this process® > an equimolar amount of CuCl and AICl; are added to an excess of
distilled toluene (or other organic solvent), forming a CuAlCls-toluene complex.
When a gas mixture containing CO contacts the solution, the complex binds the CO
while allowing the other gases to pass through. Both recovery and purity have been
shown to be >98 mole % (where the pressure was 32.5 bar and the CO composition
was anywhere from 14 to 70 mole % of the streams).* > The solvent absorbs CO at
practical operating pressures and ambient temperature, and desorbs upon boiling.” '*

Although some of the components of COSORB are extremely reactive, the COSORB

units are usually built with mild carbon steel, but can also be made from certain



stainless steels, copper-nickel alloys, and brass.> As of 1982, 14 COSORB units had
been licensed, with 7 in operation at the time.” The COSORB process has been used
to treat numerous types of feed streams from processes such as reforming of LPG,
coal, petroleum, and iron and steel, and typical feed streams to the COSORB process
are composed of CO, CO,, CHs, Hy, Ny, and O, (although O, is uncommon and
composes a very small fraction when present).”

The literature states that the absorption of CO in COSORB is a fast reaction,”
resulting in the need to consider mass-transfer effects. However, not much kinetic or
mass-transfer data have been reported.’” Similar to the ammoniacal solvent, the
absorption reaction in the COSORB process was found to be controlled by mass-
transfer because of its dependence on the agitation in the experiments.” Absorption
rate also decreased with increasing temperature and increased with increasing partial
pressure of CO and concentration of Cu-Al’> The decrease in absorption rate with
increased temperature is due to the reverse reaction having a higher activation energy
than the forward reaction.’

Due to environmental issues in disposing of the spent solvent, COSORB has
decreased in popularity'® while pressure swing adsorption has increased in
popularity."”” Challenges in the production and use of COSORB now make it a less
attractive alternative for separating and purifying CO. Stringent requirements are
necessary since COSORB reacts irreversibly with water,18 methanol, ammonia,

hydrogen sulfide, and olefins.*” The presence of even small amounts of moisture®

* Verified by private communications with Stan Che of KTI, 2005."®



% 21y can irreversibly degrade the solvent, requiring the solvent to be

(and oxygen
replaced; the frequency of replacement depending on the rate of degradation. The
quality and life of the solvent is extremely sensitive to the quality of raw materials
used in its production,” as well as the ability to keep degrading components away
from the mixture during use. Two studies present possible solutions to the problem of
moisture in the solvent. In one, polystyrene22 is introduced into the solvent, and in the
other, activated carbon® is introduced. Both of these make the solvent water resistant.
If components that cause degradation are prevented from contacting the solvent, it can
last 5 years.4

Experiments performed in Japan reveal a number of CuCI-MCl, solutions that
successfully bind CO.* The MCl, compounds used included MgCl,, HCI, LiCl,
NaCl, NH4Cl, KCl, CaCl,, SrCl,, CoCl,, and NiCl,. This study focused on the CuCl-
MgCl, system since it behaved differently from the others, and absorbed more CO. At
higher concentrations of CuCl and MCl,, a flake, believed to be CuCl-CO, was formed
in most cases except with the MgCl,. At higher concentrations in the MgCl, system a
fine particle, believed to be CO+CuMgCl;*nH,0, was formed. This compound
decomposed (releasing the CO)" at approximately 70°C (the temperatures at which the
CO was released from the other solutions in this experiment were not reported).”* The

COSORB solution requires that it be heated to boiling (111°C for toluene) to release

the CO, accelerating the loss of toluene™ and other solution components.

* In their work the maximum CO pressure was 101,000 Pa. It is not known how the increased overall
pressure in this process affects the temperature at which CO is released.

6



Finally, an additional source summarizes several chemicals used in the
separation of carbon monoxide from industrial gases, but very little process
information is reported.”® These different methods involve compounds such as
NH4Na,[Fe(CN)sNH3]*3H,0,  KoNi(CN);,  CuCN, CuCNS, HOCH,COCu,
HOCH,CH,NH; (I), CsHsN, C¢He-PhNH,, EtOH, PhOH, PhNH,, PhMe, cresol, and
PhNO;. No further details or data were included.

To summarize, several solvents employing cuprous chloride to reversibly bind
CO have proven successful in separating CO from gas mixtures. Of those discussed,
little is known about the rate of degradation of solutions due to the oxygen in the

system.

2.2 Pressure Swing Adsorption (PSA)

Pressure swing adsorption (PSA) is also a commonly used technology in the
purification of off-gas products from processes such as steam methane reforming and
refineries.”® As stated in Sircar and Golden’s work,” “the research and development
activities in this field have been very extensive during the last thirty years.”

The PSA study most similar to the proposed research involved the recovery of
CO from a mixture of CO and CO,.> In this study, the experimenters used an
activated carbon, NC30, as the adsorbent. The CO, was adsorbed, allowing the CO to
pass through the column. Two columns, used in parallel, cycled through a
pressurization stage, product recovery stage, depressurization stage, and purge. While
product recovery occurred in one column, the other column was purged. The study

does not include the presence of O, in the gas mixture.



Currently in industry, PSA is increasing in popularity. Developments in
adsorption technology allow separations that would be difficult for other well-known
technologies;”” PSA is also becoming more economical,”® and may be preferred when

large flow rates are not required.”

2.3 Chemistry

This section summarizes studies relating to the chemistry involved with CO
absorption in copper solution. A key issue is that the cuprous ion is the species that
absorbs the CO. In the presence of O, and/or water, the cuprous ion (Cu') can oxidize
or disproportionate to the cupric ion (Cu'") and elemental copper (Cu). The following
summaries of the studies (paraphrased directly from the articles) address some of these
issues.

As mentioned previously, the ability of the cuprous ion to preferentially absorb
CO was discovered as early as 1850.% These and later experiments involved Cu’ in
HCl and ammoniacal solutions. Upon absorption, the resulting compound was
thought to be Cu,Cl,-2C0O-4H,0, the ratio of CO to CuCl being 1:1.

In chemical abstracts,” 1931, it is reported that cuprous chloride can be
formed from copper metal and cupric chloride. This reaction alone is slow, but the
addition of small amounts of CO greatly speeds up the reaction. This led to the
conclusion that the deterioration of the absorbent due to air oxidation can be slowed or
stopped with the presence of copper metal.

In 1955, Nord" published some studies of Cu” oxidation rate in HCI solution.

They determined that the rate of oxidation is proportional to the concentration of O,



and Cu’, and also that the rate increases as H' is increased (with H" concentration >

0.1). The proposed stoichiometry for the reaction is shown below:

4Cu”™+4H"+0, > 4Cu™ +2H,0 @-1

They proposed a several step kinetic mechanism, not shown here, and also reported
that Cu" in a salt solution is in the form CuCl,".

Jhaveri and Sharma'* published their results in 1967 on the kinetics of O,
absorption in both neutral and acidic aqueous solutions of CuCl. They found that the
reactions were 1% and 2™ order with respect to O, and CuCl, respectively. They
reported the following reactions, the first under neutral conditions and the second

under acidic conditions:

6CuCl +3/20, +3H,0 = (3CUO-CuCl,-3H,0) + 2CuCl, (2-2)

4CuCl +4HCI + 0, =4CuCl, +2H,0 (2-3)

In the first case, copper oxychloride is formed along with cupric chloride,
while cupric chloride is the main product in the second case (see Equation (2-1). They
reported that the information available on oxidation in CuCl aqueous solutions is
limited, and that both diffusion and reaction kinetics may be important. Their data

show an example in which the oxidation rate is relatively slow. In a 100 mL solution



of SM HCI at 30 °C and a partial pressure of O, of 0.10 atm, the initial concentration
of CuCl was 0.494M, and the final concentration of CuCl was 0.406M. The elapsed
time was 15,000 seconds. This represents a conversion of Cu’ to Cu'" of 18% in
approximately 4 hours.

In 1970, Ahrland and Rawsthorne’' published a study on the stability of
cuprous chloride complexes. They stated that chemistry involving Cu" is of “special
interest” but that it is difficult to experiment with because of its tendency to

disproportionate (see Equation (2-4) and because of air oxidation.

2Cu* < Cu™ +Cu° 29

In Equation (2-4 the Cu’ represents metallic copper. Because of these difficulties, the
information known about simple Cu’ systems involving halides is limited. They
report that in solution, the primary species formed from Cu" and chloride ions are
CuCl, and CuCl32', and that very little CuCl,* is found. This is true for a wide range
of chloride concentrations. At low concentration (< 0.01 M), CuCl might be formed.
In their experiments, copper powder was added to reduce traces of Cu"".

In 1970 Bruce'? reported that there have been many claims in the literature that
copper carbonyls have been formed, but that these claims are not based on sound
observations, except for maybe one case. Evidence is given in his paper that showed
that at high pressure, Cu(CO)CI was formed with CO and fine CuCl powder. When
CO was contacted with an HCI solution containing CuCl complexes, white, flaky

crystalline deposits of Cu(CO)CI-2H,O were formed. When O, was present, the
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uptake of O, competed with CO uptake, resulting in rapid oxidation of Cu’ to Cu""
compounds. Absorption could be improved by addition of SnCl, or PdCl,. According
to his study, the absorption of CO in CuCl and H,O solution was slow, forming
CuCl-CO-2H,0. In the case of the HCI solution, the absorption of CO depended on
concentration (the best ratio of CuCl:HCI is 1:9), pressure, and temperature. He
suggested the possibility of using other solvents such as ethanolamine and pyridine,
but reported that there is no economic advantage. Among other solvents that he
reported are various KCl and MgCl, solutions. The affinity of copper halides for CO
is as follows: Cuyl, << Cu,Br; < Cu,Cl.

In 1979, a study by Backén and Vestin™ brought into question some previous
studies by claiming that in aqueous HCI and KCI (with CuCl) solutions, the solid
compounds formed only contained CO and CuCl—they did not contain H,O. Their
findings that the ratio of CO:Cu’ is 1:1 is consistent with previous studies.

In 1981, Levy et al.”® focused on a kinetic study of Cu” oxidation in
concentrated NaCl solutions since few experimental data were available. The reaction
shown in Equation (2-1 involves gas-liquid mass-transfer and a chemical reaction. In
these experiments, large amounts of NaCl were added so there would be sufficient CI
ions to form complexes with Cu". It was found that the oxidation rate did not depend
on Cu" or total Cu concentrations, but that it depended on the partial pressure of O,
with a first-order dependence. Temperature also affected the rates, a maximum rate
possibly occurring between 30 and 40 °C. They also showed that the rate increased a

little as pH decreased and was much slower as Cl increased. The rate also increased
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as the volume of the reaction vessel decreased. Experiments were performed with a
starting Cu” concentration around 0.1M.

In 1984, Papassiopi et al.'® studied Cu" oxidation in concentrated NaCl
solutions. This study took place at constant temperature (22 °C) and pH, and
concentrations of Cu' ranging from 0.0009 to 0.0062 M. The oxidation rate was
found to depend on O, concentration (first order) and Cu” concentration (order of 1.5).
They report that others have found the dependence of the rate on Cu’ concentration to
be second order.

In 1985, Tran and Swinkels'' found the dependence of CuCl,* oxidation in
NaCl—HCI solutions to be first order. The dependence on O, was also first order, and
the rate expression was also a function of H' concentration and temperature.

One particular study, published in 1984 by Katsumoto et al.** contains data on
the absorption of CO in a number of CuCl—MCI, solutions, the focus being on the
CuCl—MgCl, solution. This solution demonstrated unique properties compared to
the others—at higher concentrations of CuCl and MgCl, this solution formed a
particle (as opposed to flakes in other systems) and absorbed more CO than the others.
The data presented in their work are included here, since the solution used in their
work is the focus for the current research project.

The ternary diagram for the CuCl-MgCl,-H,O system presented by Deringer is
shown in Figure 1 (used by permission of CHIMIA, January 15, 2007).%

The majority of CuCl-MgCl, solutions in Katsumoto’s work existed in the
liquid region of the ternary diagram. For concentrated solutions, this system absorbed

8 times the amount of CO as did the CuCl-HCl system. Figure 2 (taken directly from
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Figure 1. Ternary diagram for CuCl - MgCl,-6H,0 - H,O (from Deringer™).

Katsumoto’s work) shows the absorption of CO (mol/L) versus partial pressure of CO
for a number of solution concentrations (A — G). These concentrations are listed in
Table 1.

The points in the figure correspond to the experimental data and the solid lines
correspond to his model of the data. Lines F and G represent dilute (CI" < 10 mol/L)

solutions. The absorption reaction is shown in Equation (2-5.

Cu(l)-chloro — complex + CO — CO-Cu(l)-chloro — complex (2-5)

The authors describe the absorption with the following equation:
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Figure 2. CO absorbed vs partial pressure at 30 °C (from Katsumoto, et. al. **).

Table 1. Solution concentrations and absorption coefficients (Katsumoto) at 30 °C.

Solution (Iﬁ(‘)‘ﬁ) (lfl%%) fP‘;‘)) ki (Pa")  k,(Pal)
A 3 4.8 5000 NA 8.86(10)
B (s) 3 5 5000 NA 5.196(10)
C 2.8 3.9 11600 NA 2.625(10)°
D (s) 3 4.0 23300 NA 1.26(10)
E 2.7 3.7 24300 NA 1.191(10)°
F 2.2 3.3 NA 3.725(10)° NA
G 0.8 2.0 NA 6.771(10)° NA

a .
S represents a suspension

Aco

— k1 F)CO A€u+
1+k,Pg

(2-6)

where k; is a coefficient that depends on composition and temperature (Pa™), Acy:° is

the total Cu" concentration (mol/L), Pco is the CO gas partial pressure (Pa), and Aco is
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CO absorption into solution (mol/L). The absorption of CO in these dilute solutions is
similar to absorption in other types of solutions. When the solution is more
concentrated (lines A — E), the absorption initially follows the same mechanism, then
reaches a threshold pressure, P*co, above which absorption increases dramatically. He

suggests the following reaction as a possibility to describe the chemistry:

CO-Cu(l)-chloro—complex+ Mg** +mCl~ +nH,0 —

CO-CUMgCL,H,0 @7

The expression for absorption in this region as a function of pressure is shown below:

_ kz(Pco B Pc*o)Aém
1+ kz(Pco - Pc*o)

Aco

2-9

where k; is a coefficient similar to k; and depends on composition and temperature.
The solution concentrations, along with reported values of ki, ks, and P*co are shown
in Table 1.

It appears that, depending on the solution concentration, there is a threshold
pressure above which the absorption of CO increases dramatically, due to the
formation of the suggested compound, CO-CuMgCl,'nH,0O, which precipitates out of
solution. However, exactly what causes this compound to form, and when the
threshold pressure occurs, is unknown. It is also not clear whether CO absorption

takes place according to both mechanisms (Equations (2-5 through (2-8) above the
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threshold pressure or just one mechanism. Some of their results suggest that the
formation of the CO-CuMgCl,nH,O compound requires the presence of Cu’ and
Mg**, but there is no clear indication of their required concentrations. They observed
that in the cases where CI” concentration exceeded 10 mol/L and where there was Cu”
and Mg”", the compound was formed.

In their work, Katsumoto et. al. also show the temperature dependence of CO
absorption in solution B (see Figure 3). As can be seen in the figure, regardless of the
CO partial pressure, all CO desorbs at temperatures > approximately 70 °C for

concentrated solutions. The temperature required to release CO from dilute solutions

was not reported.

a Poo = 1.01x10° Pa
et

2}
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E
—
48
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0 30 40 50 60 70 80

T/C

Figure 3. Absorption of CO vs temperature (from Katsumoto et. al.>*).
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To summarize the literature presented above, the copper complexes and CO
compounds formed in solutions do not appear to be well known, and published reports

are even contradictory in the literature. Some references indicate that copper

8, 24,30 12,18
d,

carbonyls are certainly forme whereas others report no carbonyl formation.

In the presence of O, and H', Cu" is oxidized to Cu™", which does not assist in
the binding of CO. The rate of oxidation increases as pH decreases, and decreases as
CI' concentration increases. Some references are made to adding metallic copper,”
either in the form of powder’' or small amounts of copper wire'® to the solution to
keep the Cu” from disproportionating or oxidizing to Cu"", but not much additional
detail is given. All of the literature appears to be consistent with the fact that CuCl
solutions absorb CO, that it is the Cu’ that does the absorbing, and that Cu" can be
difficult to stabilize against disproportionation and oxidation to Cu® and Cu™". The
Cu’ is generally stabilized by having a complexing agent in the solution to form
complexes with the Cu’. Complexing agents are commonly chlorides, of the form
MCl,. It should be noted that when mixing a solution, the complexing agent should be
mixed in first, allowing the Cu’ to form a complex immediately upon entering

solution. The literature is not consistent about the mechanism of absorption or

compounds formed.

2.4 Project Contribution

The general techniques for separating gases are not new technologies.
However, unique to this research are variations on the components of the COSORB

process. Although CO has been separated from various mixtures, the separation of
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CO from CO; and significant amounts of O, using liquid absorption appears to be
unique to this research, as is the particular process used, as there is no known

continuous separation process for CO using a CuCl-MgCl, solution.
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3 STAGE ONE: PROCESS IDENTIFICATION

The work performed was divided into two stages. Ideas for the research (based
on industrial practices and work reported in the literature) were developed in the first
stage. This stage also consisted of preliminary experiments to narrow down the
possibilities for accomplishing the separation to one preferred method. Sections 4 and
5 discuss the second stage—taking the process identification results from the first

stage and building a prototype to test the separation.

3.1 Original Proposals

Originally, studying both PSA and liquid absorption was considered. Due to
complexities and cost of a PSA separation, and because of ideas already formulated
for liquid absorption, the scope was narrowed to liquid absorption. Complexity in a
PSA separation arises from using multiple columns and having to reverse the flow
during various stages to achieve the separation. This leads to a costly setup and
complex operation. Table 2 shows the substrates that were considered for preliminary
experiments with PSA. No more mention of PSA will be made in this report.

On the other hand, liquid absorption has proven successful for industrial gas
separations, and was adaptable to the lab and time constraints, and would be

applicable to small processes such as the one proposed by Jensen.' Because of its
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Table 2. Column substrates considered for preliminary tests.

Expt.  Substrate Type Substrate
1 . Molecular Sieve SA
2 Zeolites Molecular Sieve 13X
3 Carbon Molecular Carboxen 1000
4 Sieves Carboxen 1004
5 Porapak N
6 Poropak Porapak Q
7 Porapak T
8 Silica Gels Silica Gels
9 Activated Carbon BPL Carbon

economic advantages, as well as its ability to absorb CO from gas mixtures with a
recovery and purity of >98 % and >99 % respectively,’ COSORB was used as a
starting point for this research. However, its degradation in the presence of O, and
stringent requirements with regard to moisture, necessitated modifying this process to
better suit the needs of the present research. It was thought that replacing one or more
components of the COSORB mixture with a suitable alternative might slow or
eliminate the degradation from O, and moisture, extending the life of the solvent.
Table 3 summarizes variations considered for process identification experiments.
Experiment 1 utilized basic components of COSORB, experiments 2-13 consisted of
variations similar to the COSORB process, and experiments 14-16 incorporated

replacements for COSORB, discovered after initial stages of research.
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Table 3. Liquid absorption experiments.

Complexing

Expt. Agent Solvent
COSORB Variations
1 CuCl AlCl; Toluene
2 CuCl AlCl; TiCly
3 CuCl AlCl; VCly
4 CuCl AlCl; SnCly
5 CuCl AlCl; Ethanol
6 CuCl AlCl, Acetone
7 CuCl FeCl; Toluene
8 CuCl InCl; Toluene
9 CuCl GaCl; Toluene
10 CuCl LaCls Toluene
11 CuCl None TiCl4
12 CuCl None VCly
13 CuCl None SnCly
COSORB Replacements

14 CuCl HCl1 Water
15 CuCl NaCl Water
16 CuCl MgCl, Water

3.2 Experimental Methodology and Results

Experiments 1 — 13 of Table 3 were performed to determine the solubility of
the CuCl and complexing agents in the solvent, their compatibility with each other,
and the effects of O, and small amounts of moisture.

chemicals are hygroscopic, experiments were performed in a glove box, shown in

Figure 4.

HCI fumes and any other gas in the process were vented directly to the
laboratory hood. A relative humidity sensor and de-humidifier were used inside the
glove box to measure and maintain a dry environment. Relative humidity in general

was maintained below 1%. Purging the glove box with nitrogen minimized oxygen
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Figure 4. Glove box used in some preliminary experiments.

content. Details such as amounts of chemicals added and detailed observations upon
mixing are not reported here; only a summary of results, as follows.

Upon mixing, the chemicals used in experiments 2, 5-6, and 9 reacted to form
a white mist (thought to be HCI), or in the case of experiment 7, a polymer.
Experiment 1 showed little solubility of AICIl; in toluene, and experiment 2 showed
little solubility of both CuCl and AICI; (separately and together) in TiCls. These
options were ruled out, as well as all others involving TiCls due to its extreme
reactivity with small amounts of moisture or oxygen. Although the chemicals in
experiment 9 appeared to be somewhat reactive (forming some white mist, believed to
be HCI), the GaCl; was very soluble in toluene (approx. 34.7 grams GaCl; in 10 mL

toluene), while the CuCl was not as soluble (addition of CuCl caused the formation of
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what appeared to be metallic solids). Before trying experiments 5-6, 8, and 12-13,
other alternatives were discovered which proved to be potentially more economical
and less complex than the previously considered alternatives. These are shown in
Table 3 as experiments 14 - 15.

Aqueous solutions of CuCl in concentrated HCI and NaCl have been found to

absorb CO as reported in the literature.”>**

Both were confirmed by experiments
performed in the laboratory. These alternatives proved potentially useful due to the
relatively inexpensive chemicals involved, as well as the fact that the components
appear to be less sensitive to O, and moisture (the solution are aqueous) than the
COSORB components. However, concentrated HCI would require handling by special
materials.  These chemicals are also more benign to the environment than the
COSORB chemicals.

Experiments were similar for both the NaCl and HCI process. The solution
was poured into a glass tube (~1/2 inch diameter, ~1 foot long) with a septum
plugging one end. Some experiments also involved adding glass beads or inert chips
to help with mixing. All experiments were performed at ambient pressure. Once the
tube was completely filled, a septum was inserted into the open end. To test
separation, a known amount of gas sample was injected with a syringe into one end
while liquid was withdrawn through a syringe from the other end to avoid pressure
buildup. Shaking the tube allowed the gas to come to equilibrium with the liquid.
Using a gas tight syringe, a sample of the gas was then withdrawn (while inserting

liquid back into the tube to avoid pulling atmospheric air into the tube and diluting the

sample) and injected immediately into a Gow-Mac Instrument Co. Series 600 Gas
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Chromatograph (GC) to test composition. The GC column used was a Carboxen 1000
column, obtained from Supelco (part of Sigma-Aldrich located in Pennsylvania). A

typical chromatogram of the source gas used is shown in Figure 5.
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Figure 5. Typical chromatogram: O,, N,, CO, CO, from left to right.

The temperature program used started at 35 °C, and was then ramped up to 200
°C at 20 °C/min, with injection sample sizes generally ranging from 200 to 400 pL.

The purpose of these experiments was to verify that the solutions separate CO
from the gas mixture. To determine separation, a ratio of the CO, peak area to the CO
peak area was compared to the same ratio of the gas standard. A typical
chromatogram of the effluent gas is shown in Figure 6.

The absence of the CO peak indicates the CO was absorbed by the solution.
As the experiment was repeated with the same fluid, the presence of a CO peak began
to appear and increased in size with each successive experiment, indicating the
saturation of CO in the solution. Note that the O, and N, peaks in Figure 6 are larger

than in Figure 5 while the CO; peak is smaller. This was caused by dilution with
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Figure 6. Chromatogram showing separation (NaCl solution): O,, N,, CO, from left to right.

atmospheric air, which was not completely eliminated during filling and which may
have leaked in if positive pressure was not maintained. It is unclear how much gas
was physically absorbed into solution, but was probably small since pressure was low.

To determine the reversibility of the CO absorption in solution, the saturated
solution was boiled to release the CO. The solution was then cooled, and the above
experiment was repeated. Again, the solution indicated absorption of CO. This was a
necessary quality, as the actual process will operate continuously, the solution being
cooled and heated repeatedly to absorb and release the CO.

To determine whether the solution would absorb CO after a period of aging,
the solution was left in the sealed glass tube for several days. Following this period,
the solution continued to absorb the CO. This is an important result for the actual
process, since the separation process will be more economical if solution does not
need to be replaced after a short time period. This simple glass experiment gives only
a partial indication of this ability, since the solution remained stagnant in the glass

tube and out of contact with gas. In the actual process, gas will be in contact with the
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solution, while the solution will also be cooled, heated, and cycled through other
materials continuously.

An alternate solution capable of absorbing CO was discovered in the literature**
and involved CuCl and MgCl, (experiment 16; see also Section 2.3). The same
experiments were performed with the CuCl/MgCl, solution as with the CuCl/HCI and
CuCI/NaCl solutions. In these experiments, low concentrations of CuCl and MgCl,
were used, so no precipitate containing CO was formed (refer to Section 2.3). These
experiments showed results similar to those of the HCI and NaCl systems.

Additional tests were performed to verify the solubility of CuCl/MgCl, in
aqueous solutions as shown in Figure 1 of Section 2.3. A point was chosen in the
liquid region near the point of highest CuCl and MgCl,-6H,O concentrations, and a
solution of this composition was mixed. Contrary to what is indicated by Figure 1
(this should have been the liquid region), some CuCl remained insoluble in solution.
A possible explanation could be that the remaining insoluble particles in solution were

impurities in the CuCl (which was 97% pure) rather than being CuCl itself.

3.3 Process Identification: Conclusion

Of all options considered or tested in the preliminary experiments, the last
three discussed (CuCl/HCI, CuCl/NaCl, CuCl/MgCl,) were the most feasible.
Experiments confirmed that these aqueous solutions absorb CO. Both the CuCI/HCl
system and CuCl/MgCl, system continued to absorb CO for long periods of time, even
after being heated and releasing the CO. The HCI and MgCl, are readily available and

relatively inexpensive. However, MgCl, has the additional advantage of not being as
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corrosive as HCI, and CO absorption capacity of the CuCl/MgCl, system is greater
than other systems when it is at high concentrations (absorption capacity may be
similar at lower concentrations). A concentrated CuCl/MgCl, system releases almost
all CO when heated to a temperature of about 70 - 75 °C. The temperature at which
the other aqueous solutions (as well as dilute CuCl/MgCl, solutions) release the CO is
unknown, but the COSORB process requires the solution to be heated to boiling
(approximately 111 °C). This is a significant advantage since operating costs are
reduced by the reduced heating and cooling requirements. Due to these significant
advantages, the solution consisting of CuCl and MgCl, became the solution of choice.
The next stage of the project was the design of an absorber and construction of a

prototype to test separation in a practical process.
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4 STAGE TWO: PROTOTYPE DESIGN

After determining the method (liquid absorption) and solution (CuCl/MgCl,)
to use for the separation, the next step was to design and build a prototype to test the
separation in a practical process. Following a description on how CO absorption into
solution was accounted for, this section describes the general design of the absorber as
well as required heat exchangers. Other equipment used in the prototype, such as

pumps, tubing, variacs, vessels, etc. are described in the appendix.

4.1 Equilibrium Model for CO Absorption

The CO absorption data were presented in Section 2.3. Katsumoto®* developed
a model (see Equations (2-6 and (2-7) which matches his reported data. The reported
absorption coefficients and threshold pressures are shown in Table 1. However, no
explanation of the derivation of his model was included, and efforts to contact him for
details were unsuccessful. Since no model could be derived from theory that followed
his data, and since it was necessary to have a model that could estimate CO absorption
into liquid as a function of CO partial pressure and CuCl and MgCl, concentrations in
solution, the following method was used.

The absorption coefficients and threshold pressures (as shown in Table 1) for

each solution were plotted versus concentration of CuCl or Cl" and a line was fitted
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through the data. A linear line was used for the absorption coefficients, and a power
law was used for the threshold pressures. Unfortunately, there were only two points to
use for the dilute cases and three for the concentrated cases. For these particular cases,

the fit was very good, as would be expected. Following are the equations of the lines:

k, ==2.1810°Cg,q +8.51107° @-1)
k, =3.0810°C,, —3.0010"* 4-2)
Peo =4.6210"(Ceye ) (4-3)

where subscript 1 refers to dilute solutions (C¢p. < 10 mol/L), 2 refers to concentrated

solutions (C¢y. > 10 mol/L), C is concentration (mol/L), and k has units of Pa™’.
Application of these equations gives coefficients that are used in Katsumoto’s

model to predict CO absorption. As these coefficients are based on limited data, this

model should only be used for solutions if they are very close to the reported values.

4.2 Absorber

The absorber was a cylindrical, packed column in which the liquid and gas
contacted each other countercurrently, providing as much contact as possible between
the gas and liquid phases to promote mass-transfer of CO from the gas to the liquid,
while allowing the gas and liquid to flow at reasonable rates through the column. The
primary parameters needed to build the prototype absorber were the diameter and
height. Numerous attempts have been made by scientists and engineers to formulate

correlations that can be used in the design of gas-liquid, counter-current, packed
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columns. An ideal correlation for the packed column in consideration was not known
to exist, and different diameters and heights were estimated.
The general method followed for estimating diameter and height is outlined in

Separation Process Principles.*” Based on gas and liquid compositions, an estimate of

the diameter and height of a commercial column were determined. Calculating gas
and liquid compositions required experiments to determine the solution density. This
section first describes how solution density was calculated, and then explains the basic
theory used to determine the required column diameter and height. The appendix
shows a sample of the Mathcad program which allows a user to input basic parameters
such as: pressure, temperature, inlet and outlet gas composition, concentration of CuCl
and MgCl, in the solution, packing characteristics, flooding factor, and minimum
liquid flow rate factor, and which then calculates flow rates, diameter, height. This
program was used to predict the size of a commercial column as well as the prototype
column used in the laboratory. Experimental results obtained from the prototype were

then used to more accurately estimate the required size of a commercial column.

4.2.1 Solution Density

Three different methods were used to estimate solution density. In the first
method, individual volumes of the solids in solution were determined from their solid
densities and experimental concentrations, and water volume was found by difference.
Individual component masses (including water) in one liter of solution were then
found, which led to solution density. The second method involved measuring several
densities and deriving a correlation based on a factorial analysis. Method 3 combined

densities of individual CuCl and MgCl, solutions reported in Perry’s Handbook.™ A
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comparison of these methods compared to the measured densities is shown in Figure 7

and Figure 8.
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Figure 7. Solution densities as a function of CuCl concentration. These points are also at
different MgCl, concentrations.

As can be seen, method one in general predicted a high solution density,
method three predicted a slightly low solution density, and method two correlates best

with the data. Method 2 was used in the design and uses the following equation:

pL=¢€,+eC., + e2CMg++ + e3CCLHCMg++ 4-4)

where pr is the solution density (g/mL), the e’s are coefficients (0.9949, 0.0673,
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0.0635, and 0.0023 respectively) derived from the factorial analysis, and C is

concentration (mol/L).
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Figure 8. Solution densities as a function of MgCl, concentration. These points are also at
different CuCl concentrations.

4.2.2 Column Diameter

The following equation was used to calculate the column diameter:

1/2
5 _[4-G-MWGJ @-5)
| 2 e
f'uo'ﬂ-'loG

where Dy is the column diameter (inches), G is the molar gas flow rate, MWg is the
average gas molecular weight in the column, f is the flooding factor, u, is the

superficial gas velocity at flooding (in/s), and pg is the average gas density in the
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column (g/in’). The flooding factor is usually chosen to be in the range of 0.5 to 0.7,
ensuring that the column will operate in the preloading region. Numerous calculations
were performed to obtain the variables in this equation, most of which can be seen in
the appendix and the original reference.*> Some details unique to this research are
presented here.

Figure 9 shows the calculated equilibrium plot (at 30 psi). The absorber
operating line, representing the equation derived from a material balance around the
absorber, is also plotted. The operating line (whose slope is a ratio of the liquid flow
rate to the gas flow rate) lies above the equilibrium line, indicating transfer of the
solute from the gas phase to the liquid phase. The steepness of the operating line
indicates the large liquid flow rate compared to the gas flow rate.

Once all factors in Equation (4-5 were estimated, the diameter could be
calculated. The predicted diameter of the column for Jensen’s proposed process was

approximately 12 inches (seeTable 4).

4.2.3 Column Height

As with the diameter, the general procedure followed for calculating column
height is described primarily in reference 32. The procedure involved performing a
material balance on a differential height of the column with a simplified model for
mass-transfer between phases. Once the overall expression for the height was
obtained, the overall mass-transfer coefficient was estimated from correlations. This
was a significant challenge since no ideal correlation exists—this led to variation in its

value, and therefore variation in the predicted column height. A number of methods
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Figure 9. Equilibrium of CO in a dilute solution (0.8 M CuCl, 2.0 M MgCl,).

were used in this project to predict mass-transfer coefficients, including that of Billet
and Schultes,” Bravo and Fair,”> and Onda.*® The latter two are presented by Taylor

and Krishna in Multicomponent Mass-transfer.’’

The model used in the material balance is that of a liquid phase passing down
the column and in contact with a gas phase rising through the column, with transfer of
CO from the gas phase to the liquid phase across the interface. Details are included in
the appendix and in reference 32. The final equation for calculating the column height

1S:

L _ L j dx 46
T Ka- A Xeq — X @0
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where I7 is the column height, L is the liquid molar flow rate, dx is the differential
mole fraction of CO across a differential length dl, Kya is the overall volumetric mass-
transfer coefficient based on the liquid, X.q is the liquid mole fraction that would be in
equilibrium with the gas mole fraction, x is the bulk liquid mole fraction, and Acs is
the cross sectional area of the column. The first quantity on the right hand side is
referred to as Hor, the overall height of a mass-transfer unit based on the liquid phase,
and the second quantity is referred to as Nor, the overall number of mass-transfer units
based on the liquid phase.*

Assuming the solution is dilute and that the equilibrium curve is approximately
linear, the overall mass-transfer coefficient based on the liquid, Kia, can be described
in terms of individual coefficients of the gas and liquid phases. These can be
determined from correlations found in the literature, and, for this research, three sets
of correlations are presented. The first set presented is by Billet and Schultes,* the
general equations being shown in Equations (4-7 and (4-8. These correlations are
based on 3500 measurements, and take into account the physical characteristics of the
system for over 70 arranged and random packings.*® The liquid mass-transfer

coefficient, ki a (s™), is defined in Equation (4-7).

1/2
k.a=C .121/6.u'1/2. & .a.a_Ph 4-7)
L L L a

where Cp is a packing-specific constant (related to the liquid) found in a table in
references 32 and 34, ug is mean effective liquid velocity (ft/s), Dy is the liquid

diffusion coefficient (ft*/s), dy is the hydraulic diameter (ft), a is specified dumped
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packing surface area (ft''), and apy is the specified dumped packing surface area at the
interface (ft'). The gas mass-transfer coefficient, kga (s'), is defined in Equation

(4-8).

1 32 e Y (v Y ra
k.a=C. - : .D. .| —¢ JZe | L] Sen (4-8)
° ! (‘9_hL)1/2 dhl/2 © (a'vej (DGJ ( a )

where Cy is a packing-specific constant (related to the gas) found in a table in
references 32 and 34, ¢ is the void fraction, hy is the liquid holdup, ug is the superficial
gas velocity (ft/s), Dg is the gas diffusion coefficient (ft*/s), and vg is the kinematic
viscosity of the gas (ft*/s). In the above correlations, ap, was found from an additional
correlation which depends on dj, a (dumped packing surface area), ur, v (kinematic
viscosity of the liquid), pr, op (surface tension of the liquid, taken as water at ambient
temperature), and g, gravitational acceleration.

Diffusion coefficients for the gas were calculated from the Chapman-Enskog
theory (using Lennard-Jones parameters),”® which applies to low-density, low-pressure
gas. The liquid diffusion coefficients were calculated from a method explained by
Prausnitz.”” The second method used to calculate mass-transfer coefficients is

explained in Multicomponent Mass-transfer,’” which presents a correlation by Onda.*®

Equation(4-9 shows the correlation for the gas mass-transfer coefficient:

kY /(a,DY) = ARe{’ Sc)**(a,d, )~ “4-9)
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where k" is the vapor mass-transfer coefficient (ft/s), ap is the specific surface area of
packing (f/ft’), DY is the vapor diffusion coefficient (ft*/s), A is a constant that
depends on dp (ft), the nominal packing size, Rey is the Reynolds number for the
vapor phase, and Scy is the Schmidt number for the vapor phase. Similarly, the liquid

mass-transfer coefficient was calculated from the following correlation:

K“(pt 1 1.9)"™ = 0.0051(Re )" Sc."* (8, )" @10

where k" is the liquid mass-transfer coefficient (ft/s), pi" is density (g/ft’), p is
viscosity (g/ft's), Re' is the Reynolds number for the liquid based on interfacial area,
and Scy, is the Schmidt number for the liquid.

The third method, presented in the same text,”” was developed by Bravo and
Fair.>> They use the same method for the mass-transfer coefficients, but they calculate
5§36

interfacial area density differently than does Onda. Onda’s™ correlation for interfacial

area density is shown in Equation (4-11, and Bravo and Fair’s®® is shown in Equation

(4-12).

a’ = a,[1—expl-1.45(c, /6)"™ Rel Fri "% We? ] @-11)

where a’ is the interfacial area density (ft'), o is packing critical surface tension
(dyne/cm), o is liquid surface tension (dyne/cm), Frp is the Froude number for the

liquid phase, and Wey is the Weber number for the liquid phase.
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a'=19.78a,(Ca, Re, )" o™ /H™ @-12)

where Cay is the capillary number, and H is the packed section height (ft).

Once individual mass-transfer coefficients kia and kga were calculated
(calculated by solving for k" and k" and multiplying by a’), the ratio kga/kia was
taken. The large values obtained (~24) confirmed the relative insignificance of gas
mass-transfer resistance when compared to the resistance to mass-transfer in the liquid
phase. These resistances are large compared to the reversible reaction of CO with
Cu', which is assumed very fast.

Once the diameter and height of the actual column were calculated for the full-
scale process, it was necessary to scale it down to a size that could be experimented
with in the laboratory. A column inner diameter of 1 inch was chosen for the
prototype, and it was scaled down by taking a ratio of the cross-sectional area of the
prototype to the full-scale column and adjusting the flow rates for the prototype by the
same ratio, while leaving the height the same.

There were some implications associated with the scale-down of the actual
column. For example, to minimize wall effects in the separation, the diameter of the
packing particles should be no greater than 1/8" of the column diameter. Upon
reducing the diameter of the column to 1 inch, the packing particle diameter should
have been no larger than 1/8™ of an inch (3.2 mm). Unfortunately, a search for a
suitable packing material after construction of the column revealed that new
generation packing material this size is rare and expensive. The only known readily

available and inexpensive option was to use 3 mm glass beads. However, due to the
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low void space and other issues, flow rates had to be reduced significantly to avoid
complete entrainment. Due to practicality issues, 6 mm glass beads were used instead,
probably making wall effects a significant factor in the separation since the beads were
approximately 1/4" the column diameter. The design calculations use 6 mm beads.

A further implication is that the predicted diameter and height of the prototype
column changed after it was built as adjustments were made to the calculation
program, more applicable correlations were found, and different packing was used.

In conclusion, the height of the column, as constructed (4 feet), does not match
the height as calculated by the changed design, and would predictably not separate
according to design (>99% CO removal). However, it was still used to obtain results
that were useful in understanding how well an actual full-scale absorber might behave.
A summary of the calculated mass-transfer coefficients, diameters, and heights are
shown in Table 4. The concentration of the solution used was 0.8 M CuCl and 2.0 M
MgCl,; feed gas composition was 11.1% CO, 29.99% CO,, 2.647% O,, balance Nj;
feed gas temperature was 20 °C; feed gas flow rate was 0.2 mol/sec;” feed gas pressure
was 30 psig; and liquid temperature in the column was 15 °C.* The feed gas
composition differed from the original specified mixture in that the laboratory mixture
had to contain significant N, due to safety issues. The presence of N, was not

expected to significantly affect the design parameters of the column. Note that the

* This value comes from the original proposal.
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Billet and Schultes correlation is not used for spherical packing—it was included here

(using 15 mm ceramic Raschig rings) as a comparison.

Table 4. Predicted column mass-transfer coefficients, diameter, and height.

Correlation — gyt & Schultes™  Bravo & Fair’®  Onda™
Parameter |

ka (s7) 0.024 0.015 0.015
kea (s™) 0.99 0.362 0.362
Diameter (in) 10.0 12.4 12.4
Height (ft) 4.45 5.12 5.05
L/G? 90.9 91.8 91.8
Drower/Dpacking 16.8 52.3 52.3

 Solute free.

It should be noted that numerous correlations and assumptions throughout the
design lead to inaccuracies in the predicted diameter and height of the column. These

values are approximate.

4.3 Heat Exchangers

Once flow rates for the absorber were calculated, the required heat addition
and removal were calculated, along with the heat-exchanger sizes. A sample Mathcad
program that determines the heat-exchanger sizes is included in the appendix. General
stream properties used in the calculations were obtained using the DIPPR* database,
and in some cases pure water properties rather than solution properties were assumed

to simplify the calculations.

* In the original proposal this temperature was closer to 20° C, but 15° C was used to more closer match
what actually occurred in the experiments.
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The first heat exchanger was used to heat the CO-containing liquid exiting the
absorber from < 20 °C to approximately 75 °C" to release the separated CO. The
liquid was heated by wrapped electric heating ropes around the coiled process line. In
all, five Omegalux® ropes (purchased from Omega Engineering, Inc.) were obtained,
rated at 500 watts each with a 3/16 inch diameter and 10 foot length. The process line
extended from the bottom of the absorber, formed a “p trap” (180° bend), then coiled
upward toward the CO separation point (see Figure 10). This design allowed any CO
coming out of solution prior to the separation point to travel toward the separation
point, rather then re-enter the column. This arrangement also helped to prevent inlet
gas from bypassing the column and traveling through the liquid exit line, which the
original design failed to prevent.

The energy required to heat the solution was calculated from the following

equation:

Q =rmC,-AT “-13)

where Q is the energy (W), mis the liquid mass flow rate (kg/s), Cp is the
liquid heat capacity (J/kg-K), and AT is the temperature increase required for the
stream (K). This equation provided only an estimate as it neglected the heat of
desorption of CO from the liquid. However, it still provided a conservative estimate
since the actual flow rate decreased from the original maximum design value of 10

GPH to approximately 2 GPH. Using this flow rate, the energy requirement

* Katsumoto et. al.>* report that this temperature applies to the decomposition of the solid CO
compound. Since no information was given for releasing CO from dilute solutions, this value had to be
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Figure 10. Heat exchager used to heat liquid stream, E-101.

was calculated to be approximately 2300 watts, a conservative estimate. The ropes
had the potential of providing 2500 watts; to mitigate heat loss to the surroundings, the
entire portion containing the ropes was wrapped with high temperature insulation.

The second heat exchanger, used to cool the liquid stream from 75 °C back to
< 20 °C, was the largest of the three heat exchangers. It was a cylindrical shell-and-
tube type exchanger, the main body being 8 inches outside diameter and 30 inches
long (see Figure 11).

The shell, built by the Precision Machining Lab (PML) on BYU campus, was

made of carbon steel, and consisted of a flange on one end to allow insertion of and

assumed for dilute solutions in this research.
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Figure 11. Heat exchanger used to cool liquid stream, E-102.

maintenance on the copper tubing on the inside. The cooling water flowed through the
shell portion while the process stream flowed through the tube portion, which
consisted of approximately 40 feet of coiled Y4-inch copper tubing. The length of
copper tubing was calculated using typical heat-transfer correlations using the log
mean temperature difference. Details are shown in the appendix.

The third heat exchanger, also made by the PML on campus, was used to cool
the hot CO gas and condense water vapor. It was similar to the second heat
exchanger, but made of aluminum, and was 3 inches in diameter, and 18 inches long
(see Figure 12). The inside was later coated with high-temperature paint because of its

relatively close proximity to the solution, which was found to corrode aluminum. In

* This was later found to be unnecessary, as the actual flow rate was much smaller than design.
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this case, the cooling water passed through the coil of s-inch copper tubing on the
inside while the gas passed vertically upward through the main cavity. The bottom
flange was sloped to allow condensed vapor to run out the bottom of the shell and
back into the 1 inch diameter opening into the liquid. The spiraled %4 inch tubing on
the inside was approximately 3 feet long, much more conservative than necessary
according to original calculations. Detailed calculations are included in the appendix.
Cooling water was supplied in the lab and flowed first through E-103, and then
through E-102.

Values calculated for required heat removal or heat addition based on a

solution containing 0.8M CuCl and 2.0M MgCl, are shown in Table 5.

Figure 12. Heat excha.nger (E-103) used to cool CO gas and condense water vapor.
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Table 5. Heat requirement and heat exchanger size.

Heat Heat Tube
Exchanger Requirement (W) Length (ft)
1 631 7
2 631 30.5
3 0.23 0.10
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S STAGE TWO: PROTOTYPE EXPERIMENTS

5.1 Basic Operation

A simple block diagram of how the industrial process would work is shown in

Figure 13.

0,, CO,

Absorber

CO, O, CO, —
|

Lr‘ o HX

Figure 13. Simple block diagram of actual CO separation process.
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In this ideal process, the feed stream enters the bottom of the column, with all
O, and CO; passing through the column and all CO being absorbed by the solution
passing down through the column. The CO-containing liquid is heated, releasing the
CO, and then cooled prior to re-entry into the column.

Since the feed gas composition of the industrial process (13% CO, 6.5% O,
balance CO,) is combustible, an alternative gas mixture was used in the laboratory.
Initially, this mixture contained 7% CO, 5% O,, and 15% CO, (balance N;). This safe
mixture has all of the necessary components and was still safe to use in the research.
However, due to the cost of this gas source, a modification was made to the prototype
design in which the gas could be recycled. This basic process, hereafter referred to as

Version 1, is shown in Figure 14.

0,, CO; i
Absorber
HX HX
A A
CO, 0, CO;, | | co
i N H
’_/ L x

Figure 14. Simple block diagram of CO separation process with recycle.
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In this process, the removed CO was cooled and recombined with the column
offgas prior to re-entry into the column. (Note: although not shown in the figure, the
system also contained nitrogen.) A simplified process flow and instrumentation
diagram of Version 1 of the prototype is shown in Figure 15. See the appendix for

additional details.

ABS-101

Figure 15. Process flow and instrumentation diagram, Version 1.

Following is an explanation of symbols used: FI, CI, PI, TI, and LI are flow,
composition, pressure, temperature, and level indicators, respectively; ABS, E, V, and

P represent absorber, heat exchanger, vessel, and pump respectively; and the
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numbered diamonds refer to stream names (the numbers preceded by “I” or “c” are
inlet and cooling streams, respectively).

The entire process was built onto a custom cart constructed of 2 x 4’s and was
approximately 2 feet wide by 3 2 feet tall by 3% feet long. The apparatus, shown in

Figure 16, was built on a set of casters, which enabled the unit to be portable.

Figure 16. Constructed prototype, Version 1.
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Three initial experiments were performed using this version of the prototype,
during which much was learned, leading to modifications. Because of difficulties
controlling the process during startup, and significant gas leaks from the recycle
pump, this version of the prototype was modified to resemble the actual process,
shown in Figure 13. A less expensive source of gas was also found and was used in
the remaining experiments. This gas was composed of 11% CO, 2.6% O, and 30%
CO; (balance N;). This single-pass version of the prototype, Version 2, is shown in
Figure 17.

As in Figure 15, symbols are as follows: FI, CI, PI, TI, and LI are flow,
composition, pressure, temperature, and level indicators, respectively; ABS, E, V, and
P represent absorber, heat exchanger, vessel, and pump respectively; and the
numbered diamonds refer to stream names (the numbers preceded by “I” or “c” are
inlet and cooling streams, respectively).

In this version, the separated CO and column offgas were vented to the hood
rather than being recombined to be recycled to the gas inlet. Besides eliminating the
gas pump portion of the prototype, a major difference included the addition of valves
on the two gas outlet streams, which were used to control flow rates and maintain the
proper system pressure (to achieve steady state flow rates and proper liquid levels in
the apparatus, Streams 6 and 7 had to be connected). Although Version 1 could be

used at lower pressures, Version 2 was used to obtain results at 30 psig, the original

design specification.
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(source gas)

ABS-101

Figure 17. Process flow and instrumentation diagram, Version 2.

5.2 Detailed Operation

The apparatus was connected to a nitrogen gas cylinder, used to purge the
equipment, both before (Version 1) and after the experiments. After the initial purge,

the equipment was filled with solution, the liquid level being observed through the
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sight glass (or sight tube) and maintained by adjusting flow rates with valves. The
system was then pressurized with process gas to the desired pressure.

Once the system was pressurized and the gas and liquid were circulating at the
desired flow rates, valves were adjusted so the system became closed (Version 1).
However, in Version 1, gas had to be added continually to the system to maintain
proper pressure since gas was lost through the gas pump. Version 2 (single-pass
version) used a continuous fresh feed supply. Once the process reached “steady state,”
it operated continuously in this mode until shutdown.

While in continuous operation, the liquid level was monitored by watching the
level through a sight glass or tube, and required constant monitoring, as a small
perturbation in the process would significantly and quickly change the level. During
continuous operation, the gas mixture entered the absorber at the bottom and exited
from the top, while the cooled (< 20 °C) liquid entered the top and absorbed the CO
out of the gas while traveling to the bottom. This exiting liquid was then heated to
approximately 75 °C”, releasing the CO; the liquid was then pumped through a heat
exchanger where it was cooled back to < 20 °C prior to re-entry into the absorber. The
hot CO gas, along with some water vapor, traveled through a heat exchanger which
cooled the gas (and condensed water vapor) to approximately 20 °C prior to
recombination with the offgas from the absorber. This recombined gas then passed

through a gas pump and ballast tank and back to the gas inlet of the absorber. In

# Katsumoto et. al.>* report that this temperature applies to the decomposition of the solid CO compound
(formed in concentrated solution). Since no information was reported for the dilute solution cases, this
temperature had to be assumed for the dilute cases in this research.
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Version 2, the offgas and cooled CO were vented to the laboratory hood. During this
continual operation, the following measurements were recorded periodically:

1. Pressure: inlet gas, column offgas, CO stream, solution inlet (streams 2, 9,

6, 12—see Figure 15 and Figure 17).
2. Temperature: inlet gas, CO stream, solution inlet, heated solution (streams
2,6, 10, 12), and at 4 points on the surface of the solution heater (E-101).

3. Flow rate:” inlet gas, CO stream, offgas, liquid inlet (streams 2, 6, 9, 12).

4. Composition:” inlet gas, CO stream, offgas (streams, 2, 6, 9).

At the conclusion of the data collection, process shut down occurred as
follows: the electric heater (used to heat the solution) was turned off while solution
continued to flow until it was cool, gas was vented to the hood, and the system was
purged with nitrogen. The cooled liquid was drained and disposed of into an
appropriate waste container, and the system was flushed with deionized water to

remove residual chemicals.

5.3 Experiments
Once the prototype was designed and built, the next step was to test it.
Although experiments varied from case to case, three primary observations were
considered throughout the cases:
e How well did the prototype separate the CO compared to design?

e How long did the process solution last?

* Streams 6 and 9 flow meters were not used in later experiments since they were out of range.
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e How did CuCl and MgCl, concentrations (dilute vs. concentrated)
affect the separation?

To determine whether the process actually worked, and to what extent,
experiments were performed using the prototype at conditions close to those used in
the prediction. The achieved separation was then compared to the predicted value.

The life of the process solution determines the practicality and economics of
this process in an industrial version. A number of factors, including oxidation and
disproportionation due to interaction with gas and process materials, can deplete the
cuprous ion. Preliminary experiments showed that this system had potential, but the
extent of disproportionation at large process times was unknown.

The third question led to useful insights about the column as well as economics
of the process. In the work of Katsumoto,”* it was found that the absorption of CO
into solution was linearly proportional to CO partial pressure in the gas for dilute
solutions (ClI" < 10 mol/L). The absorption increased significantly in concentrated
solutions, which should lead to increased separation at smaller flow rates. An
improved separation would have to be weighed against the increased cost of additional
raw materials. Further, it would be expected that if destabilization of Cu" occurs due
to its contact with O,, then a larger supply of Cu" available in a concentrated solution
would extend the solution lifetime.

Table 6 shows basic information on six experiments performed with the

prototype.

* For Version 2, the known inlet composition was constant. The CO stream measurement did not
provide an accurate measurement—this was calculated as explained in a later section.
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Table 6. Prototype experiments.

Experiment Concentration  Prototype Approximate
(mol/L) Version Duration (min)
CuCl MgC12
Case 1 0.81 1.30 One 10 min
Case 2 0.71 1.22 One 40 min
Case 3 0.65 2.92 One 120 min
Case 4 0.81 2.01 Two 190 min
Case 5° 0.52 1.12 Two 120 min
Case 6 3.00 4.78 Two 90 min

? Included 1.84 mol/L NaCl.

Each successive case differed from the previous case due to continual process
improvements after each experiment. A detailed description of observations and
improvements after each case is included in the appendix. Some common and
significant challenges throughout the cases are mentioned here.

One challenge was making the solution. Raw materials were first mixed in a
1-liter beaker (the apparatus used about 800 mL solution per experiment), after which
the solution was transferred to a 1-liter volumetric flask so more accurate
concentrations could be measured. In most instances, insoluble particles remained in
solution, the amount depending on concentrations and stirring method. When
transferring the solution to the volumetric flask, some of these particles were
inevitably left in the beaker, along with a residue on the glass. Attempting to rinse the
remaining particles into the flask caused the particles to produce light green foam,
much different from the normal brown solution, and not all particles could be
transferred. The reported concentrations, therefore, are higher than the actual

concentrations, but it is not clear by how much (see Section 5.7).
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During most experiments, the solution eventually turned a reddish rust color.
This was most notable in Case 1, when the apparatus was exposed to the process
solution for the first time. When solution started flowing through the apparatus, large
reddish brown flakes appeared in the sight glass and plugged up the equipment. It was
realized that the zinc in the galvanized steel parts reacted with the copper solution

according to the reaction(s):

2Cu* +Zn < Zn** +2Cu° G-1)
and/or
Cu” +Zn< Zn*" +Cu° (-2)

causing the copper in solution to precipitate. The solution also reacted with other
materials in the process (brass fittings, aluminum floats in the flow meters, and
aluminum heat exchanger), but not as rapidly as with the galvanized steel.

Another challenge stemmed from bubble formation in the first heat exchanger.
As the solution containing absorbed CO was heated in the copper coils prior to
separation, gas bubbles formed and traveled upwards through the coils. The formation
of these bubbles may have contributed to varying flow rates through the coils, which
may also have impacted heat transfer. This made it difficult to maintain a temperature
of 75 °C, particularly in Case 6 in which the solution was most viscous. This
challenge may also have been related to the varying liquid levels in the separation
region and at the bottom of the absorption column. It should be noted that since the

column offgas stream and the product gas stream were connected (which helped to
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maintain balanced pressures and therefore proper liquid levels in Version 2), and since
the flow rate of the separated gas stream was significantly less than the column offgas
stream, the separated gas stream contained a significant portion of the column offgas.
Although valuable information was learned from each experiment, the latter
four experiments provided the most useful information on the separation. Of these
four, Case 5 was more qualitative than quantitative. Case 5 was originally intended as
a practice experiment, and the NaCl was only used to add extra chloride ions to
solution. It turned out that it provided some results, but primarily qualitative.
Therefore, Cases 3, 4, and 6 are the cases for which results are reported. These cases

represent both versions of the prototype, as well as dilute and concentrated solutions.

5.4 Results

Numerous measurements were taken during the experiments, only a few of
which are included in this section (see the appendix for raw data). The results
presented below were obtained from a combination of measurements as well as
calculations. Figure 18, a simplified schematic of the process, is included here to
clarify notation used to report results.

Table 7 shows separation: the amount of CO (along with CO;) that was
removed from the gas inlet (or feed stream) and released in the product stream, as well
as product composition. Small amounts of O, (approx. 0.3%, 2.2%, 3.2% for Cases 3,
4, and 6) and N, (approx. 0.1%, 1.1%, 1.7% for Cases 3, 4, and 6) were also removed
and make up the balance of the product stream. The table also shows corresponding

flow rates (actual liters per minute), pressures, and temperatures of the inlet gas (15%
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Figure 18. Simplified process schematic.

CO,, 7% CO, 5% O,, balance N, for Case 3, and 29.99% CO,, 11.1% CO, 2.65% O,
balance N, for Cases 4 and 6), as well as flow rates and temperatures of the liquid
stream. The time refers to approximately how long the experiment had been running
when measurements were taken.

Table 8 shows the ratio of the molar flow rate of the liquid to the molar flow
rate of the solute-free gas through the column. The design value is based on the CO,,
O, and N, entering into the column,” while the measured value is based on the

average CO,, O,, and N, in the column.®

* The design value uses the pressures that occurred in the experiments, showing what the L/G ratio
should have been at the operating pressure.

°In practice, some CO,, O,, and N, is absorbed in the column, but this does not account for the large
difference between the design and measured values of L/G—this difference arose from the need to
adjust flow rates in the experiments to make the process run properly.
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Table 7. Separation Results and Stream information.

Gas

a . «3b
Removed® Product Comp. Gas Inlet Liquid

Time

CO CO, CcO CO, F P T¢ F T, T,
(min)* (%) (%) _(mole %) (mole %) (ALPM) (psig) (°C) (LPM) (°C) (°C)

Case 3 (0.65M CuCl, 2.92M MgCl,)

52 56 45 838 142 1.05 6 258 0095 158 752
118 66 5.0 84.2 13.8 0.93 4 237 0095 162 78.0
Case 4 (0.81M CuCl, 2.01M MgCl,)
24 88 34 475 49.6 0.278 30 258 0201 158 777
63 84 38 43.6 53.3 0.250 30 264 0189 139 783
134 8 39 434 53.5 0.250 30 270 0201 145 789
187 87 41 42.7 54.5 0.279 30 276 0201 145 964
Caseb (3.0M CuCl, 4.8M MgCl,)
39 76 27 433 45.9 0.109 31 222 0189 172 447
77 82 17 61.9 35.4 0.277 30 234 0189 209 533

? From material balance calculations (not measured directly).

® Flow rate of cooled liquid; temperatures are cooled and heated liquid, respectively.

¢ Estimated.

¢ Ambient room temperature, measured above heat exchanger—temperature was probably smaller.
¢ Times are approximate. It took 1 or 2 minutes to collect an entire set of measurements manually.

Table 8. Liquid-to-gas molar flow ratios.

Time Design Measured
(min) L/G L/G
Case 3 (0.65M CuCl, 2.92M MgCl,)
52 204 80
118 228 102
Case 4 (0.81M CuCl, 2.01M MgCl,)
24 91 332
63 91 351
134 91 373
187 91 337
Case6 (3.0M CuCl, 4.8M MgCl,,)
39 6 648
77 6 257

5.5 Discussion of Results: Measurements and Calculations

According to design, the prototype was originally equipped to measure

pressure, temperature, flow rate, and composition of each gas stream, in addition to the
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pressure, temperature, and flow rate of the liquid stream. These measurements would
have provided all necessary information on the separation of CO and the product
composition. However, because of difficulties with the equipment, the flow rate and
composition of the product gas, and flow rate of the column offgas (see Figure 18)
were not measured. These values were obtained by performing a material balance on
the column, combined with the measurements from the experiments. Following is an
explanation of material balance calculations as well as some general assumptions
used.

The material balance calculations consisted of balancing the components
(using moles per time) entering and exiting the absorber, the separator (the point
where the solution was heated and gas was desorbed from solution), and the
combination of both. The resulting equations were combined with additional
relationships and substitutions, such as the ideal gas law. An example of a final

equation used in the calculation, in its general form is:

P . nH20 P76 nH20
i.F i.G
Ay Mg HAY
e 1 Pi.F 1 P7G ni.G (5-3)

CH(T) s HT,)

where n is molar flow rate, P is pressure, H is the Henry’s law constant, T, is the
temperature of the solution in the column, T} is the heated solution temperature,
subscript 1 is the component, subscript G is the product stream, and subscript F is the

feed stream. Other similar equations can be seen in the appendix.
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The amounts of CO,, O, and N, physically absorbed into the liquid in the
column, as well as the amounts of these gases desorbed from the liquid upon heating

the solution were estimated from Henry’s Law, as follows:

X;i'H;(T)=P, (5-4)

where x is the mole fraction of component 1 in solution, H(T) is the Henry’s constant
as a function of temperature, and P is the partial pressure of component i in the gas.
Henry’s Law assumes the gases had achieved equilibrium with the gases
dissolved in the liquid phase, giving a conservative estimate (equilibrium might not
have been achieved). It was also assumed that the gases absorbed into pure water, not
taking into account the salting out effect. This also resulted in a conservative estimate
of the amount of gases physically absorbed into solution. The result of these
assumptions is that the calculated amount of CO,, O,, and N, absorbed into solution
could be higher than what actually absorbed, so that the reported removals are high
and the reported CO in the product is low, but to what extent is unknown. In the case
of N> and O, even the conservatively-high estimates were small in the product stream.
An additional relationship used to solve the material balance involved the
composition measurement of the column offgas stream. The gas chromatograms
showed distinct CO and CO, peaks, but the O, and N, peaks overlapped. This
required using the ratio of the CO, to CO mole fractions rather than absolute values.

This ratio of CO, to CO was calculated as follows:
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Yeor _ . (ACOZJ (5-5)
— \CO2 cCO
Yeo - Aco

where y is mole fraction, A is area of the peak, and k is a proportionality constant.
The constant, kcoz co, was found by running 10 samples (varying in size from 200 pL
to 1000 pL) of known composition through the GC column. With the ratio yco2/yco
known and the ratio Aco»/Aco found from the chromatograms, an average kcoz co was
calculated to be 0.889 (with a standard deviation of 0.017). This average value was
used in the material balance to calculate the molar ratio of CO; to CO.

One assumption made for the calculations of Case 3 was that the composition
of the feed gas to the column was the same as the original gas supplied to the process
(7% CO, 5% O3, 15% CO,, balance N,). During this experiment, the column offgas
and product streams were recombined prior to re-entry into the absorber.” The actual
composition more closely resembled the column offgas in this case since the offgas
streams were not well-mixed. These streams were not well mixed because the product
stream was cooled and was located at a low point in the process, in addition to having
a much smaller flow rate than the column offgas. The composition of the combined
stream also would have deviated from the original supply gas composition if some of
the absorbed gas remained in solution. This assumption would probably cause the
reported value of CO removed from the feed stream to reflect a higher-than-actual

value.

* Note that the column offgas was sampled prior to recombining the two streams.
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An assumption in the material balance for Case 6 was that all CO was released
from the heated solution—this is not a good assumption since the temperature was
well below 75 °C. However, it was not possible to determine how much was released
at the lower temperatures in this case. This assumption would cause the reported
value of CO removed from the feed stream to be higher than it actually was since
solution entering the column would have still contained CO.

Combining the measurements from experiments with the material balance
allowed information on each stream to be known, as presented in Section 5.4. For a

detailed example of these calculations, refer to the appendix.

5.6 Discussion of Results: Observations

It should be noted that experimental conditions often deviated from desired
conditions. This was due to laboratory constraints, as well as other factors (such as
having only one operator to monitor and control more than 16 process parameters). In
the practical process, adjustments were required for equipment and processes to work
properly.

Experimental observations were based on three primary ideas, restated here:
comparison of actual CO separation with predicted CO separation, process solution
lifetime, and effect of concentrated solution versus dilute solution—these are

discussed in detail in the next sections.

5.6.1 Comparison of actual CO separation with predicted CO separation

The column height was estimated to be approximately 5 feet to achieve 99%

CO removal. Since the actual height of the prototype column was 4 feet, the predicted
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CO removal would drop to approximately 98% (Case 4). However, separation was
lower than this predicted value. In Case 4, CO removal was 10-14% lower than
predicted, and lower for the other cases.

The difference might be explained in part by some of the following factors:
pressure, the ratio of liquid to gas molar flow rates, temperature, solution
concentration, wall effects, and column operating region. The significance of each
factor is not known, but is discussed below. An attempt to quantify the effect of some
of these factors is also discussed. It should be noted that these calculations are limited
by the assumption that the ratio of CO, to CO in the column offgas stream remains
constant. This value, which is used in the material balance calculations, was measured
during the experiments. When changing a parameter, such as pressure, in the
calculations to test its effect on separation, it is not known how the change would
affect this ratio in an actual experiment, so it must be assumed constant. The
calculated effects of various parameters on separation, shown below, are therefore
approximate, but give some idea of their impact on separation.

Pressure played a role in the lower CO removal of Case 3. In this case, the
pressure (4-6 psig) was significantly lower than the design pressure (30 psig). As
mentioned previously, the low pressure was caused by loss through the
vacuum/pressure pump. Increasing this pressure to 30 psig in the absorber design and
material balance calculations increased the removal of CO from 66% to 67%, CO,
from 5% to 8%, decreased CO in the product from 84% to 77%, and increased CO,
from 14% to 20%. This change accounted for only a small part of the low separation.

However, as noted previously, the change in pressure in the calculations does not
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reflect the change that would have occurred in the ratio of CO; to CO in the column
offgas, which may have been significant. (Note: This change in pressure also lowered
the liquid to gas molar ratio from 228 to 95 (close to the measured value) and the
required column diameter from 18 inches to 12 inches.)

The lower L/G ratio would predictably decrease absorption of CO (as well as
CO,) into solution. This ratio is significantly impacted by the pressure, as noted above
for Case 3. In Case 4, the actual L/G exceeded 300, while it was only 91 according to
design. To test the effect of L/G on removal of gas from the feed stream and on
product composition, the actual liquid flow rate was decreased in the material balance
until the ratio was ~91. The removal of CO from the feed stream only decreased from
88% to 84% while the recoveries of CO,, O,, and N, decreased from 34% to 14%, 2%
to 0.6%, and 1% to 0.3%, respectively. This correspondingly increased CO product
composition from 48% to 68%.

The temperature to which the solution was heated upon exiting the column
played a role in the less-than-expected separation of Case 6. At the time of the
measurements (see Table 7), the temperature of the heated solution was ~20-30 °C less
than the desired 75 °C for decomposing any CO compound formed and releasing it
from solution. This would predictably decrease the CO removed from the feed stream
in this case, but to what extent is unknown. It should be noted that the column
operated approximately 10 to 15 °C lower than the 30 °C used in the CO absorption
equilibrium model. A lower column temperature would in theory, increase the amount
of gases absorbed into solution. To test the effect of column temperature on

separation, both the gas and liquid temperatures in Case 4 were changed to 30° C in
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the calculations. This had the effect of decreasing CO removal from 88% to 86%, and
CO, removal from 34% to 20%. This correspondingly changed the product
composition from 48% CO to 59% CO and 50% CO, to 38% CO,. This might
suggest that at the lower temperatures of the column and the higher temperatures of
the heated solution, physical absorption of CO,, O,, and N, into the solution might be
more dependent on temperature than the chemical absorption of CO into solution.

It was thought that making the solution slightly acidic would reduce the
amount of CO,; dissolved into solution. This would be the case if the solution were
neutral. However, calculations (see the appendix) using data for CO, and water*'
show that the amount of CO; that probably dissolved into solution dropped the pH of
the solution to around 4, although this was not measured. Adding additional acid to a
solution already below a pH of approximately 5 has a minimal effect on the amount of
CO that dissolves in solution.

Wall effects could have been a significant factor in reducing mass-transfer
efficiency and lowering separation. Wall effects occur when the packing diameter is
too large in relation to column diameter. The ratio of surface area of the wall to
surface area of the packing (6 mm glass beads) in the prototype (1 inch diameter, 4
feet tall) was 25%. To neglect wall effects, the column diameter should have been a
minimum of 1.9 inches (rather than 1 inch), giving a maximum acceptable ratio of
wall surface area to packing surface area of approximately 13%. For an industrial
column 12.4 inches in diameter and 4 feet tall (prediction for industrial column), the
ratio of surface area of the wall to surface area of the packing would be 2%. However,

in an industrial column, a more modern generation packing with a larger diameter
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would be used to increase efficiency. The individual impact of wall effects on the
separation is unknown.

Another factor that could have affected the difference between actual and
predicted separation is the operating region of the column. In Case 6 the solution was
more viscous than in the others and made it more difficult to maintain steady operation
in the column. The changing liquid level immediately below the bottom of the column
(see Figure 26 in the appendix) indicated that the liquid flow through the column
fluctuated during operation. It is likely that not all packing was wetted at some points,
while the column may have been partly flooded at other times. Because of the dark
color of the liquid, it was difficult to see whether solid particles formed (as predicted
for concentrated solutions). If there was precipitation of solids, they could have
accumulated in the “p trap” below the absorber, restricting flow from the column
through the heat exchanger. There was some difficulty in maintaining steady
operation in the other cases as well as in Case 6.

The factors discussed above as well as any others can be accounted for by
calculating the experimental overall mass-transfer coefficient based on the liquid. The
value calculated from experiments for Case 4 is shown in Table 9. The solute free
liquid to gas molar flow rate ratio is shown again for comparison. It can be seen that
the experimental mass-transfer coefficient is much less than the expected mass-
transfer coefficient. The coefficient based on the experiments was used to estimate the
column height required to achieve ~99% CO removal if the column operated at
identical conditions as in the experiments (same L/G, etc.). The newly predicted

required height based on this mass-transfer coefficient is shown in the table.
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Table 9. Comparison of expected and experimental mass-transfer coefficients and required
column height.

Time Design  Measured Expected Achieved Design Predicted

X K,a K,a Height™”  Height”
(min) LG LG (mol/m*sec) (mol/m*sec) (ft.) (ft.)
24 90.9 332 530.1 73.8 4.8 8.9
63 90.9 351 515.5 55.1 4.8 10.7
134 90.9 373 523.7 58.7 4.8 9.9
187 90.9 337 526.5 70.7 4.7 9.2
Average 90.9 348 524.0 64.6 4.8 9.7

* Note that the experimental column was 4 feet.
® For ~99% CO removal.

An additional factor relevant to the CO separation has to do with the physical
absorption of CO,, O,, and N, into solution. According to the assumptions in the
design, all CO,, O,, and N, pass through the column without being absorbed. The
small amount of N, absorbed would not present any problem in the commercial
process since it would not be present. In the commercial process, partial pressures of
0O, (2 psig) and CO, (24 psig) would be larger than in these experiments (0.8 psig and
9 psig respectively for Version 2), which would increase the amount of these gases
that would be absorbed. Using the composition of the commercial process in the
design calculations (for Case 4) leads to an increase in both the predicted diameter and
height for the commercial process of less than 1 inch. This value is much smaller than
the variation in predicted diameter and height due to assumptions made in the

calculations.

5.6.2 Process solution lifetime

No prediction was made as to the exact lifetime of the process solution. The

lifetime corresponds to the depletion of the Cu” as would be indicated by a decrease in
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separation. The longest experiment lasted approximately 3 hours. However, there
was no noticeable decrease in separation in any of the experiments at the time of
shutdown. In each case involving dilute solutions, the solution was observed to turn
from light brown to red over time (the red being a precipitate—this is what eventually
led to shutdown). The appearance of red precipitate may have been a combination of
corrosion of the stainless steel parts due to the hot, acidic solution, as well as galvanic
corrosion of brass fittings and other metals in contact with the copper solution. In
each successive case, the appearance of red precipitate occurred more slowly, as
would be expected. The fact that separation did not decrease over time might suggest
that the rate of disproportionation of Cu" was slow, and/or there could have been an
excess of Cu’. This result is not surprising when compared to one study (see Section
2.3) in which ~18% of the Cu" (dilute concentration) in a concentrated acidic solution
was converted to Cu’" in the presence of O, in approximately 4 hours.

It was originally believed that building the process primarily out of copper
tubing would help to prevent disproportionation. Although the lifetime of the Cu” in
solution (and hence CO removal) did not appear to be noticeably affected (decreased)
over the duration of the experiments by the formation of red precipitate
(disproportionation/corrosion), a set of experiments was performed to test the
interaction of the solution with various materials. Approximately 20 mL of a solution
of 0.85M CuCl and 2.33M MgCl, was added to each of 6 test tubes. Other materials
were added to the test tubes as follows: copper tubing, copper wire, brass fitting, and
stainless steel fitting. The four test tubes containing these materials, along with one

test tube containing only solution, were heated in a water bath to 75 °C for several
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hours. The remaining test tube containing solution was the control sample. All
solutions were originally brown and somewhat clear. Over time, a layer of light green
insolubles collected on the bottom of each—this may have been impurity from the
CuCl bottle (which appeared to be somewhat contaminated) that settled out. All
heated solutions became clear. The solutions containing the copper tube and copper
wire became colorless, while the copper turned slightly pinkish-red. The brass fitting
turned pink (the zinc probably dissolved into solution leaving only copper), and the
originally brown solution eventually became less intense. The solution containing the
stainless steel remained brown, and red precipitate formed on the fitting (looked like
rust). This red precipitate resembled the red precipitate that appeared during
experiments with the prototype. The only difference between the heated solution with
no other material in it and the unheated solution was that it became slightly clearer. It
appears from the experiments that galvanic corrosion of the stainless steel may have
contributed to the formation of red precipitate in the experiments, but this precipitate

did not noticeably affect separation during the life of the experiments.

5.6.3 Effect of concentrated versus dilute solution on CO removal

It was expected that, of the dilute cases (Cases 3 and 4), the more concentrated
solution (Case 4) would improve CO removal. It was also expected that the
concentrated (CI" > 10 mol/L) solution (Case 6) would significantly improve CO
separation. Results show that Case 4 (0.81 M CuCl) had a higher separation (88%)
than Case 3 (0.65 M CuCl and 66% separation), and that the concentrated solution of

Case 6 (3.0 M CuCl) actually resulted in a lower separation (82% compared to 88%).
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The significant increase in separation of Case 4 compared to Case 3 has been
discussed—factors such as the ratio of molar liquid to gas flow rates, different
pressures, and different gas compositions hide the effect of the difference in solution
concentration. The lower separation of Case 6 compared to Case 4 might be due to
mass-transfer limitations in the column. It was mentioned that the column probably
did not operate in the preloading region (could have ranged from the packing not all
being wetted to the column being partially entrained) during Case 6, and that the
temperature of the heated stream did not reach 75 °C at the time of measurement
(which was not accounted for in the material balance), again masking the true effect of
the concentration difference. The true effect of solution concentration on separation in

these experiments is unknown.

5.7 Discussion of Results: Uncertainty

A number of factors lead to uncertainty in the reported separation values
(Table 7). Sources of uncertainty include correlations and fluid property estimations
used in the column design and material balance calculations, Henry’s Law
assumptions used in the material balance, gas composition, raw chemical composition,
lag time between measurements as well as the process not being at steady state at the
time of measurement, some instability in material balance calculations (extremely
small flow rates used with large flow rates), and the following measurements
(monitored and controlled “simultaneously” by one operator): temperature, pressure,

flow rate, gas composition (including chromatograph analysis), and solution
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concentration. An attempt to quantify some of these follows. Approximate relative

uncertainties for measurements are shown in Table 10.

Table 10. Approximate Relative Uncertainties.

Measurement Relative Uncertainty
Pressure™ + 2%
Temperature™ + 10%"
Gas Chromatograph Area +3%"
Gas Composition + 2%
Flow™** + 5%
Solution Composition + 10%°

* Absolute uncertainty is 2.2 °C, which is large at lower temperatures.
® Estimate. In one set of isolated measurements, it was 7% for CO.
¢ Estimated from experiments.

Based on Case 4, the measurements were varied by their uncertainties and the
effect on the calculated separation was observed. In all cases, the separation varied by
approximately £1.5% or less (in some cases much less than 1%). To be conservative,
all factors were assumed to cause a 1.5% uncertainty in the separation value, and were
combined by taking the square root of the sum of the squares. The resulting overall
uncertainty was estimated to be + 6%. This value is assumed for all cases.

One composition measurement from Case 5 helped to verify that the product
stream actually released and consisted of a significant amount of CO. In this case, the
molar ratio of CO, to CO was 0.6 (compared to 2.7 in the inlet gas). This particular
measurement provided mostly a qualitative comparison since the solution differed
from the other cases, and there was some inaccuracy in the measurement.

An additional calculation using Case 4 establishes a lower-bounding value for

the separation and helps show the reasonableness of the reported values. In this
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calculation, it was assumed that only CO was absorbed into solution in the column, so
that only CO was removed from the gas mixture. This significantly simplified the
material balance calculation and resulted in a CO removal of approximately 83%.
This is a lower-bounding value for this case, since an increase in the amounts of other
gases absorbed into solution increases this value. The highest reported separation
value in this case was 88%, a reasonable value based on the lower-bounding value.

It should be noted that each experiment performed differed from the previous
experiment. Although it would be desirable to perform multiple experiments at
identical conditions, perhaps on different days, this was not possible at the time due to
changes and improvements to the process, as well as time and other constraints.
However, reported results (derived from measurements and calculations) at different

times during a given experiment were consistent.
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6 CONCLUSIONS

Based on the results, the following conclusions were drawn. First, aqueous
CuCl/MgCl,; solutions separate CO from gas mixtures of CO, CO,, O, and N,. In
addition to removing a significant portion of the CO (88% in Case 4) from the original
gas mixture, a significant quantity of CO, (34% in Case 4) was also removed.
Negligible amounts of O, and N, were removed. The absorption of CO,, O,, and N,
into the solution occurred by physical absorption, assumed to follow Henry’s Law,
whereas the absorption of CO was a chemical (and reversible) process.

The significant amount of absorbed CO, was released upon heating, decreasing
the fraction of CO in the product to approximately 50%. The fraction of CO in the
product could be increased by decreasing the CO, absorbed. This could be
accomplished by decreasing the pressure at which the column operates, thus lowering
the partial pressure of CO; in the gas. Reducing the pressure could also decrease the
CO absorbed (and therefore removed), but the impact would be much less than with
the physically absorbed CO,.

Another way to decrease the CO, absorbed and released with the separated CO
would be to operate at less extreme temperatures (operate the column at a slightly
higher temperature, i.e., 25-30 °C rather than 15 °C, and lower the separation

temperature, i.e., from 75 °C to 70 °C). Since physical absorption is a function of
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temperature, and absorption decreases with increasing temperature, less CO, would
absorb into solution in the column, and less of this absorbed CO, would be released at
the separation point. As with a reduction in pressure, these changes in temperature
would also decrease the CO removed, but the effect might be less significant on CO
than with the other gases (as shown in previous calculations), and the fraction of CO
in the product would increase.

Another parameter that can be used to adjust CO removed from the feed stream
as well as the product composition is the ratio of liquid molar flow rate to gas molar
flow rate, L/G. This ratio has a much greater impact on the removal of CO,, O,, and
N3, than on the removal of CO (according to calculations discussed in Section 5.6.1).
Adjusting this ratio, as well as the pressure and temperature, can be used to adjust CO
removal and product composition, but there is a tradeoff with any of these methods.
As the removal of CO from the feed stream increases, the fraction of CO in the
product decreases, so the process would need to be optimized until the desired criteria
are met.

Another conclusion from the experiments is that aqueous CuCl/MgCl;, can be
used in a continuous process to separate the CO for extended periods. The exact
lifetime of the solution based on concentrations of CuCl/MgCl,, gas compositions, and
materials was not determined from the experiments. However, no notable decrease in
separation had occurred after more than 3 hours of operation (Case 4). Although the
exact lifetime could not be predicted, it appears that the process would have continued

to separate, had it not been required to shut down for other reasons.
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Another conclusion based on the experiments is that, in these particular
experiments, the dilute solution (CI' < 10 mol/L) removed more CO than the
concentrated solution (CI" > 10 mol/L), contrary to prediction. This was due to factors
possibly including wall effects and fluctuating column operation, which could have
contributed to lowering the mass-transfer efficiency. As discussed in the results, the
experiment that used concentrated solution (Case 6) also did not achieve the desired
separation temperature. These factors masked the effect of dilute vs concentrated
solution on separation. The mass-transfer coefficient found from experiments (74
mol/m’-s) was much smaller than the predicted value (530 mol/m®s). Given the same
mass-transfer coefficient as in the experiments, a similar column would be required to
be ~9 feet tall (rather than 4 feet) to remove 99% of the CO from the feed stream.

Finally, it was concluded that the CuCl/MgCl, solution was corrosive to many
of the materials in this prototype. Corrosion stemmed from two sources: galvanic
corrosion, and corrosion due to acidity from CO, absorption. The galvanic corrosion
occurred upon contacting aqueous copper chloride solution with galvanized steel,
aluminum, brass, and even stainless steel. The primary incompatible materials were

aluminum and the zinc found in the galvanized steel and the brass.
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7 RECOMMENDATIONS

Based on the results and conclusions from the experiments, the following
recommendations for improvements and future work are made.

Materials: The solution was more corrosive than originally expected, and a
commercial process would last longer if constructed with other materials such as pure
copper, a more resistant metal alloy, plastic, and/or glass.

Solution: The benefit of using MgCl, as a complexing agent in this process
rather than NaCl, KCl, and others was that, according to the literature, a concentrated
solution would absorb much more CO than the other similar systems. However, a
higher separation in these experiments was achieved with the dilute solution. The
advantages of using dilute solution are that it is less corrosive, less viscous, does not
form solid CO compounds, and it can achieve good separation with reasonable column
height. Its disadvantages are that it requires a higher liquid flow rate, and the solution
might not last as long, since there are fewer Cu" ions to start with. On the other hand,
significantly lower flow rates would be required with a concentrated solution,
lowering pumping costs, and it might last longer. The disadvantages of concentrated
solution are that it is more corrosive, more viscous, and forms a solid compound as it
absorbs CO (according to the literature). More experiments should be performed to

ascertain the effect of concentration on separation. If it is determined that dilute
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solution is preferred to concentrated solution, perhaps other complexing agents could
be tested.

When first mixing a solution, water and MgCl,-6H,O should be mixed first,
with CuCl being the last component added, and it should be added slowly while
mixing. Solution should contain excess CI” to help stabilize the Cu". Exposure of the
solution to O, during storage, transportation, etc., should be minimized. The process
should contain elemental copper in contact with solution to assist in slowing
disproportionation.

Carbon dioxide removal: If the amount of CO, physically absorbed into
solution is unacceptable, methods for reducing the amount absorbed into solution and
released upon heating solution will need to be considered. One option would be to
operate at a lower column pressure—this would decrease CO removal, but might more
significantly reduce the amount of CO, absorbed. Increasing column temperature,
decreasing the temperature to which the solution is heated, and decreasing the L/G
ratio may have similar effects. An increase in temperature, however, might increase
the rate of Cu’ oxidation in acidic solution, as reported in the literature. Additional
experiments should be performed to explore this.

Physical process: Challenges associated with operating an absorption column
at elevated pressure in a commercial process, which may also contain particles in the
solution (particularly in the concentrated solution case), will require special
consideration. The prototype in this research was unable to handle the concentrated
solution well, and required constant monitoring. Although not necessary to state,

automating the measurement and control of the process would improve the process.
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Ratio of L/G: If it is desired to have a higher fraction of CO in the product,
then the ratio L/G should be as low as feasible—this might significantly reduce the
amount of CO,, O, and N, physically absorbed compared to CO absorbed.

Additional experiments: Further studies to understand the mechanisms of CO
absorption in CuCl/MgCl, solution, including pressure and temperature effects would
be worthwhile. It would be helpful to know the temperature at which the CO is
released from a dilute solution (which had to be assumed the same temperature as in a
concentrated solution in these experiments)—if it were significantly different from 70
°C, the heating and cooling requirements would change. This could also include a
study of the mechanism and rate of Cu" oxidation to determine the lifetime of the
solution. Additional experiments should be performed with the diameter of the
commercial column (12 inch) and modern generation packing with a diameter less
than 1/8 of the column diameter. These improvements would bring the experimental
mass-transfer coefficient (74 mol/m™sec) closer to the design mass-transfer coefficient
(530 mol/m’-sec). This would also reduce the newly predicted column height (9 feet)
closer to the originally predicted height (5 feet). Additional experiments would also
provide more information on the accuracy of the data obtained in these experiments

and their repeatability.
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APPENDIX A: Absorber Design

The following program calculates diameter and height of a packed absorbtion column which uses a
CuCl/MgCl, solution to separate CO from a gas mixture of CO, O,, CO,, and N,.

Introduction: The primary parameters in designing a column are the diameter and height. The
program proceeds as follows: Section 1 is where the user inputs all values to be specified, Section 2
contains definitions pertinent to Mathcad, as well as physical constants, Section 3 consists of a
number of calculations such as flow rates and densities that are preliminary to the final calculation of
the diameter, Section 4 contains the height calculation, Section 5 scales down the design to a
laboratory prototype, and Section 6 consists of miscellaneous information. Each section contains

assumptions that should be checked by the user, especially when inputs vary significantly from
original values,

Section |: User-specified Values

User Inputs

Pim = 12.3psi (atmospheric pressure, BYU, ~4700 feet (BYU current
conditions website))

Pg = 30psi (gas inlet pressure (gauge))

Tp:= (25.8 + 273.15)K (gas inlet temperature)

Ty = (158 + 273.15)K (liquid temperature in column)

G=02 mol (gas inlet molar flow rate)

5

Yout = 0.0012 (desired CO mole fraction in scrubber off-gas)

Yoo = 0.02647 (inlet O, mole fraction in gas)

Ycog = 0.2999 (inlet CO, mole fraction in gas)

Yin = 0.111 (inlet CO mole fraction in gas)

Ny = 0.563 (inlet N, mole fraction in gas; included for prototype--not
present in actual)

Sum = yeop + Yoo + ¥in + ¥no  (check inlet mole fractions) Sum =1

Xn=0 (inlet CO mole fraction in liquid: assumes all CO was desorbed
upstream)

Ceucy = 0.81 m{—ul (concentration of CuCl in solution, 0.2 - 3.0)
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mol

C = 2.01—

MH L
Ltactor = 20
f:=0.7

Spherical Beads: glass, 6mm

(concentration of MgCl,-6H,0 (MH) in solution, 1 - 4.8 (note:
should be > CuCl)

(to find solute-free liquid flow rate: ranges from 1.1 to 2:
Separations, 285)

(flooding factor; typically 0.5 to 0.7 (Sep, 330); lower is more
conservative)

2 3
D Dp 2 3
P 4 SA 3m m
Dp:= 6mm SA:= 4-Tt-(—'J Vol = ;n(-—;) a = — a,= 1x 10 —3 E0= 0,37—3

Physical Constants

R, = 0.08206 L

mol-K

gm gm
MW, = 28.01=— MW, = 31.999 =—
co mol 02

= gm -
MW = 4401 == MWy = 28013

._ gg 21 o gm

mol

MW, = 18.02-5%
mol

- 2m
MWMgClZ = 95.21—

2 Vol
m m
m2
a= av-(l —s) a=630—
11'13 .
2
ft
Fpi= — Fp=3.791x 10° —
3 3
€ ft
Section 2: Definitions, Physical Constants
MathCAD Definitions
ORIGIN = 1 cP=00lpoise kmol = 1000mole mol=mole  J=joule Ang:= 10  '’m
s = sec L = liter N = newton kJ = 1000J

(universal gas constant)

(gas molecular weights)
mol

gm

mol

(lig. molecular weights)
mol

mol
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m m i ;
PCuCl = 3,531;5E PMI = 1_55;% (densities (Perry's Handbook))

T, = 647.096K  T(T) = L HT):=1-T(T) (critical and reduced temperatures are for
T, water)

(water molar density--correlation from DIPPR)

2 4
3 3| kmol
Prat(D) = [(17.863) + 58.606:(T) "> + -95.396-(T) > + 213.894(T) + ~14126¢(T) > |- <1
m3
gm ;
Pw(D) = Py MW, py(Ty = 0995 (water density)
cm
Section 3: Diameter
Inlet Gas
Piot = Pg + P (inlet gas absolute pressure)
V= Vp=102.275 — (inlet gas volumetric flow rate)
Peot min .
Assumption: Ideal Gas Law is valid at this elevated pressure and lower temperature.
Solute-free Flows and Compositions
Solute-free flows denoted with a prime (' ) and compositions with capital letters
Ga G-(l s Yin) G = 540_0320-1 (molar flow rate of gas, constant through column)
hr
Yin : L
Y = Y;, =0.125 (inlet CO mole fraction in gas)
L Yin

E ol inlet CO mole fraction in liquid

Xy = o X;p=0 (inle mole fraction in liquid)

n
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Yout 3

Y, Yt = 1201 x 10

out =
1= Yout

Flow rates of CO

mol

Co..=Y. .G - CO. .. =1332—
it n mit o
mol

COprans = (Yin - Yout)'G COrans = 1-319—
min

mol

COrem = COpit = COtrans COyep = 0.013 min

General Gas Stream Properties

MWG in = YinMWco + Yoo MWoa + YooaMWieon + yno MW
Gout = Y02 G + Y0y G+ COpepy + YN2'G Gyt =

Yoz G Yoo @

MWG out = YourMWeo + -MWqy +

out out
MWg = (MWG_in + MWG_out)-O.S

B P tot'MWG

kg
PG = pg=3.898—
Rg-Tf 3

m

General Liguid Stream Properties

Viscosity

3 10
37036 x 107K T T
Hyat(T) = exp| —52.843 + —---—;— + 5.866-ln(i) + O(EJ ]~Pa-s

ML = ”wal(TL) uL =1.128¢cP

Hy = ”wat(TL) by, = 1.128¢P

Solution Density and Moles

(desired CO moale fraction in scrubber off-gas)

(initial CO in feed)

(CO transferred from gas to liquid)

(CO remaining in gas)

(inlet gas MW)

mol

10.685 — (molar flow rate
s of exiting gas)
N G
N2 MWy (outlet gas MW)
out

(average gas MW)

(average gas
density)

(liquid viscosity
assumed to be
water--correlation from
DIPPR)

Correlation and corresponding coefficients from factorial analysis in Excel (coefficients were

refined using solver)
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PL=¢ T ¢ Coyt 62~CMg + CS'CCu'CMg o = 0.9949 e :=0.0673 ep:=0.0635 eq:=0.0023
Cmegci2 = CMmu

Solution Density (using correlation)

L L L gm gm
=|le,+e;-C —— + g9-C -—— +¢e2-C C | — = =1.181=—
PL [ o ¥1"~Cull mol 2 MgCI2 mol 3 CuCl'™~MgCI2 (mol) } I PL mL

Note that all measurements for solution denisty were taken at room temperature (~22 °C).

Total Moles in Solution

Vol := 1L (volume basis)

Neucl = CcuclVOIb meycl = nCuCIMWCuC1 (mO[eS and mass CUC!)

nMeCl2 = CmuE Volp  Mpgcin = Mgl MWy (Moles and mass MgCi2)

my, = py -Voly — mey o = MMeCI2 (mass and moles of water)

Ny = My MW, ny, = 50.457 mol (moles of water in 1 liter of solution)
ot = NCyCl + MMgCI2 + Ow ot = 53.277 mol (total moles in 1 liter of solution)
Equilibrium

The following equilibrium calculations are based on data presented by Katsumoto et. al. His data
are used here to derive a model that will predict CO absorption into solution based on partial
pressure of CO in the gas. He does not present details on how his own model was derived, and
there are very few data points to work with--therefore, the model here is far from perfect, but gives a
decent approximation. Note that his data are for a system at 30 °C, while the current design
operates around 20 °C. Because the current design operates 10 °C lower than what the following
model is based on, the amount of CO absorbed is underestimated in this case, and therefore
provides a more conservative estimate. However, the amount of CO absorbed in this temperature
range does not vary significantly--CO absorption varies significantly in the range from just beyond
30 °C up to 70 °C.

Criginal Data (k = absorption coefficient, A, = total Cu* concentration, Pco = threshold pressure
above which absorption increases dramatically for concentrated solutions):

Dilute solutions, denoted by subscript 1 (Cl - concentration < 10):

3725100 %) |

kl = -Pa ACL['I = [

6771-10 " ° 08

2.2\ mol
I
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Concentrated solutions, denoted by subscript 2 (Cl - concentration >10):

8.860-10
s 3.0 5000
5.196-10 30 5000
_ -1 mol
ky = | 2.625.10”° |-Pa Acyz=| 28| ==  Pggi= | 11600 |Pa
_5 3.0 23300
1.260-10
. 2.7 24300
119110 °
Define rages for this section:
i=2.101 k==1.5 j=1.2
PCOi := [1000-(i — 1)]-Pa (CO partial pressures in gas)

Katsumoto's absorption models (aco represents dilute concentrations, bCO concentrated)

—, N
ki ‘P . f ks (P - P - '
1, Pco; Acu, 21(( co, cok) Acuz,

1+ k P 1+ & (P — P
1, Peo, 2](((:0i cok)

aco(Peosii) = Beo(Peosi-K) =
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Plot of Katsumoto's model (note: concentrated lines do not actually extend below dilute lines and
will be dealt with subsequently)

Katsumoto's CO Absorption Data
25 T | |

CO Absorption in Liquid (mol/L)

CO Partial Pressure in Gas (Pa)

Derive a Model from Katsumoto's data that can be used to predict CO absorption of a solution
with arbitrary CuCl and MgCI2 concentrations.

Dilute solutions: Only two absorption coefficients are presented with no details showing how they
were derived. Although a major assumption, these two points are used to find an equation for
the absorption coefficient for dilute cases.

6 Ceuct

k= =2.17571+10: = 9

+851157.10 ¢|pa” ! (absorption coefficient)

mol-L~
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Concentrated solutions: Of the five concentrated solutions, two are suspensions. If the remaining
three solutions are used to plot k, and P4’ versus the chloride concentration, a linear line fits the
data well for k, (RZ = 0.9998), while a power law was used for Pco' (R? =0.9806). The regressed
values and associated equations are shown below.

1

Solution concentrations: (quC1 =0.81 %’" CMgClZ =2.01 mTOI CC] = CCuCl + 2.CMH

—is 4 L ~1
ky: Sep 1= 308191077 inty, = 2.9983-10 = | sy Coop—— — inty., |-Pa
2 k2 k2 Aaw (kz cr— ~ M
b
Peot  aa:= 4617 b= —14.64 P (aa-lOlO)-(CCuCI-—L—l-) Pa
mo

CO Absorption as a function of P for an arbitrary concentration.

Define total Cu* , and redefine dilute and concentrated CO absorption models using absorption
coefficients based on arbitrary concentration:

—_— >
( ki-Pco, Acy ) kz'(l’coi - PCO')'ACu
Ap,=C o(Pe,i) = —————— B(Prey,1) =
Cu CuCl CO> CcO»

Katsumoto's data suggest that CO absorption in concentrated cases increases linearly as dilute
solutions until P4' is reached. The following relationship accounts for this, causing the

absorption to follow the line for dilute solution F (as it appears to do in Katsumoto's work) when it
would otherwise fall below it:

BealPcosi-k) = if(Beo(Peosi-K) > acoPeosis1):Boo(Peosi-k)s aco(Peosis 1))

’Q’tPCO, 1) = lf(B(Pco, 1) > aCO(PCO’ l, 1) ’B(PCO’I)’QCO(PCO’ i, 1))

The following correlation determines whether the solution is dilute or concentrated and
calculates the CO absorption accordingly:

¥(Pcoyi) = if(CCl > IOmTOl’B(PCO’ i),a(Pcos .))
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CO Absoprtion Model

3 I I

25
)
g 2r
=
=
&
—
£ 15k
=)
S
o
2
e}
< =
o
O

0.5

0 4 4 4 4
0 2 4-10 6-10 8-10

I
QTmgoaQwr

= Predict

Calculate CO mole fration

ACOi = Y(PCO s i)

nCO = ACOVOlb
1 1

nco,
XCo. =
1 nCOi+nTot
Pcoi
Yco. =
i Pt

CO Partial Pressure in Gas (Pa)

in gas and in solution and  plot equilibrium curve

(redefined absorbed CO)

(moles CO in solution)

(mole fraction CO in liquid)

(mole fraction CO in gas)
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0.3

0.1

Vs = cspline(yco,xco)
ff(xx) = interp(vs,yco,xco,xx) ff(yin) =2719% 10~

Equilibrium ratio (K value)

CO Equilibrium

Yco,
KK, :=
*co,
Yin
Ky =
N
ff(yin)

0.001

Ky = 40.827

0.002

0.003 0.004

(fits a cubic spline through equilibrium
curve)

(the x that would be in equilibrium with
yin)

(K value)

(K at bottom of scrubber: note - large K suggests liquid

phase MT limited)
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Equilibrium Ratio
60 | T 1 |

50 =

30 | 1 | 1

0 0.001 0.002 0.003 0.004
X
Liquid Flow Composition
G(Y; - Y
L= ( In Out) L' = 2.903 x ol mol (minimum liquid flow rate; from
Yin X, bt material balance (operating line)
~ in and definition of K
CO
L'ping = G-Ky e L' ing = 2588 x ot ol (assumes dilute solution, no
COjnit hr solute entering in liquid stream:
L' i Used below to be
conservative)
T . 4 mol o '
L':= LyiLecior L'=5.807x 10 . (soll{te—free liquid flow rate
o required)
Mole fraction CQ in exiting liquid
CO
trans -3
Xout = T Xout = 1.363 % 10 (solute free)
X
Xt ot Xout = 1-361 x 10“3 (non-solute free)
1+ Xsiut
Actual liquid flow rate (includes small CO amount)
1 . ,
LL = L' + COppy LL = 969.092 — (small increase over L)
min
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Liquid Mole Frac{ion, Molecular Weight, Volume

~ Mcucl _ ™MgCI2 Mw
XuCl™= — *MgCI2 = Aw =
OTot ot OTot

MWy = MWeycpxcuct + MWME XMec2 + MW Xy

=] L
Vi = L"MW; - Vi =21.507—
L L'PL L min

GPDC Factors

(doesn't include CO here)

(liquid flow rate through column)

This calculates the liquid to gas kinetic energy ratio, which is then used to calculate Y, a factor on
the generalized pressure drop correlation plot (flooding = 1). An equation for Y was regressed in

Excel and is used below.

0.5
Fra=z——mM| — Fr ~ = 3.665 (liquid to gas kinetic energy ratio--use this with
LG G-MW LG
WG\ PL GPDC to get Y)
Fy 3 1, := In(F Y, = 0.1 2 10446 F 3.8968 Y
LG.In "~ "( LG) In*= ~0-MTF G - 1.0446F Gy - 3. Y= Y=4202%10°

The following are additional factors from corresponding GPDC charts, regressed in Excel; see

Separations, 331

PulTg
Tp = o = 0.842 fj = 1.5306-rp - 0459 f; =083
PL
HL
f == 0.2076-In| — | + 1.0126 £, =1.038
cP
Superficial Gas Velocity
Y 03 m
u, = —r g u, =0.032— (superficial gas velocity at flooding)
pG FP S
- 15
Pu(Ty

Diameter

' 4GMw )"
[P Dr = 1232
D

diameter to avoid wall effects; Separations)
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Section 4: Height

Theory

The height of the column is found by doing a differential balance on the column (Separations, 321):

LL-dx = Kxa-(xe a x)-A «dl  (Ka=overall volumetric liquid transfer cosfficient, A, = empty
column cross sectional area, and dl = differential height; note,
balance is performed on liquid since mass transfer resistance in
liquid >> resistance in gas and resistance due to reversible

reaction (assumed to be fast))

q

Separating, integrating, and solving for the column height, I, we obtain:

Xout

lp=— L& (where the firstterm on the right is Hy, (overall height of a
Kxa-Acs Yeq X transfer unit (HTU)) based on the liquid, and the second is
Xin Ng,_ (overall number of transfer units (NTU)) based on the
_ liquid)
I =Hor Nop,
LL
Hhyp = =H; + A-H
0L Kaany, T G
L L o 3 SIS (R -
H; = = (kea [=] molim’s, k a [=] 51, u = velocity w/ reference to
kxa-A kLa .
cs empty column cross section [=] m/s; A = L/IKG)
G UG — .
Hg = =— (same definitions as above, but with gas)
kyaA,  kGa

1/K,a = 1/k,a + 1/Kk a

Fluid Properties

LL
A= K_N“(.}- A=1978 (absorption factor)

Gas mixture viscosity (Transport Phenomena)--this is based on feed gas composition, but would
be more accurate if it were based on average composition through the column—it doesn't make a
huge difference.

BN = 1757410 5Pa-s koo = 2.0445.10 SPa»s (viscosities are at 295 K--DIPPR)

Heopi= 1481910 Pas  pogi= 1753310 “Pas
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Hco2
Kco
H02

HN2

T
o= augment(uy g 1,0 g:Hg B3 hop4)

MWz
MW MWCO W ——-—-MWi MW MY
fos a B1= o 2=
MWg) P i P MW,
MW
N2 MW, MW,
MW =— MW = —
% B3 Mw, P4 Mw,
3 4
T
MW(I_B — augment(MWa_ﬁl,MWa_ﬁ_z,MWOLBJ,MWQ_BA)
> Yoo
2
0.25 Vi
1 -05 0.5 1 in
O o= |—(1+MW 11+ - yi =
af \/E ( OLB) o (MWOLBJ 1 YOO
N2
——
w ¢ MY
n=1.4 sum_ = y; (Daﬂ UG mix = Z - HG = HG.mix ng=0.017cP
n=1 .
u
vg = e VG = 0,043 (kinematic gas viscosity)
PG §
p =
vy = L vy =9.553x 10 e, (kinematic liquid viscosity)
PL 5
’ N _ i e
oy = 0.074421 — oL = Oy (liquid surface tension: assume

m

water, 290.16 K-- DIPPR)
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-1
uL = LLMWLPL -A

Vi
UG N —
Acs

Diffusion Coefficients

CcS

.2
Acs =119.217 in

=3

3

up = 16.801 ——

mz-hr

fi
uG =0.073—
S

(empty column cross section)

(superficial liquid velocity)

(superficial gas velocity)

Gas (Chapman-Enskog/Lennard-Jones Parameters from TP text; applies to low density, low

pressure gas):

Assumption: valid at 30 psi

k= 1.38066-10

602 = 3433Ang

8_k02 = 113K
802 = Eﬁkoz‘](
TCOZ = 1544K

PC.OZ = 49 7atm

237

(Boltzmann's constant )

GCO = 3590Ang

O'N2 = 3.667Ang

& ke = 110K ¢ kcop = 190K & _kyp = 99.8K
eco = & keox ecop = & kcook ENp = E_kppK
TCCO = 132.9K TCC02 = 304.2K TCN2 = 126.2K

Pc.CO = 34.5atm

PCC02 = 72.8atm

Pc.NZ = 33.5atm

3
cm cm cm cm

v = 744 — \'%A =931— A =941—— % =901 —

c¢.02 mol c.CO mol c.CO2 ol c.N2 mol
For COin CO,:

1 _ 0.5
Sco coz2 = E'(GCO & cyCO2) €Co Cco2 = (SCO'ECOZ)
KTf
. KTiﬁcoicoz = KT__ECO?COZ =2.068
£CO_Co2

(collision integral: assume linear interpolation)
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0.5

5 (. 8m gm
Ty k 1 " mol 1 cm2
Dco cop = 0-0018583. [—— | —+ : L

2
Piot [ 9co_co2 .
preg iy CO_C02

2
Dco cop = 0053 % (only considers CO in CO, since mixture is ~80% CO,, ~13% CO)

For COin N,:
1 B 0.5
SCO N2 = 5'( cot GNz) €co N2 (SCO'SNz)
K-Tf
KT_SCO N2 - KTisco N2~ 2.853
- £Cco N2 -
Qcosz = 0.9670 (collision integral: assume linear interpolation)

gm g 0.5
TV | Yol S | om?
- MWeo MWy, Py (
(8]

SCO N2

2
RS i _Q
am | Ang J CO N2

DCO_NZ =0.07 9:1— (only considers CO in N, since mixture is mostly N,, not much CO)

2
cm

Dg = jf(yN2 > YcozaDcosz’DCO_Coz) D =0.07 T (gas diffusion variable; typical
values between 0.1 and 1
cm?/s--Transport Phenomena,
518, Perry's Handbook 7th ed.,
5-48)

Liquid (from Prausnitz text, The Properties of Gases And Liquids (5th ed), 11.27, Nakanishi
Correlation), w = water:

Ico=1 Sgo=1 A,=28 Sy =1 (factors for correlation, Table 11.4, 11.28)

3
m

VCO_Tb = 0.0354 (liquid molar volume at boiling point, 81.66 K)

kmol
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B= 1065 (fudge factor: CO is normally gas at 298K and

1 bar)
Veo=BVeo 1 Veo= 37701 ﬂ; (adjusted CO molar volume)
- mo

cm e
V= 374— (liquid molar volume of water, 298K, 1 bar;

mol Prausnitz, 11.28)

- v -

240107 %A, s, ——| T
9.97-10_8 cm”-mol K cm2 .
Deo wi= + . .—— (diffusion
- i Veo “wat(Tf) S coefficient of CO
3 lcoScor 3 P in solvent at low
V, c .
ICO'_L cm’-mol concentrations)
cm”-mol ]
5 sz

Dy = Do Dp =3213x 10 ~— (considers only diffusion of CO in water;

- 5 typical values between 10-¢ and 104

cm?/s--Perry's Handbook)
Mass Transfer Coefficient (Onda)
Gas Phase
HG pPGgu .
Scg = Scg = 0.609 Reg = GG Reg = 8.241 (Scmidt and
PG Dg HGa Reynolds numbers)
a,=a (ap is specific surface area of packing)
dp = Dp (nominal packing diameter)
AA = if(DP <0.012m,2.0, 5.23) AA =2 (a constant depending on nominal packing
diameter)

ko= AA-ReGO'7-SCG0'333-(ap-dp)_ 2-ap-DG kG.o=2292x 10° im (gas mass transfer

5 coefficient)

Liquid Phase
dyne
S em  (assumed to be water)
oy =33 iy (critical surface tension of packing--Bravo and Fair's paper says 61 ceramic,
cm

75 ss, 33 PE--since we are using glass, this is a conservative estimate; one
source says for pyrex glass itis 170
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(http://mww.lib.umich.edu/dentlib/Dental_tables/Critsurftens.html), but I'm not
sure what type of glass we have, and it is probably lower since it gets film on
it)

2 2

pru B ayup .
Wep = L Wep =5.485x 10 ! Frp = Frp =1.399x 10 > (Weber and

apOL g Froude numbers)

Py-u
Rep := LD Rep =7.754 (Reynolds number)

ML 4

0.75 )
Oc 0.1, -005_ 02 m . .
a':= ap 1 —exp|-1.45-| — Rep " Frp Wep a'=162917— (interfacial
oL o area density)

anuL . .
Re' = Re'p =29.986 (Reynolds number based on a")

py '

L .

Sep = Sep, =297.339 (Scmidt number)

PL-DL

0.0051Re'p " se T (a0 ) e
kt o= — kf 4=1.029%x 10 —

LE50 310-333 s L.O s
PL m
hg 3

kLaO = kL_O-a‘ kLaO =0.017s :
kGagy = kg o2 kGag = 03735 |

Mass Transfer Coefficient (Bravo and Fair)

Bravo and Fair's correlation uses the same equations as Onda's, but the interfacial area density is
different. Note that interfacial area density depends on height, which is what we are trying to
calculate, so it is iterative.

UL L - .
Cay = Cap =7.073x 10 5 (capillary number)
20
H e 4.5( (approximate height of the column, a
T guess--go to end of program, find calculated

height, and re-enter it here until they match)
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Z |8

0.5
) :

di
0.392 [ N

m
' = 19.78-a_-(Cay -Re, a'.=161.672—
Av p( L G) i 0.4 m3
H-m
PLUL
Relr = Re'p =30.217 (Reynolds number based on a')
pp-a'
0.0051.Re' ().667_Sc —0.5' d 0.4
K = L L %) mo o i0sk10tD
L.BF - \ 0.333 5 L.BF ~— * s
L w
npg 3
kLaBF =k _pp? kLaBF =0.017s !
kGapp == kGag, kGagp = 03735 '
Calculate Ny, :
o Xout !
From above note that: Nop = dx
Xeq — X

From linear solute material balance (operating line) and linear equilibrium expression (K value), find
expression for Xeq = f(x):

Y(X)
LX) = X(E}—.) + Yout ~ Xin [E.') Xeq(X) = %)

1 Tl D
Kne (1 + Y(X)

Assumption: linear operating line (dilute), and ~linear equilibrium curve through origin (see
equilibrium plot)

Xout 1
Npy = — X Ny = 3.495
oL Xeg0 - X OL

mn

Calculate HOL
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UL e &
Hy o= Hy gp =
LO KLag, L.BF

kLaBF
uG UG
Hr = H =
G.0 kGag G.BF kGapp

1 1
Hogo=Hgo* 2 HLo Hogpr = Hepr t X'HL.BF

Hor.o = HogoA Hop, gr = HoG BrA

Calculate Height

lt.0=NoLHoL0

It gr = Nor, Hor, BF

Il g=4536 Onda (Note: take the height from BF and substitute it
- [ ) into the H in section "MT Coeff. (Bravo & Fair
Ly gp = 4.544

Bravo_Fair Corr)" until the values match.)

kGaO
kGa_kLag = kGa_kLag, = 22.268
kLaO =
kGa F
kGaikLaBF = L kGa_kLaBF =22.325
ABF
. Dp gm LL I}
DT= 112501 — =52.156 PL= 1.181 =— — =80.758 — =90.717
DP mL G G .

Section 5: Scale Down to Prototype Size

To build a prototype to test the process we need to scale down. We arbitrarily chose a scrubber
with a diameter of 1 in. The following calculations find the corresponding flow rates, etc.

Dp=1232in Dy, = lin (actual diameter, prototype diameter (s = small) )
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L
Ve= 102275 —
min

L
Vi =21.507—
L min

Check

r=151.792

Vig=—

L
Vi = 0.674—

gal
Vi . =0037—
Ls min

(ratio of areas (diameters))

(prototype gas flow rate, prototype liquid flow rate)

(actual, prototype gas flow rates)

(actual, prototype liquid flow rate)

As a check, calculate velocities, which should be the same for actual and prototype columns:

Ve
Vg = A—Cs
v Vs
- 7t'DTsz
4

ft
v, =0.073—

Section 6: Miscellaneous

V
e ft
V= — v, = 0.015—
Acs s
V
Ls ft
Vig'= S Vg™ 0.0152 :
TI:'DTS
4

A material balance around the upper portion of the scrubber for a dilute solution yields:

_ LL LL
y(xx) = xx-E + Yout — xin'g

, which is plotted with the equilibrium line below.
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CO Equilibrium and Operating Lines

I | 71

0.1

0.08

0.06

0.04

CO Gas Mole Fraction

0.02

| | ]
0 5-10 0.001 0.0015

CO Liquid Mole Fraction

— CO Equilibrium Line
----- Operating Line

Overall Mass Transfer Coefficient Based on the Liquid

2
_ -1 ) Dy =1
JIW\IKN': VLSPLMWL M: TC- Xout =1.363x 10 Xln =0

-1
L [ u uG |
Kxa = -—( Loa J Kxa = 530.053 2

ACS kLaO kGaO m3's
N, CO
1 t
Kxa = fiﬂ Kxa = 530.053 no LGB 0.99038
MWW A 3 CO: .
cs T.0 m s init
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APPENDIX B: Heat Exchanger Design

The overall process consists of three heat exchangers, composing the three sections that follow. The
design is based on the latest version of the scrubber design, and uses flow rates corresponding to the

scaled down prototype. In general, subscripts contain a number corresponding to
then c or h denoting cold side or hot side stream, followed by any other notations.

This program references the program for calculating column diameter and height:

mww Reference:H:\Research\Appendix Material\App\App A Absorber Design.mcd(R)

heat exchanger,

Fluid properties are calculated according to the following correlations obtained from DIPPR (liquid

assumed to be water):

' DIPPR Constants/Correlations

DIPPR constants and correlations (heat capacity, viscosity, density, thermal

m:: 1000mol

conductivity

(assumes water for the liquid and pure CO for the gas)) (valid for both HX2 and HX3)

‘ICp {liq)fl ”}l, (liq)” "rho (liq}" "k (1iq)|l‘ "Cp {gas)“ .‘IJ (gils)" "k (gﬂs)"
27637 % 100 -52.843 17.863 —0432 29108 x 107 1.1127x 10 ¢ 59882 % 1074
20901 x 10° 3.7036x 10°  58.606 5.7255x 10" $.773x 10° 0.5338 0.6863

D:=
8.125 5.866 95396 -8.078x 10” % 3.0851 x 10° 94.7 57.13

~0.014116 0 21389  1.861x 107 84553 x 10° 0 501.92

93701 x 10 ° 10 141.26 0 1.5382 % 10° 0 0
Heat Capacity:

Cor iy em | (59), 4 (09).T 4 () (X 2 (o). 3 () (T e
Plig(T>1) = | ID7 )5 # D 3o+ DT ) + W7 sl 2] + el 2 [omork
[ To@) P o 7

(o%), (0¥),
. () 6 TK ' 6 TK ! J
Co oo (T, =1DV), + DY) | — > | +(D¥). :
P.gas(T>1) (69, + (%), %) (%), (59) T| [mot
. 4 6
sin! cosk
L L TR A 3
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Viscosity:

(69).x ),
Mig(T>1) = exp!(D@)g + _TE"_ + (D@)zx'“‘(‘g g (D@)s'(%) } Pa-s
(0?),

Thermal Conductivity:

ig(T.1) = [(D@)z 0L (5 (6)5(Z) - (D<i>)6.[3:j4}i

I - <

Koas(T51) 9), (), =K
1+ +
TK ' T 2
(¥
Density:
Lo~ 647.096K  T(T):= Tlc )= 1= T(T)
< s
Plig(T-1) = [(D<9)2 N (D<i>)3,t(T)0.35 . (D<i>)4_t(T)3 . (D<i>)5_tm . (D<i>)6-t(T)3 _km;)l

m
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Section 1: HEAT EXCHANGER ONE (HX1)

This heat exchanger consists of 5 heating ropes (3/16" diameter by 10' long) wrapped in series in a spiral
around the 3/8" copper tubing. The copper tubing is coiled a little over 2 times in coils that are about 1
foot in diameter. The CO-containing liquid is heated as it travels upwards through the coils, ensuring that
CO bubbles released from solution travels upwards to the CO stream. The original flow rate used to

calculate the number of ropes required was too large--the following calculations show the heat addition
required.

Heat Exchanger One

Tiin = (16 + 2T3.16)K  T|. o= (75 + 273.16)K (inlet, outlet solution temperatures)
Ty +T

AT1o= Ticout ™ Ticin Tic= clein® -lcout (temperature change and average
' ' 2 temperature)

Vie= 0_05g_fll MWy = 26241 22 pL = p1s1 &2 my.:= Vigpp (mass flow rate, other liquid
min mol mL properties)

Cote= CprigTiel) MW, C —2867——

p.le™ “Plig\ *1c L p.le ™~ amK
Ql = mlCCPICATIC QI = 630.082 watt
Qq =630.082 W Heat addition required to heat liquid from 16 °C to 75 °C.

Section 2: HEAT EXCHANGER TWO (HX2)

User Inputs Required For Program

D, = 0.25in ty == 0.030in (copper tubing dimensions)

Tonin = Tlc.out Tyh.out = (16 + 273.16)K ‘(hot side inlet and outlet temperatures)
Tyein = (15 + 273.16)K Tpe out = (20 + 273.16)K (cold side inlet and outlet temperatures)
eg:= 0.00152mm (e from Perry's, Table 6-1)
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Copper Tubing Properties (both HX2 and HX3);(dimensions from
www.kembla.com.au/astm_b280.html)

k. = 401 W

m-K
Di = DO = th
Tubing Type  OD
1/4" 0.25
3/8" 0.375

0.030
0.032

(thermal conductivity)

Wall Thickness

Hot Process Stream Properties (Aqueous Liquid)

AToh = Tonin ~ T2h.out
Toh = (Tahin + T2h.out) 0-5

My, =My

Cp 2h = Cpig( T2 1)

e Cp.2n
20 T
P MWy
P2h*= PL

Mo = Hiig( T2 2)

koh = Kiig(T2h-4)

Required Heat Removal

Q) = mypCp o ATy

Cooling Water Properties

ATy = Tac out = T2cin

Tye = (TZC.in i TZc.out)'0'5

ATy, =59 K

Typ, = 318.66 K

Ib
Myy, = 0.493 —
Zh min

C =75.236
P.2h mol-K

J
(¢ =2.867——
p.2h gmK

- 118122
.

‘'
kyt, = 0.632 ——
2h mK

Q, =630.082 watt

Ty =290.66 K
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(outer diameter, wall thickness, inner diameter)

(temperture difference from inlet to outlet)
(average T, used for stream properties)

(mass flow rate)
(molar heat capacity: assumption--water)
(mass heat capacity: liquid MW rather than

water)

(density: liquid)

(viscosity: water)

(thermal conductivity: water)

(temperature difference)

(average T, used for stream properties)



Copper Tubing Properties (both HX2 and HX3);(dimensions from
www.kembla.com.au/astm_b280.html)

W
kc =401 —

m-K
Di = D0 — th

Tubing Type  OD

1/4" 0.25
3/8" 0.375

0.030
0.032

(thermal conductivity)

(outer diameter, wall thickness, inner diameter)

Wall Thickness

Hot Process Stream Properties (Aqueous Liquid)

ATon = Tohin ~ T2hout
Toh = (T2h.in + T2h.out) 05

My} == My

Cp2h = Cp 1ig(T2n- 1)

ey Cp.oh
20 T
P MWy
P2h = PL

Hoh = Biig(Tan-2)
kah = Kiig(T2n4)

Required Heat Removal

Q) = mopCp ATy

Cooling Water Properties

ATye= Toc.out ™ Tocin

Tye= (T2c.in i TZt:.out)'O'5

ATy =59 K (temperture difference from inlet to outlet)
Tyy, =318.66 K (average T, used for stream properties)
myp, = 0.493 J-b— (mass flow rate)

min
Cpop = 75236 —F (molar heat capacity: assumption--water)

Cp.Zh = 2.867—1— (mass heat capacity: liquid MW rather than

gmK  water)
=1.181=— (density: liquid)
P2h mL
Hop, = 0.606¢P (viscosity: water)
W N
kyp, = 0.632 _-Ii (thgrmal conductivity: water)
m'

Q, = 630.082 wat

(temperature difference)

Ty =290.66 K (average T, used for stream properties)
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Cp 3¢ = Cp ig(Tacs 1)
P2c= pliq(T2c’3)'MWw
Woe = p‘liq(TZC’z)

kye = kliq(TZC’ 4)

Q
T
2¢
Cp.ZC'AT2c
) -1
Voo = myepog

Cooling Water Check

PO
2¢
P MW,

gm
p2C = 0.9985

Hoo = 1.083¢P
W
ky.=0.595——
2¢ mK
Ib
my ., =3.977—
2 min
v, —0473 8L
Zom ™ min

&

p e 4,192—JE (heat capacity: water)
: o

(density)
(viscosity)

(thermal conductivity)
(mass flow rate)

(volumetric flow rate)

Velocity and Re through tubing before and after HX2 to test reasonableness

5 -1
V2 = V2c4(T€D1 )

P2¢ V2 Dy
Rez =—

Lo

ft
V2 = 5.405;

Re, = 7.324 x 10°

Overall Heat Transfer Coefficient (using LMTD, Heat & Mass Text)

AT 1= Topin — Toc.out

ATy 5= Tonout ~ Tocin

At 217 ATy
2.Im "~
ATy g
In
ATy
Q
UAZ =
AT2.lm

ATy | =55K

AT) 1 = 13475 K

UA, = 46758~
K
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(log mean temperature difference, LMTD)

(overall heat transfer coefficient)



Hot Side Heat Transfer Coefficient

4v
1 ft .
Voh = ‘; Vap = 0-566 = (velocity)
ﬂ'.Di
p “Var-D: ‘
Reqyy, = KA Reqyp = 1.621 x 103 (Reynolds number)
2h 2h
H2h
& an
Proy = i h Prqy. = 2.748 (Prandtl number)
2h o, 2h

Friction factor, f (Table 8.4, 8.21, Heat and Mass Transfer text):

. -2 64
b, = if| Reyp, > 3000, (0.790-In(Reyp) — 1.64) 7, o fy, = 0.039
€2h
Friction factor, f (Fluids text)--comparison:
Ef
Roughness := —
D;
3
D.
Sl 1
Guess: ff, = 0.03 Sou= rootl | =2.0-log — 2 i Ty
Reowth )t

Calculate Nusselt Number:

£
—gE-(Rezh ~ 1000)-Pryy

fi, = 0.053

Nu2h = if] (0.5 < Pr2h < 2000) A (3000 < Rezh <5 106),

' e[ 2
2h
1+ 12.7-(—8~J {Pryy,> — 1

,3.66

(valid for fully developed, L/D > 10, and conditions specified above; laminar valid for fully

developed, uniform Ts)

Nuyp-kop

haqy, =
2= T

hy}, = 479.632 N (hot side heat transfer coefficient;
i MoK typical values between 50 and 500

W/(m?2-K)--Transport Phenomena,

425)
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Cold Side Heat Transfer Coefficient

Dy = 6in (inner diameter of heat exchanger shell)
4V -3 ft .
Vo = 5 vy =542x10 " — (velocity)
Dy ’ |
Pra VoD
Rey, = 2iZc 2cio Rey . = 9.664 (flow across cylinder)
Mo
C ol
Pry = _p-2e 2% Pry. =17.624 (Prandtl number)
k2c
Tzc.f(Tch) = (T2cs + T2c)'0'5 (film temperature, as a function of surface
temperature)
Boe = 257-10 6-1( : (thermal expansion coefficient (T =290 K ))
i
Voo = R Voo = 0011 om (kinematic viscosity)
P2c .

g Py |T2cs B T2c| 'D03

Grzc(Tzcs) = > (Grashof number)
Vic
RaZC(TQCS) = Grzc(Tzcs)-szc (Ra|e|gh number)
= 1 _2
12 0.387‘RaQC(T2CS)
Nuy((Tpcg) = if| Rago( Tpeg) < 1077, 0.60 + o | 5 invalid” (Nusselt number)
9 27
0.559\ '
1+
N L Pl’zc )
ky Nu,y [T
hs (T ) o —ZE—ZM (natural convection heat transfer coefficient)
2cl " 2cs D
0
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Size of HX2

Initial guess:  x, := 30.4ft (changing guess value slightly changes
answer)

XX = T2CS £ T2h e Qz

X ¢ 100 UA2 — + + »Xy
hthC'DlXZ Z'R'kc'XZ th(TQCS)-ﬁ-DD‘Xz

-1

TyesK
out <
xft !
Taes =y K Tyes = 309.301 K
hzc(Tch) 831724 — (heat transfer coefficient; typical values between 100
mzK and 600 W/(m?2-K)--Transport Phenomena)
Gl’z T2
Ko™ if ;(;-S-)- > S,xxz-ft,"oops" Xy = 30.358
R.Czc

Test validity of natural convection assumption:

Gr 2c(T2cs)

2
Rey,

=109.311 Since this is >> 1, forced convection can be neglected.
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Section 3: HEAT EXCHANGER THREE (HX3)

User Inputs Required For Program

D = 0.25in

Reav o= 0.030in

Typin = (75 + 27316)K  Tap o= (20 + 273.16)K
Ty, i = (14 + 273.16)K

Tyg out = (15 + 273.16)K

prte 0.00152mm
Ib
My . = My . mq.=3977—
3c 2¢ 3¢ e
D3h1 = 3in

Hot Process Stream Properties

Ty, = 32066 K

(copper tubing dimensions)
(hot side inlet and outlet temperatures)
(cold side inlet temperature)

(intitial guess for outlet temperature of
caoling water)

(e; from Perry's, Table 6-1)

(reasonable mass flow rate of cooling water)

(inside diameter of out tube)

(average temperature, used for

T3p= (T3h.in + T?hll.()ut)'o'5 properties)
) (temperature change through HX3)
AT3h = T3pin ~ Tah,out ATy =35K
COtrans mol (molar flow rate of hot gas (CQ))
Nqy, = Ny, = 0.521 —
3h . 3h hr
0 _ Pt MW 0 Pt MWeo (inlet and outlet densities)
3hin'™ Ty~ Shout™ &~
Ry Tahin . Ry T3h out
P, . -MW, .
ot CO (average density)
pap(T) = R Rab~= P3h(T3h)
g
"3h‘Rg'T3h.in “3h'Rg'T3h.out (inlet and outlet volumetric flow rates)
Vap o= ————— V e
3h.in P 3h.out P
tot tot
N3y Rg T (average volumetric flow rate)
V(1) = N M= V3(T3n)
0
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mgp, = P Vi

my, =5.367x 10

4 1b

min

(mass flow rate)

C
P.3h J i
= = > =1.041 —— heat capacit
Cp 3h = Cp.gas(T3n5) Cp.3h MW Cpap = 1.041 — ( pacity)
M3 = HaagT3h:6) H3p, = 0.019¢P (viscosity)
w .

kap, = kool Tap, 7 kqy, = 0.027 —— (thermal conductivity)
3h gas( 3h ) 3h K
Calculate Required Heat Removal
Qy = myy Cp 3AT3, Q3 =0232W

Cool Process Stream Properties

Taoane= | T3c < (Tac.in + T3c.0ut) 05
P3¢ < Plig(T3¢:3) MWy

-1
V3c & M3P3e

Cp 1ig( T30 1)

MW,

Cp.3c —

Q3
AT3 c £

Cp.3c'm_’»c

T3(;.0ut A T3c.in k& AT3<:

T3 out = 287-162 K

T3.= (T3¢ in + T3c.out) 0-5  T3o=287.161 K

P30:= Plig(T3:3) MWy, Coac!

-1

B gal
V3c = M3 Pie

V3, = 04775

min

) Cp Jig(T3e: 1)

MW,

(average temperature, used for stream properties)
(average water density)

(average volumetric flow rate)

(average heat capacity)

(temperature difference through HX3)

(outlet water temperature)

hae= Mig(Tae2)  Jac = Kijg(T3e:4)

Overall Heat Transfer Coefficient (using LMTD, Heat & Mass Text)

AT3.1% T3hin ~ Tacour  AT31=60998K
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AT39=T3p out ~ T3cin  AT32=6K

AT3 = AT3 9
ATy | = o kit AT3 | = 23.715 K (log mean temperature difference, LMTD)
| ATz
ATy 5
Q3 _3W .
UAy = UA3=9.796x 10 ~— (overall heat transfer coefficient)
AT 3 1m K

Cold Side Heat Transfer Coefficient

v
3 fi .
Vg im vy, = 5.399— (velocity)
7D;%0.25 °
[SEPRAY -D-
Rey = —o 20 Rey,=6.733x 10°  (flow through cylinder)
H3c
C .
3cH3
Pry, = —L2C Pry, = 8379 (Prandtl)
ksc

Calculate friction factor, f (correlation from Fluids):

£

Rggghngss =
D;
3
D.
_ i 2.51 1
Guess: .= 0.03 fﬁ ;= roof] | —| 2.0-log| — - By

0.5
Reyf3. f

Calculate Nusselt Number:

£
ﬁ-(f{e3C ~ 1000)-Pr3,,

£ \05 i
1+12.7-(—2—9) -'Pr3c3—1

Nug, = if| (0.5 < Pry, <2000) A (3000 <Rey, < 5-106),

,"problem"

(valid for fully developed, L/D > 10, and conditions specified above) Nuy, = 57.732
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B Nuz ks, 3

3¢ D.

Hot Side Heat Transfer Coefficient

4V
fs ~3ft
V3h e , V3|’1 = 8.079 X 10 ;
©-Dapi
P3hV3nD :
Reyp, i= ——— Resy, = 2.563
“3h
C .
~ Cp3nt3n
Pl'3h = —k—" Pr3h = 0733
3h

T3h.£(T3hs) = (T3hs * T3p)0.5

1

B3n(Tahs) = m
M3p
V3= T
P3h
3
Grp(Tahg) = £83n(Tans)-| 3l;s 30| ‘Do
V3h

Ragp(Tapg) = Grap(Taps) Prap

; g
5
0.387-Raqy(T
Nugp(T3pg) = [ 0.60 + azn( 3hs)8
-_9“ 27
[o.sng 16
1+
L Pr3h
h3p(T3pg) = —D—(S)
(o]
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h3c=7.059>< 10 —W
2
i m -K

(heat transfer coefficient; typical values
between 500 and 10000
W/(m?2-K)--Transport Phenomena)

(velocity)

(across a cylinder)

(Prandtl number)

(film temperature, as a function of surface
temperature)

(thermal expansion coefficient)

(kinematic viscosity)

(Grashof number)

(Raleigh number)

(Nusselt number)

(natural convection heat transfer coefficient)



Size of HX3

Initial guess: Xy := 3ft

D
lr{-"g]
1 D;
+
nDlh3Cx3 Z'R'kC'X3

-1
o Do
1 D; 1

X 4 roo UA3 S + + X3
hagnDyxg  2kexs  hyp(Tpg)-wDyxg

xxx = | Typo ¢ Tq. + Q3

T3hs'K_
out <
xft 1
Tapg = 0x 'K Ty = 287.163 K
i/ heat transfer cosfficient: typical
hBh(T3hs) =15.919— (heat transfer coefficient; typica
m K values between 3 and 20

W/(m?2-K)--Transport Phenomena)

[ Gr3p(Typg)
[T E—

2
Re3h

> 5,xxx2-ﬁ, "oops" x3 = 0.10211

Test validity of natural convection assumption:

Grqy (T
—M =1.132x 103 Since this is >> 1, forced convection can be neglected.

2
R€3 h
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APPENDIX C: Detailed Process Schematics

ABS-101

Figure 19. Detailed Process Flow and Instrumentation Diagram, Version 1.

123



TO HOOD

(source gas)

ABS-101

(solutioniwater)

Figure 20. Detailed Process Flow and Instrumentation Diagram, Version 2.

Following is an explanation of symbols used: FI, CI, PI, TI, and LI are flow,
composition, pressure, temperature, and level indicators, respectively; ABS, E, V, and
P represent absorber, heat exchanger, vessel or valve, and pump respectively; and the
numbered diamonds refer to stream names (the numbers preceded by “I” or “c” are

inlet and cooling streams, respectively).
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APPENDIX D: Other Equipment

Several other pieces of equipment were used to allow the prototype to operate,

and are included in this section.

Pumps

Figure 21 and Figure 22 show the liquid pump and gas pump, respectively.

Figure 21. Liquid Pump, P-101.

The liquid pump (P-101) was a variable-speed pump drive rated for 0 to 40 °C,
with a 5000 maximum rpm, and was obtained from Cole-Parmer Instrument Co. The

pump head is a gear pump head, also obtained from Cole-Parmer (product of
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Micropump, Inc.), and supplies 0.91 mL/rev, for a maximum flow rate of about 4.6
liters per minute (LPM) or ~73 gallons per hour (GPH). Its maximum allowable
system pressure is 300 psi with a maximum differential pressure of 80 psi. The

allowable temperature range is -46 to 121 °C.

T

Figure 22. Vacuum/Pressure Iﬁp, P-102.

The pump used to circulate the gas (P-102) was a laboratory, oil-less
diaphragm vacuum pump and compressor and is a product of Gast Manufacturing, Inc.
(obtained through Cole-Parmer). It can be operated between 0 and 40 °C, at a
maximum pressure of 60 psi, maximum vacuum of 25.5 inches Hg, and has a free air
capacity of 1.1 CFM (31.2 LPM). It included regulators and valves, and vented to

atmosphere. Note that this pump was not used with Version 2 of the prototype.
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Vessels

The first vessel (V-101) in the process is a ballast tank and allows some “give”
in the process. It is a stainless steel tank and has a volume of approximately 1 gallon,

as shown in Figure 23 (center tank).

Figure 23. Ballast tank, V-101.

The second vessel (V-102) was a sight glass, with the glass being 1 in. in
diameter and 2 in. tall, allowing the operator to monitor and maintain the proper level.
It was borosilicate glass, with the main body made of brass, and was rated for a
maximum of 130 psi and 212 °F. It was supplied by McMaster-Carr (see Figure 24).
This was later changed to PVC tubing encased in a polycarbonate tube, shown in
Figure 25. A similar PVC sight tube was attached to the bottom of the column to help

monitor liquid levels—this is shown in Figure 26.
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Figure 25. Sight tube.
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Figure 26. Sight tube at the bottom of the column, above “p trap”

The third vessel (V-103) was constructed of galvanized steel, and used as a
liquid trap, should the column become fully entrained. This prevented the liquid from
traveling with the gas and entering the gas pump. Any captured liquid does not re-
enter the process, but can be drained through a valve at the bottom of the trap. Figure

27 shows this liquid trap.

&
Figure 27. Liquid trap, V-103.
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The fifth vessel (V-105) was the 14-liter Scotty Gas cylinder containing the
gas mixture (see Figure 23, left side). As mentioned, this gas mixture (15% CO,, 7%
CO, 5% O3, balance N,) was used during process identification and Version 1 of the
prototype.

The final vessel (V-106) was a standard gas cylinder from the BYU central
stores containing N,. It was used to practice with the project, and to purge the process

following experiments.

Valves

In Version 1 of the prototype, the first two valves were high pressure gate
valves. All other valves in the process were 2-way ball valves (except Valve 14), the
majority being necessary primarily during start-up and shut-down of the process.
Although this type of valve is not ideal for flow control, Valves 3 and 6 were
satisfactory in controlling the gas flow rate, along with Valve 13 used in the bypass
line, allowing a significantly reduced flow rate of gas. Valve 14, used in both
versions, was a check valve (added after some experiments) used to prevent flow of
liquid into the gas inlet. In Version 2, Valves 15, 16, and 17 (on the offgas and CO
streams) were gate valves which allow fine-tune control of the flow rates and pressure

in the system.

Measurement Devices

As can be seen in Figure 15, five types of gages were used in various locations

throughout the process to indicate flow, pressure, temperature, composition, and level.
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The flow rates of the inlet gas (stream 2), separated CO (stream 6), offgas
(stream 9), and cooled liquid (stream 12) were all measured using rotameters (FI 2, 6,

9, 12) obtained from Cole-Parmer. Table 11 shows the specifications for these flow

meters.
Table 11. Flow meter specifications.

Flow Meter Calibrations Operation Limits

Stream Pressure Temp. Material Range Temp. Pressure

2 14.7psi 70 °F Air 0.2-14LPM - 75 psig”

6 14.7psi  70°F Air 6 — 60 SCFH 149 °F 100 psig

9 14.7psi  70°F Air 6 — 60 SCFH 149 °F 100 psig

12 - - Water  0.025—0.25 GPM 212 °F® 150 psig"

* Working pressure.
" At0 pressure.
© At 70 °F.

Note that during application, the floats in some meters bounced up and down,
reducing the accuracy of the measurement. In addition to this inaccuracy, the meters
were calibrated for air and water, but were used with a gas other then air, and a liquid
other than water. Some adjustments were made to the values indicated by the gas
rotameters to account for the differences in gas type, temperature, and pressure as
follows.

The indicated flow rate was converted to the actual flow rate at process

conditions by the following equation:

Vo [Pi(pi=pn) (D-1)

Vv, Palpi —py)
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where V is volumetric flow rate, p is density, A refers to actual conditions, f refers to
the float in the rotameter, and I refers to the value associated with the indicated
reading, or the condition for which it is calibrated (usually 70 °F, 14.7 psi). Since the
density of the float is much greater than the density of the gas, the quantities (ps- pa)
and (pr— pr) can be approximated as pr. In addition, substituting (P-MW)/(R-T) for the
density (where P is pressure, MW is molecular weight, R is the universal gas constant,

and T is temperature) resulted in the following equation:

V. =V M (D-2)
AT P.MW,

This could further be converted to the flow rate at standard temperature and pressure
by using the ideal gas law; however, values in this paper are reported as actual flow
rates at the current conditions. No adjustments were made for the liquid rotameter
reading, which was calibrated for water.

Pressure gauges were obtained from Grainger and have a 60 psi range with 1
psi graduations. Pressures were monitored on the absorber inlet gas (stream 2),
separated CO (stream 6), offgas (stream 9), and cooled liquid (stream 12).

Temperatures were monitored on the absorber inlet gas (stream 2), separated
CO (stream 6), heated liquid (stream 10), cooled liquid (stream 12), and 4 locations on
the surface of the heating ropes on E-101.

The four process stream temperatures were measured with Type K

thermocouples (aluminum and chromium alloys). A thermowell made of copper
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tubing and soldered at one end was inserted into the process line so that the end of the
thermowell did not significantly hinder flow. The thermocouple sits in the bottom of
the thermowell, which is filled with oil, against the solder. Once the system reached
steady state, the temperature drop from the process stream across the solder to the
thermocouple was not significant.

The thermocouples used to monitor surface temperature of E-101 were also
Type K thermocouples, and were located in potential hot spots in E-101. The surface
temperature of the heating ropes was monitored to ensure that the maximum allowable
temperature (482 °C) was not reached. A multimeter measured the voltage generated
by the thermocouples, and the voltage was converted to temperature using equations
provided by Omega Engineering, Inc. A schematic of the thermocouple measurements

was obtained from the Omega website® and is shown in Figure 28.

Block Temperature = Tgee

| 3 Fe
+ %ﬁ e ? +> J
1 1
Vg @J ) C f_
VﬂltnletEr JI Cu -@* —

Figure 28. Schematic of thermocouple measurement (Omega).

The terminal strip was fastened to the prototype framework where ambient
temperature was also measured and used to correct the process temperature. A source

of error for the temperature measured in the thermowells arises from any temperature
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drop from the stream across the solder of the thermowell (solder is lead, and
approximately 1/8 in. thick) and into the oil where the thermocouple junction was
located. Once the system reached steady state, this error was small. Finally, Omega
reports that the error in a Type K thermocouple is approximately 2 °C*, so overall the
temperature measurement is probably within a few degrees centigrade. This causes no
problem in temperature measurement of E-101 since the surface temperature of the
ropes never approaches the maximum allowable temperature. The error is more
significant for the actual process streams as they should operate between
approximately 20 and 75 °C. The process was heated until the temperature indicated
approximately 80 °C to ensure maximum CO release, even though the majority should
be released at approximately 70 °C.** It should be noted that this 70 °C applies to the
solid CO compound formed in a concentrated solution. Since no temperature was
reported for a dilute solution, this same value had to be assumed for the cases using
dilute solution.

Compositions of inlet and outlet gases were analyzed using a Gow-Mac Gas
Chromatograph (GC) and Carboxen 1000 packed column. Syringe adaptors
containing replaceable septa were placed in the lines of each stream to be measured.
The needle of a gas tight, 2.5 mL syringe was injected into the syringe adaptor and
used to withdraw a sample of gas (typically 600 pL) which was then injected into the
GC. The GC detector and injection port were maintained at approximately 225 °C,
while the oven temperature started at 90 °C, then after 4.5 minutes of operation
ramped up to 225 °C at a rate of 25 °C/min where it remained for 1 minute prior to

cooling back to 90 °C. The O, and N, peaks had a retention time of approximately 3
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minutes, while the CO and CO; peaks had retention times of approximately 4 and
almost 10 minutes, respectively. Peak areas of CO, and CO were then used to assist in

determining the separation.

Chemicals

The process used de-ionized water in the solution, obtained from laboratories
in the Clyde building, where experiments were performed. The CuCl was 97% pure
and supplied by Sigma-Aldrich. The MgClL-6H,O was >99% pure and was also
obtained from Sigma-Aldrich.

The gas mixture originally used in the process (7% CO, 5% O3, 15% COa,,
balance N,) came in a 14 liter (L) Scotty Gas cylinder and was supplied by Supelco.
When the gas supply changed, the new supply (11% CO, 2.6% O,, 30% CO,, balance
N;) came in a size 200 cylinder (approximately 55 ft*), and was obtained through
Central Stores at BYU. These mixtures differ from the industrial process gas in that
they contain a high percentage of N, due to laboratory safety constraints. The percent
of gas in the 14 L cylinder was accurate to +5%, and the percent of gas obtained

through Central Stores was accurate to +2%.

Tubing and Fittings

The majority of tubing in the process was % inch copper tubing. The portion
through which the column liquid drained and was heated was 3/8 inch copper tubing.
In Version 2 of the prototype a portion of the offgas and CO stream at the very end
consisted of 1/8 inch copper tubing. The copper tubing in theory helps to slow

disproportionation of Cu” to Cu™" and Cu°. Other tubing in the process that was not
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required to maintain high pressure and temperature streams (gas exhaust, cooling
water) consisted of PVC. Fittings consisted primarily of brass, expect at the more

heated portions of the process where stainless steel or CPVC was used.
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APPENDIX E: Raw Results

Detailed Summary of Cases 1 through 6

Case 1: This experiment used Version 1 (recycle) of the prototype. Upon
mixing, the solution was light tan-brown, with a slight greenish tint—a significant
amount of CuCl did not dissolve into solution, and much remained in the mixing
vessels as well as the feed vessel to the apparatus. When solution started flowing
through the apparatus, large reddish brown flakes and chunks appeared in the sight
glass, plugging up the equipment. The system had not been exposed to the solution
before this point, and it was realized that the zinc in the galvanized steel parts reacted
with copper according to the reaction(s):
2Cu* +Zn < Zn*" +2Cu° (E-D)
and/or
Cu** +Zn< Zn* +Cu° (E-2)
causing the copper in solution to precipitate. The solution also reacted with other
materials in the process (brass fittings, aluminum floats in the flow meters, and

aluminum heat exchanger), but not as rapidly as with the galvanized steel. This led to
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the following improvements: all galvanized parts (except the liquid trap) were
replaced with 316 stainless steel or CPVC, and a coating of high-temperature, water-
resistant paint was applied to the inside of the aluminum heat exchanger. A bypass
line was added to the gas pump so the flow rate of gas to the column could be reduced,
and a check valve was added to the gas inlet of the column to prevent solution from
flowing back up the gas line. Other improvements included replacing the gas inlet and
liquid flow meters (which had slightly corroded) with different meters to measure
reduced flows, and the sight glass and heat exchanger number three were lowered to
allow better liquid drainage from the column

Case 2: Again, not all of the CuCl dissolved—some remained in the flask
bottom, some in the feed vessel bottom. The solution was tan-milky looking, with
some green forming in some areas. During operation, system pressure continually
dropped from the desired 30 psig, requiring re-pressurization; the float in the liquid
flow meter was stuck until very end; and the solution continually turned darker rusty
red over time until the level could not be seen in the sight glass. All stream
compositions measured with the GC looked the same, indicating no separation taking
place. It was realized that because liquid drained downward from the column while
being heated, any released CO may have traveled back to the column. It was also
discovered that the inlet gas was exiting through the bottom of the column rather than
traveling up through the column—this required other minor experiments as it was not
noticeable with just the sight glass or the flow meters. The following adjustments
were made: the sight glass was placed above the separation point, something similar

to a p-trap was put in place at the bottom of the column, and the coils of the first heat
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exchanger (E-101) were adjusted so that the liquid would drain from the column and
then travel upwards through the heat exchanger to the separation point. Since the
liquid to gas ratio was not as large as it should be, it was also necessary to reduce the
gas and increase the liquid flow to the column in the next case.

Case 3: This time the solution, which was dark brown-black, was continuously
stirred with a magnetic stirrer. Although some insolubles remained, more of the solute
was dissolved than in the previous two cases. During operation, the system continued
to have difficulty in maintaining the desired pressure. Composition measurements
were less than ideal since only one sample could be analyzed at a time (and required
~15 minutes), and composition continually changed. It was realized that since the
offgas stream from the column was connected to the product stream, and the flow rate
of the product was smaller than that of the column offgas, the CO accumulated in the
product stream, which was initially full of the original gas mixture. The system was
therefore not at steady state, and the composition measurement of this stream did not
accurately represent the amount of CO separated. Despite these imperfections,
chromatograms of the stream compositions indicated that separation was taking place.
As in Case 2, the solution became red over time, but occurred more slowly in this
case. Due to limitations noted in this case and new discoveries, the following changes
were made: since it was found that the system lost pressure through the gas pump, this
portion was eliminated, and the system was converted to a non-recycle system; a new,
cheaper gas mixture was found (with slightly different composition); the sight glass

was replaced with a long, clear tube made of PVC encased in a polycarbonate tube for
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added support; and a similar sight tube (without the polycarbonate) was added to the
bottom of the column to allow observation of the process at that point.

Case 4: With the recycle portion eliminated from the process, the inlet gas to
the column required a fresh feed—since the composition of this feed was known, only
an initial measurement needed to be taken, rather than continual measurements as in
previous cases. As with previous cases, the measured composition of the CO stream
was not accurate, as this stream was still connected to the column offgas stream prior
to being vented. The solution in this case also turned orange-red over time, probably
indicating disproportionation. Once the solution was heated, bubbles could be seen
rising through the liquid, making it appear to be boiling. The experiment eventually
had to be stopped because the solution became dark enough that the liquid flow meter
could not be read. At this point the temperature of the heated liquid started to rise,
while the liquid level began rising up the sight tube toward the aluminum heat
exchanger, possibly indicating that the system was beginning to be plugged. Again,
composition measurements indicated that separation was occurring, even at the time
the experiment had to be stopped. The major change to this system involved adding a
piece of 1/8 inch copper tubing to the very end of the first heat exchanger,
immediately before the heated solution entered the sight tube chamber where gas and
liquid were separated. This line extended vertically upward approximately 3 feet and
ended with syringe adaptor. The line would initially be filled with gas mixture, but
during the process, a syringe would be used to withdraw the gas allowing the line to
fill with heated solution. As CO (and any other gas absorbed into solution) was

released from solution, the line would eventually fill back up with gas. Although not
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completely accurate, a measurement of the composition at this point would at least
verify whether it was really CO being released from the solution.

Case 5: Before running the process with concentrated solution it was desired to
“break-in” the new fittings and tubing with a dilute solution, and also practice
measurement with the new CO measurement line. This experiment was not originally
intended to be a quantitative experiment included in the major cases, but was included
because of the information that it provided. The solution in this case was also
unique—to not use up too much of the remaining MgCl,-6H,0O, NaCl was added to
provide chloride ions to the solution. A smaller concentration of CuCl was used in
this case than in previous experiments. Because of difficulties in measuring the CO
stream composition, only one reasonable measurement was taken.

Case 6: A new bottle of CuCl was used for this case. Unfortunately, the
normal light, tan-brown color of the powder had a greenish hue, indicating some kind
of contamination. This brings into question how much Cu” was really present in the
solution—if there were not really 3 moles per liter, the solution may not have really
been concentrated (CI" > 10 mol/L). However, the concentration of Cl" from the
MgCl,:6H,0 source was 9.6 mol/L, requiring only 0.4 mol/L to come from the CuCl
source. It is unlikely that of the 3 mol/L of CuCl thought to be added to the solution,
less than 0.4 mol/L was actually present. The solution took longer to dissolve in this
case as it was initially more of a sludge or slurry. Once mixed, the solution somewhat
resembled thick, dirty engine oil, and it may have been more of a suspension than a
solution (on the ternary diagram, it was very close to the solution/suspension line).

This particular prototype does not seem to handle thick fluids very well, which led to
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some difficulties during operation. It was very difficult to obtain a steady state
operation in this case—the liquid level would start to rise in the sight tube on the
heated solution side and then drop, while the temperature would rapidly rise much too
high (>>75 °C), and it appeared at times that no solution was draining from the
column. Besides the solution being thick, another implication is that according to
Katsumoto,”* in the concentrated solutions the absorbed CO forms a solid particle
(which is what increases the absorption in the concentrated solutions)—if these solid
particles were formed, they would likely have not been able to pass through the heat
exchanger, but contribute to plugging it up instead. One last implication is that the
solution was so dark in this case (and not with the red color noticed in other cases) that
the liquid flow meter could not be read—the flow-control dial was set to the exact
position which indicated 0.05 gal/min in previous cases and was assumed to be the
same in this case. As with other cases, stream composition measurement indicated
separation, but it was not increased, as was expected—this is discussed later. The new
line that was installed to measure CO released from the solution did not work

accurately in this case and contained a large amount of moisture.

Raw Experimental Data

The following tables show the raw data taken during Cases 3, 4, and 6. There
are two tables for each case; the first shows temperatures, pressures, and flow rates,
and the second shows the gas chromatograph analysis for gas compositions. The room
temperature in each case was taken at the thermocouple junction, which was located

above heat exchanger one. The temperatures T; through T4 represent the surface
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temperature at various locations of heat exchanger one. In all cases, TI represents
temperature (note that most temperatures are reported in millivolts, mV), PI represents
pressure, FI represents flow rate, and time is the actual time each set of measurements
started to be collected. In the tables containing GC measurements, the first column
containing “time” represents the time the sample was collected, and the second and
third columns with “time” represent the peak retention time of the peaks. Whenever a
flow rate column indicates a “0,” it does not necessarily mean there was no flow rate,

but the flow rate was too small to be detected by the meter.

Table 12. Case 3 (0.65M CuCl, 2.92M MgCl,) Experimental Raw Data.

Time Twom Ti Tz Ts T4 Tl Tlg Tlo Tl Pl Pl Pl Pl Fl,  Fl  Flg Flg
(C) (mV) (mV) (mV) (mV) (mV) (mV) (mV) (mV) (psig) (psig) (psig) (psig) (SLPM) (GPM) (SCFH) (SCFH)

1350 226 O

1403 228 0 26 41 52 11 O 0 0 11 12 10 10 125 0.04 0 6
14110 230 0 24 38 51 22 O 0 -01 95 11 85 9 125 0.04 0 6
1420 233 O 2 33 45 21 0 0 -03 8 9.5 7 8 125 0.04 0 6
1431 233 0 19 33 46 23 O 0 -04 7 8.5 6 7 1.25 0.025 0 5
1442 233 O 2 34 48 21 0 01 -03 6 7.5 6 6 12 0.025 0 5
1458 236 0 19 33 46 23 0 01 -03 5 7 4.5 5 1.05 0.025 0 5
15.07 235 0 19 32 45 23 0 01 -03 65 8 6 6.5 1.1 0.025 0 5
15116 235 0 19 33 48 23 O 0 -03 6 7 55 55 1.1 0.025 0 5
15226 236 0 19 32 46 23 O 0 -03 5 6.5 45 5 1.05 0.025 0 5
1538 236 0 19 33 46 23 O 0 -03 45 6 4 4.5 1.05 0.025 0 5
15148 237 0 19 31 45 22 O 0 -03 4 55 35 4 1 0.025 0 5

Table 13. Case 3 (0.65M CuCl, 2.92M MgCl,) Experimental Raw Data.

Time Stream N;+O, CO Time CO, Time
Area Area (min) Area  (min)

Standard 162160 20318 5.8 46501 10.7

14:00 2 162880 14485 5.8 33312 10.7
14:20 6 168869 3598 5.8 9206 10.7
14:42 9 164972 5608 5.8 29410 10.7
15:07 2 166701 7450 5.8 32392 10.7
15:26 6 160333 27619 5.8 14856 10.7
15:46 9 166547 4471 5.8 29758 10.7
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Table 14. Case 4 (0.81M CuCl, 2.01M MgCl, ) Experimental Raw Data.

Time Toom Ti T2 Ts T4 Tl Tlg T, T, P, Pl Plg Py Fl, Fl, Flg  Fl
(C) (mV) (mV) (mV) (mV) (mV) (mV) (mV) (mV) (psig) (psig) (psig) (psig) (SLPM) (GPM) (SCFH) (SCFH)

14:31 248

1455 258 32 45 56 66 21 0 O -04 30 31 29 30 05 0053 O 0
1512 263 19 37 36 44 2 0 O -04 30 30 29 30 05 0053 O 0
15:34 264 31 43 5 59 21 0 0 -05 30 31 29 30 045 005 0 0
16:04 269 11 38 4 47 17 0 0 -05 30 30 29 29 05 0053 O 0
16:45 27 29 43 53 63 21 0 0 -05 30 31 29 30 045 0053 O 0

17:38 276 - - - - 28 - - - - - - - 0.5

Table 15. Case 4 (0.81M CuCl, 2.01M MgCl, ) Experimental Raw Data.

Time Stream N;+O, CO Time CO, Time

Area Area (min) Area (min)

2 78047 5350 4.09 16525 9.48

2 71588 7292 3.52 21583 9.39

14:31 9 59304 10224 4.07 33492 9.43

14:55 9 64481 2088 4.1 35247 9.42

14:55 6 64607 5752 3.6 31745 9.39

15:34 9 64091 3005 4.08 34563 9.42

15:34 6 64301 4832 4.01 33983 9.4

16:04 2 57602 11412 3.59 35306 9.4

16:43 9 65249 2686 4.1 34286 9.44

16:44 6 66957 3009 4.05 33971 941

17:38 9 62719 2524 411 35867  9.43

Table 16. Case 6 (3.0M CuCl, 4.8M MgCl, ) Experimental Raw Data.

Time Toom T1 T2 Ts T4 Tl Tlg Tl Tl Pl Pl Plg Plg  Fl,  Fl,  Flg Flg

(C) (mV) (mV) (mV) (mV) (mV) (mV) (mV) (mV) (psig) (psig) (psig) (psig) (SLPM) (GPM) (SCFH) (SCFH)

14:00 21.6

1439 222 0 14 33 44 09 O 0 -02 31 31 29 30 0.2 0.05 0 0
15:17 234 0 28 57 78 12 O 0 -01 30 29 27 28 0.5 0.05 0 0
1526 236 0 26 54 71 22 O 0 -02 30 30 28 29 0.5 0.05 0 0
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Table 17. Case 6 (3.0M CuCl, 4.8M MgCl, ) Experimental Raw Data.

Time Stream N;+O, CO Time CO, Time
Area Area (min.sec) Area (min)

2 59196 11300 3.51 34851 9.36
2 58672 11162  3.58 34303 9.38
14:25 2 57956 11390 4.04 34775 9.4
14:43 9 62973 3876 3.53 35616 9.35
15:20 9 61737 2607 410 36446 9.41
15:25 6a 68981 2945 3.6 14470  9.52
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APPENDIX F: Results Analysis—Material Balance

This program uses experimental measurements combined with theory (to account for physical
absorption of CO,, O,, and N, into solution) to calculate stream compositions.

- O

\ Absorber Y

Heat
Exchanger/
Separator

\

........

=

- -

Notation: F = feed gas, H = column offgas, G = separated CO offgas, S = exiting column liquid
(cool), R = heated liquid (R is cooled before re-entering the column in the actual process).

ORIGIN = 1
NANRRAAANAN
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Henry's Constants (Perry's Handbook) for N,, O,, and CO, in Water (t = temperature, °C)

0 5.29 2.55
5 5.97 291
10 6.68 3.27 0 0.728
15 7.38 3.64 5 0.876
20 8.04 4.01 10 1.04
25 8.65 4.38 15 1.22
30 9.24 4.75 20 1.42
35 9.85 4 5.07 4 25 1.64 3
t] = o Hypp = o 107atm  Hpy = e 107atm  t = 30 Heoo = e -10"atm
45 10.9 5.63 35 2.09
50 113 5.88 40 2.33
60 12 6.29 45 2.57
70 12.5 6.63 50 2.83
80 12.6 6.87 60 3.41
90 12.6 6.99
100 12.6 7.01
Fit the Data
vsl == pspline(tl,HNz) HenNz(x) = interp(vsl,tl ,HNz,x)
vs2 = pspline(tl,HOZ) Hengy(x) = interp(st,tI,Hoz,x)
vs3 = pspline(tz,Hcoz) Hengp(x) = interp(vsB,tz,Hcoz,x)
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Define a Range and Plot the Data

i=1.101 = (i- 1)1
Henry's Constant (N2, 02)
1.5-10° I I T I
1-10°
g
&
un
5-10°
b | 1 | |
0 20 40 60 80 100
Temperature (°C)
— H (N2)
----- H (02)
Henry's Constant (CO2)
8000 T T T T
6000
\% 4000
jus)
2000
0 | 1 L |

0 20 40 60 80 100

Temperature (°C)

— H (CO2)
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User Input

Indicated gauge pressures: P, = 30psi Py yyi= 30psi Py Gi=29psi  Pgpi=3lpsi
Indicated temperatures (°C):  Tgp:= 25.8 Tpr =717 Tgg=1538
Indicated flow rates: Vp1= 0_5-I-f— Vi = 0.053 g_z?l
min min
Peak areas (column offgas): l‘COZfCO = 0889  Argy:= 35247 Acp = 2088
Composition: Yoo.F = 0111 yoop pi= 02999 yop g i= 0.02647  yy pi= 0.5626

-Composition check:

Constants

Ry = 0.08206L-atm-mol Lt

Paim = 12.3psi

Absolute Pressure

Ppi= Py g+ Py

Absolute Temperature

Tp = (Tpp + 273.15)K

Pu=Pyu+ Pam

Tg = (Tgg + 273.15)K

Y=YcoFrt Yco2Ft YO Ft YN2F Y= 1.0000

(universal gas constant)

(atmospheric pressure)
PG=Pg G+ Pam

PR=Pyp + Paym

Actual Flow of feed gas at process conditions (adjusts for pressure, temperature, and molecular
gas differences between actual process gas and what the gauge was calibrated for)

0.5
14.7 Ty P gml L
Vg= Vg1 ad i e Vg =0.2785 — (volumetric flow rate)
Tl Pp 29426K _ gm min
33
mol
-1 -1 mol
"p=PpVERy Tp Bp=0002] (molar flow rate)

Calculate CO,/CO molar ratio in column offgas
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A
CO2
Yco2 €O = kcor co—— Yco2 co = 15.0070 (response constant)

Aco

Liguid Information

me Reference:H:\Research\Appendix Material\App\App A Absorber Design.mcd(R)

gal

=V Vy =0.0530=— (redefine volumetric flow rate)
M= VLL L —
py, = 1.1808 £m MW =26.2413 am (density, molecular weight of solution)
mL mo
-1 mol
ny = Vi -pp MW np =9.0277— (molar flow rate)
min
Ny mol . .
ngoo = Ny nfppQ = 8.5498 — (molar flow rate of water--this is used in the
0ot i material balance rather than total liquid since

gases absorb into water)

Calculate molar flow rate and partial pressures of feed stream:

1CO.F = YCO.FF NCO2.F = YCO2.FMF  MO2F = YO2F"F IN2.F = YN2.F IF
Pcor=YcorPr Pco2r = YeoorPr  PooF= Yoo r P PNoF = YN2F PF
Calculate mole fraction of gases physically absorbed into liquid in column (assumes: Henry's Law,

gas absorption not affected by other gases (pure gas), gas achieves equilibrium with absorbed gas
and absorption into pure water)

il

PcooF Po2F PN2F
028 = Ty oesST o N2S = Ty
Hencop(Tgs) Hengyy(Tgg) Henp(Tsg)
_ XCO2.8MH20 _ X02.8™H20 _ *N2.8"H20
fcozs= | _. . Pozs= BT N2.S*= 7 T
*C0o2.8 *02.8 ~AN2.S

Assume a separation to calculate an initial guess for CO chemically absorbed into solution:
Sep := 0.9 e g = Sepneg g

Assume all CO desorbs upon heating the liquid:

0 mol
n =0—-
COR min
Initial guess values for compositions of streams G and H:

1C0.G = Cco.s "co2.G = "Cco2.8 102.G = 1028 IN2.G ™ '™N2.S
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NCOH = "COF 1CO2.H = "CO2.F No2 H= NO2.F N2 H = "™N2.F

NG = Nco2.6 T Po2.G* "N2.G T RCO.G

The following equations come from combining multiple material balance equations.

Given
b oo PG 20
CORF a3y oG — o %
~ Hengp(Tss) ng Hencop(TRrg)
nCO2.G = . - -
. CO2.F . nCO2.G G
Heﬂcoz(Tss) Hencop(TRR) NG
b 20 . P¢  mpo
OF T -y "G Ty
_ Henoz(Tss) ]'lG chOZ(TRR)
no2.G = = - :
. 02.F . 102 G G
Henoz(Tss) Henoz(TRR) nG
. 20 Pc  nmo
N2F . oy ™26 o Ty
NG T 8 - =
- N2.F B mN2.G G
HenNz(TSS) He“NZ(TRR) TIG

NG =ncogt Nco2.G t 102.G T "N2.G 1C0.G T CO.F ~ "CO.H Nco.G T co.s

. PG o > 0
oo X ¢ —— o7 —
_ G Hencop Trr co2(Tss
NcOo2H = CcO2F + P - P
"o P . CO2.F
Hencop(TRR) G Hengon(Tss)
N P mmo o
_ 9% ng Hengy(Tgg) > Hengy(Tgg)
D2 H T2 F T T P
- n02.G G . 02.F
Hengp(TRR) nG Hengy(Tgs)
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P nmo 10
N2.G

AT ——— S v\ G
B l’lG HEIIN2(T ) HCHNQ(Tss)
N2 HTIN2F T P P

i N2.G G N2.F

Bk ] — iy
He“NZ(TRR) ng HenN2(TSS)

1CO2.H

"CcoOHTT
. Yco2 co

Ans := Find(nCo, G, C02.G:102.G- "N2.G» G- "CO.H> "CO2.H> 02, H> 'N2.H- BCO.S)

Remaining Stream Values
Using the solution, calculate remaining stream values:

NG = Ans1 G RG ™ Ans2 O™ Ans3 NG = Ans4 D= An55

TWAR Ans6 TRV Ans7 TN R An58 NN R Ans9 AT R Ans10

ICco2.R = 1CO2.8 ~ "C02.G o2 R = 028 ~102.G ™2R T 'N2.S T MN2.G

_Bcog _ "co2G _to2G _ ™26
Yco.G = YC02.G = nG Y02.G = nG YN2.G = nG
Pco.c=YcoG PG Pco2.G = Yeor.g' PG Po2.g=Yo2.6 PG PG = Yo Pg

~ co.G _"co2.G ~"o2G _ ™N2.G
S0 NCOF SePcoz = NCOLF P02 = N0 F SN2 = N2 R

g = NcoR T 1CO2.R T "O2 R + N2 R
= 0coH T ico2H Y "o2H Y "N2. H

ng:=nco g+ Ncoz.s ¥ 102.S T IN2.S

Results

Ei= stack(ne B e B2 10D F N Fs ng)

vl

stack(nco_s, Nc02.5:102.8° N2 S HS)

stack(nco R-1CO2.R-"02 R IN2 R IR
stac

i

I o = 3

(
k(nco.G:"c02.6:102.G- nN2.G’"G)
(

stack nNcoH'CO2.H-"02. H "N2 H> “H)
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PGG = stack(PCO.G,Pcoz_G:Poz.G’PNZ.G)
VG = stack(yCO'G, YCOZ,G’yOZ.G’yNZ.G)

Sepi= stack(SepCO, Sepco2,Sepqy; SepNz)

P = stack(Pco p.Peon.p POz F PN2.F)

Pressures := augment(PFF,PGG)

Molar Flows := augment(F,S,G,R,H)

F S G R H
-3 —3 -3 —4
3.6272x 10~ 3.1961x 10 ~ 3.1961 x 10 0.0000 43109 x 10
97999 x 107> 5.9061x 10> 33306 x 107 ° 25755 % 107 64693 x 107
B B B _ B mol
Molar Flows = | 6497« 10”* 17608 x 107° 1.6732% 107> 8.7611x 10~ 8.4824 x 10~ o
0.0184 18488 x 10 ¢ 17978 x 10°% 5.1001 % 10~ ° 0.0181
00327  93047x 107> 67232% 107° 2.5814x 10> 0.0250
F G
4.6953 19.6333 0.4754 88.12 co
12,6858 204595 | 0.4954 33.99 co2
Pressures = psi ¥G = p= %
1.1197 0.1028 0.0025 1.93 02
23.7980 1.1044 0.0267 0.98 N2
Calculate the experimental K. a (this will be less than design):
2 4
(1in) » mol
A= =1.5 G = Molar Flows G' =0.0290 —
hinad 4 P did Z ( - )p min
p=2
mol
[:=n; L'=9.0277—
ww— L min
co.H Yout
Yot Yout = 00166 Vo= —— Yy = 0.0169
ny 1 Yout
I X
CO.S out
Xyt = 0:0004 RS - Xyt = 0:0004
np, ~ Xout

Cco
CO2
02
N2
Tot



Nowi= ————dX  Ngp =03037

Xeq(X¥) - X

Kxa predict := Kxa

ng, Nor,

T

Kxa exp := Kxa exp = 73.9679

Kxa_predict = 530.0527

Y(X)
Ko (1+Y(X))

oYX
K (1 + Y(X))

mol

3
m -s

mol

3
m -s

Use the experimental K a to predict height required to remove 99% CO:

COsep = 0.99
CO_...n
F
y SSPECO FRe Xgyt = 0-0004
ny + Cosep'"CO.F
1-CO )-n
) ( sep) "CO.F
Youti™ Your = 0-0014

B (1 B Cosep)'nCO.F

Operating line and equ'ilibrium equations:

3 Oy i
X = X(EJ + Yout ~ Xm('a.']

Predicted height:

xout 1
Nayp = e X NAr = 0.6791
Xin
1co.s
Neas= Xout' ML =0.9896
COF

. xOut
X (= T Xout = 0-0004
out
Yout
Ysut = . Yout =0.0014
Yout
Y(X)
Ky (1+Y(X))
X (X):=
FedD TN
KN-{I + Y(X))
oy,
lp = ————— N I+ = 8.9444 ft
T Ay Kxa exp OL T
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Check

f= 107 3:—2

¢ = if[|(ncop + ncor) ~ (ncom + ncos)| <&:1,0] ¢y = 1.0000
¢ = i |(ncopr + ncoa.r) = (ncozm * ncozs)| <& 1.9 e
e = if] | (no2.F + mo2.R) ~ (no2.H + no2s)| <€ 1.0] c3 = 1.0000
e = if] | (mva.F + nN2.R) ~ (MNpr + 2| < 1.0] ¢4 = 1.0000
¢s = if[ |nco.s ~ (ncor + ncog)| <&:1.0] c5 = 1.0000
¢6 = if |nco.s = (ncoar + ncon.g)| <e1.0] L
¢7 = if |nop.s ~ (no2.R + n02.G)| <&:1,9] ¢7 = 1.0000
cg = iff |nnp.s ~ (ma2.r + ma2.g)| <8519 cg = 1.0000
cg = if{ |[ncop - (ncom + nco.g)| <#1,0] cg = 1.0000
e10:= if] |ncon.k = (ncozm * ncona)| <01.0] Aty
c11 = if |nop.F ~ (no2.m + no2.g)| <£:1.9] ¢q1 = 1.0000
o2 if |mn.F ~ (2. + maa.g)| < &5 1.9] cqp = 1.0000
e13= if(|ncor - Yeon conco. H| <e,1,0) Gi3 =1.0000
c14#1f|:|(yCOG+ ¥C02.G + Y02.G* YN2.G) 1] < a—n-;a 1 o} c14 = 1.0000

Check := (Cl A€y AC3 ACyACsACEACTACEACHACIHAC]] /\clec13)
Check = 1.0000
Check = if (Check = 1,"converged" ,"oops!")

This checks that all equations are satisfied, not whether values are reasonable (i.e., negative values).
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APPENDIX G: Absorption of CO, and Solution Acidity

This program calculates the acidity of the process solution due to the dissolved CO 5, and determines
whether increasing the acidity of the solution would decrease the amount of CO  , dissolved.

Definitions:  ORIGIN:= 1 molal::mol-(IOOOgm)_l bar := 0.98692atm i=1.12

Data (from ASME Handbook on Water Technology for Thermal Power Systems)

Reaction 1: COy(g) = CO y(aq)
Reaction 2: COyaq + HO =HCO 575 t HY (5
Reaction 3: COy) + H0 =HCO 575 + H 5
0.034
25 0.019 6366
50 0.013 6.311
75 0.01 6.343
100 7 x 103 6.433
125 6.569
150 816x 1077 | 6.742 - pK,
s | T g (o T2 | sas Ka=10 rmolal
200 3 7.188 -
1o 8.7x 10 7 460 Ky = (KIKZE
250 9.62 107" 7.763
275 0.011 8.098
300 ) 0.013 8.465 )
0016 )
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-1 . .
Hen :=K, Pcoo pi=0.2999(30psi + 12.4psi)

Find the pH of initially neutral water in contact with CO ,:

P
COLF j |
= (molality of CO2 in water)
MCo2= "o,
Initial guesses: M, :=10" ‘molal  HCO3:=0.003nolal  OH:=10 ‘molal

Convert to log to help mathcad's given block:

Xy = 1n(Hi0n-molal_ 1) XHCO3 = 1n(HCO3molal_ 1) XOH = 1n(OH-mola1_ 1)
Given

( 3 14) ter hydrolysi t
X1 + Xop = In\10 (water hydrolysis equation)

XHCO3t Xq — 1“(PC02.Fbar_ 1) = ln(K31-bar-molal_ 2) (equilibrium relation of reaction 3)
—GXp(xOH) + exp(xH) - exp(xHCO3) =0 (charge balance)

Ans = Find(xOH, X XHCO3)

—23.151) s827% 1071
Ans =| -9.086 m,, := exp(Ans )-molal m.=| 1133x 10 4 | molal
—9.086 _
/ 1133x 10 )
pH = _10g(mc .molal” 1) pH = 3.946 (note: molality ~ molarity for H*)
2

Because this pH is far from neutral, the following procedure can be used to calculate pH:

initial moles final moles The molality of CO,, m¢qs, is calculated
from the Henry's constant.
€Oy mCO2 meo2— &
HCO; 0 13
H* 0 3
: 2
_ MHCO3™H _ £

At equilibrium (final moles):

meo) meon— &
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Solve forg (¢ = my,) and pH:

2
—Kz'molal_ ! + j (K2~molal_ 1) - 4-—mCOZK2-molal_ 2
2

-molal

myy =

3.947
4.046
4.144
4.246
4.345
4.445
4.552
4.653
4.767

4.89
5.021
5.159

pH = —log(mH'molal_ 1) pH =

Slale|e|N|o|als]w|n]=

—_
N

Calculate the total molality as a function of pH and temperature

i=1.70 PH =1+ 0.1

k:=1.61 vsl =cspline(t,K;)  ky(x) = interp(vs1,t,Ky,x)
vs2 = ospline(t,Ky) k() := interp(vs2,t, Ky, x)
vs3 = cspline(t,K3) ky(®) = interp(vs3 ., K3,x)

tt, =5(k=1)
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Plot the K 's vs temperature:

0.08 |

0.06

0.04

K1 (molal/bar)

0.02

| |
250 300

0 | | |
50 100 150 200
Temperature (°C)

Total molality as a function of CO , partial pressure, pH, and temperature:

k3(9-Po2 .
TN Pco2 = PCo2F

o (Ph.PCO2:¥) = POz k() + T— -
(10 p )-molal

Molality = f(pH, T, CO2)
0.1 | | | | | ¥
0.075 [~ : -
=
S 005 -
=
0.025 |- L —
0 | | | | | |
1 2 3 4 5 6 7 8
pH
— 25°C
----- 50°C
75°C

The plot shows that once the solution has reached a pH of about 5 (and this system is at least
that low), the molality changes very little upon increasing the acidity.
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