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ABSTRACT _ PROCESS SELECTION
A reduct.ion in miss?on COStS.iS critical to inFreasing the feasibility of Iong-durati.on space A two-stage chemical process was selected to produce acetic acid: (a) carbon dioxide to : A complete process was developed to link Reactors 1 and 2, and to purify the acetic acid product from the system. An ASPEN simulation was used to model the
exploration. Essential supplies, such as biopolymers, food, and pharmaceuticals, are . methanol through a catalytic chemical process and (b) methanol to acetic acid through  process and optimize separation components. Both ASPEN and manual Excel equilibrium calculations were completed using the Soave-Redlich-Kwong equation
complex products that can be generated in energy-intensive bioreactors. Carbon dioxide :  catalytic carbonylation. . of state.
(CO,) comprises over 95% of the Martian atmosphere. Leveraging this resource, this 1 E n v,
project aimed to develop an in-situ chemical process to manufacture acetic acid from CO,. biological (microbial) / photocatalytic / bioelectrochemical / biocatalytic 4 ) L
Acetic acid can then be metabolized by bacteria to produce useful products in bioreactors M . - j HG )
on Mars. :{ Chemical /+chHc;tochemicaI Cz:gtg)znzlﬁl’;ioon E !
: (2) 1 :
1 ’I chgfté::z, CD, Hy, CO;
PROJECT SCOPE B e i o s . =
. . . Chemical / Electrochemical Carbonylation 1 /J\ frecer i
Three generalized pathways currently exist to convert CO, into a useful product. The 3 +4H, METHANE: +C0, + Hy0 o
. . . . . () CH4 ' CHBCD&JCHmCHsl’,Hzo‘ %
project scope was defined as the generation of an intermediate compound to be fed to a Product J =®_q il 69 N 19 .
Acetic acid: o _L

biological process.

Chem;c:LEEdUCti(f)L to CO Fiscrll?:)-:ég ;)sch Alkane CH,COOH /1\ TN
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Process Z

Chemical | Molar Mass

H Component (mol/hr) Formula (g/mol) 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 [
. . . . : Temperature - - 1073 300 300 300 300 528 528 528 528 413 513 320 513 513 278 278 278 600 4463 5094
hemical R ion : P 18
Chemica ?(_iUCt on to CO Cata Iytlc Chemical H Pressure - - 1 1 300 80 80 80 80 80 80 172 172 172 172 172 172 172 172 172 172 172 lilbga':a Flash Tank
& Addition of H2 SYNGAS: Process : Methanal CH30H 3204 00 00 00 00 00 00 30 00 360 360 360 00 00 07 07 00 07 07 07 00

Y

Methyl lodide CH3I 14194, 00 00 00O 0O 0O 0O 00 00 00 00 00 35 35 35 35 00 35 35 35 0.0

(9) + :
CO H2 . Carbon Monoxide co 28.01| 122.7 1227 1227 1227 0.0 1227 865 00| 865 865 865 0.0 0.0 653 653 653 00 00 00 00
: Carbon Dioxide coz2 4401 245 245 245 245 0.0 245 245 00 245 245 245 0.0 0.0 245 245 245 00 00 00 00

: : : : Hydrogen H2 201 00 0.0 00 00 3189 3189 2451 2338 123 123 123 0.0 00 123 123 123 00 00 00 00 A
B|0|0glca| B|0|0glca| =2 Useful Product : : Acetic Acid CH3COOH 60.05) 0.0 00 00 00 00 00 00 00 00 00 00 00 00 167 167 00 167 167 07 159
Chemical Reduction to CO Chemical Ethvlene : Methyl Acetate CH3COOCH3 7408 00 00 00 00 00 00 00 00 00 00 00 00 00 45 45 00 45 45 45 0.0
Process Process : / y : Water H20 1802 00 00 00 00 00 00 01 00 01 01 01 00 00 94 94 00 94 94 80 14 14 CH;0CH;,

(6)———— S e P B 51610116115 e i TIT S aoor, | S
: o ——srseliisolimsalisal etobiscobizol smolizoliezoliezel Bsol BeobIT1SIIT10ke s s st S01s Hoco, 15
BiOIOgicaI E E Total Mass Flow Rate :kgfd}ay} - - 108.4 1084 1084 1084 154 123.7 1236 113 M24 1124 124 19 1.9 1243 1243 704 538 538 303 236 Trace: CH, C;';' 5
3 Process Figure 3. Possible pathways from carbon dioxide to acetic acid, identified through a literature review. This E
@)L Intermediate Biological :  selection was iteratively narrowed by elimination based on the state of development (i.e. research or industry) Figure 4. Process flow diagram for the step-wise reactor system to produce acetic acid. The accompanying stream table shows the flow of the material in each stream (mol/hr) as well as the
IDENTIFIED SCOPE S SENLpE e and availability of reaction information. temperature (K) and pressure (bar).
on-biologica : :
Process
Figure 1. Pathways to convert CO, into a useful product. The project scope is highlighted. REACTOR DESIGN PROTOTYPING
Acetic acid is an ideal intermediate compound as: _ Reactor 1 Reactor 2 A valuable next step would be to prototype the system in a lab-scale
. itis easily metabolized by acetanogens into versatile end products, and . An Integrated Micro-Packed Bed Reactor Heat Exchanger (IMPBRHE) with a i The selected plug flow reactor contacts methanol vapor with carbon monoxide in the i Seétup to provide a proof-of-concept. Thereafter, experimental
! : : : : . L. N . . i i 0
+ there are currently many well-developed chemical processes to produce it . Cu/ZnO/Al,0, catalyst is proposed to synthesize methanol from syngas. Preceding the : presence of a heterogeneous catalyst consisting of iridium deposited on an activated production rate.s can be co.rrelat.ed I?ack to the design. A 10% scale
. reactor system, CO, is converted to syngas using a solid oxide electrolysis system (i.e. | carbon-catalyst support mesh. Acetic acid is produced in the vapour phase, enabling model of a possible lab configuration is presented below.
The system is designed to produce acetic acid at a basis rate of 24 kg/day, minimize crew | MOKXIE). Pillars in the reaction slits redistribute flow, enhance mixing, and prevent heat : lower operating pressures and avoiding leaching of the catalyst support that commonly :
maintenance and implementation requirements, have a minimum lifetime of 1000 days, { accumulation. i occurs in liquid-homogeneous-catalytic systems. Exnus PortNo. | Component
. . . : (s as 1 CO/CO2 Source
and optimize mass, volume, and energy requirements. For eventual deployment on Mars, : N =i 2 Ha Source
he followi . . b idered [ PREDOMINANT REACTIONS [ ENTHALPY OF REACTION (AHygq,) A 100 *oo : G .@g - N ME Source
CO +H,0 = H, +CO -41 kJ/mol g 095 : —
2~ = 2 : S el i %gé 5 Reactor 1
8 0.90 - T i CO+ CH;0H = CH;COOH -117 ki/mol =2 ; R
CO, + 3H, = CH,OH + H,0 -49 kJ/mol g 7 S
3 0,85 .. i CO + 2CH;0H = CH,COOCH; + H,0 -131 kJ/mol :
CO + 2H2 == CH3OH -91 kJ/mol g -‘"**:::;. 8 Heat Exchanger
Atmosphere Hydrogen Extraction Air Density 0.02 kg/m? % 0,80 2CH;0H = CH;0CH; + H,0 -16 kJ/mol 410 om — ? Flash Separator
| - CO, + 4H, = CH, + 2H,0 -165 kJ/mol & (— | 0 —
co, 1 95.3% H,0 in Martian Soil _ Atmospheric 636.6 Pa : 075 | | | i : - . ———
N, 2.7% H,0 in Martian Ice Pressure ' 0 50 100 150 200 250 i ressure Regulator
Caps : Time on stream, hours
Ll S 'I f _ : Microstructure Reactor Reactor Structure L o syproducts Output
0. [0.13% [y transpoctad fiom EATTo Y le W L) 8 reaction slits sandwiched between 2 D c Tubing with inside diameter of 6.35 mm, %% .
co - iy e \¢, : cross-flow oil channels for heat transfer 5 length of 850 mm, & quartz catalyst support o)
Reduced motion and Cata Iyst Readio',‘lq" é"’t ks NN Cata IySt 850 mm
_ dexterity due to T, -1
ellicad welght e sPaca St Cu/ZnO/Al, 0, \\s\\\\\s Iridium and at least one second metal et At Outous
to low gravity | Cu/Zn/Al (mol%): 0.28/0.28/0.44 g (0.1 to 2 wt%) between atomic numbers 57-71 J%/
Feed Gas Composition S ~ :::., Feed Gas Composition N
H,/CO/CO, (68.4/26.3/5.3 mol%) o . Reacton H,/CO/CO,/CH,0OH/CH,l (8/53/15/22/2 mol%) ; "‘
Pressure Pressure Figure 6. (A) Dimensions of the reactor
Redursdpi - tube. 410 mm from the top, a ~6 mm O
strength due to low ; 80 bar . _ . 17.2 bar : ,
Reduced material - ; ’ PR— - ¢ Figure 5. (A) Relative CO conversion versus | T : length of quartz wool pad supports the
f!&ﬁrfﬁﬁr‘iﬁiﬂ?"w : ‘ : @ emperature time for a Cu-ZnO-based catalyst in @ emperature catalyst. (B) Cross-sectional view of the
radiation exposure : 28 K IMPBRHE over two runs. (B) IMPBRHE 513K reactor tube.
@ CO Conversion module, (C) Schematic of reaction slits and Methanol Conversion to Acetic Acid 75 g of catalyst is required.
. _ _ ) _ _ _ - 29.515% oil channels. 46.3% ; , ,
Figure 2. lllustration of service environment on Mars, including atmospheric conditions. : Figure 8. 3D representation of lab-scale setup.
ENERGY OPTIMIZATION ECONOMIC ANALYSIS: ESM
There are many areas where energy utilization could be further optimized - -
through the use of heat exchangers. For example, by implementing two et3 ok e o E Parameter Traditional Method Proposed Design
cross-flow heat exchangers, energy savings of up to 1 kW can be obtained, 1 Rk Equivalent System Mass (ESM) methodology converts 5 design factors — mass, Parameter Conversion Shipped Food Two 2000 L Spirulina - producing 24 kg/day Acetic Acid
which reduces overall system costs. : volume, power, cooling and crew time — into a single mass cost [kg] from which Factor bioreactors Production
Table 2. Processes and heat flows of interest systems may be compared. The cost of space missions is most directly determined by Mass 1.15 kg/kg 2,506 kg 1,588 ke 552 ke
> Net Heat Trancf ) Outlet 2 | the transportation costs associated with the weight of the payload. This system also 216 kg/m? 5 ) X
rocess et Heat Transter Methyl lodide to Reactor 1 . . . .. . . ) .
Q [W] reflects that space travel is an international endeavor: by eliminating currency from Volume 12.7m 29 m 1.02 m
i85 Cooling MOKXIE Input Loss 1078 \ " the cost calculations, missions costs may be analyzed on an S.I. basis. Table 1 Power 228 kg/kw 1.5 kw 0.01 kW 3.7 kW
I Heating Methyl lodide Input Gain 34 illustrates a cost analysis of one of several potential products from the system. Cooling 145 kg/kW 1.5 kW 0.01 kW 2 4 kW
< Heat Adjustment into Reactor 1 Gain 685 : Crew Time 1.25 kg/h Oh 30h 225 h
Outlet 3
S8 Heat Adjustment for Reactor 2 Gain 102 e R To Distition Gotwma ESM Launch 5,816 kg 3,765 kg 2,327 kg
nie H . .
Methul Indide : = + + -+ -+
s Cooling output of Reactor 2 Loss 657 t ESM = Mass x Vm Volume x Vv Power x VP COOlmg XVc Crew time x Vet ESM per Mission 5,816 kg 783 kg 932 kg
. — _ Figure 7. 3D representation of proposed heat exchanger.
Gl Heating into Distillation Column Gain 663 Table 1. ESM Cost Analysis of Shipped and Proposed System for Food Production




