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ABSTRACT

Adsorption as a method of separating air is highly preferable over other processes like
cryogenic distillation due to the lower cost of utilities and more moderate temperature and
pressureonditions. Metal organic framework materials are a promising way to accomplish this
sepaation of nitrogen and oxygen. One of which is RREf8 a materiabynthesized and tested
by collaborators at Rutgers University. This material warrants further cbsearpreliminary
data has shown it to be selective to oxygen over nitragjgyw temperatureBecause the molar
ratio of oxygen to nitrogen is nearly 1atlcompanyeedonly a quarter of the material and
process utilities for an oxygen selective MOFpa nitrogen selective MOEXxperiments were
conductedisingthis material and nitrogen gas195K and 20 bar/65 bar. They were completed
on a custom differential pressure adsorption unit built by Dr. Angela Lueking at Penn State
University. Helium wasised as the blank nadsorbing gas differential pressure correction. The
sample cells were maintained at 195K using a bath of acetone and dry ice. All experiments were
run for 16 hours. Extreme fluctuations in dP with time were observed and thougla to be
function of changes in the temperature in the room as well as changes in the height of the
temperature bath. Consequently, only the first 2 hours of data were used in detettmeining
moles of nitrogen adsorbed. Similar fluctuations in dP with time weserged in the helium
blank experiments. In the 20 bar experiments 0.540 and 0.854 mfgdRRM3Zn were
observed and in the 65 bar experiments 1.222 and 0.711 mygolvBre observed his is close
to the value of 8 mmol/g found on the IGA for 195K/ 20 bar, with the deviation likely due to

problems in controlling temperatua@d possible contamination of the sample.



TABLE OF CONTENTS

LIST OF FIGURES. ...t eeanneas ii
LIST OF TABLES. ... .ot eer e e e Y
ACKNOWLEDGEMENTS . ... e e V.
Chapter 1 Literature Review and Statement of PUrpasSe........ccccccvvviiiieeeennnnnn. 1
Chapter 2 Differential Pressure Adsorption SySt€mM........cccccevveeiiiiiceciiienneeeenn. 9
Chapter 3 MetNOUS. ... e e e e e e e e e e e e e e 12
Chapter 4 CaliDrationS..........oooiiiiiiiiiirres e ereer e e aeaeeeee s 16
Chapter 5 ReSUltS and DISCUSSIQMN........ccuiiiiiiiiiiiiiieaieeie e eeeee e 25
Chapter 6 CONCIUSION........uuuiiiiiiiiiiiii ettt e e e e e s e e e e e e e e e e e e e e e e nne 33

Chapter 7 DeIVALION ...ttt ieee et eeer e e e e e e e e e e e e e e e e s amees 34



iii
LIST OF FIGURES
Figure 1 a. Consumption of oxygen by industry in the United Sta@®13. Total consumption
was 18.8 billion cubic meters b. Consumption of nitrogen by industry in the United States in
2013. Total consumption was 23.7 billion cubiC MELErS...........cevververeerrierieennn 4

Figure 2. Oxygen purity v. required oxygen flow rate. This graph shows which technology is the
most cost effective for a given purity required and flowZate...........c.ccoevervveennene 5

Figure 3. Nitrogen purity v. required nitrogen flow rate. This graph shows which technology is
the most cost effective for a given purity and flowfate............cccoveeivieeeecneennne, 5

Figure 4. a) Computer rendering of RPMB; Aqua = Zn, Gray = C, Red = O, Blue = N. b)
Single layer of coordinated atoms of the metal organic frameWwork..................... 6.

Figure 5. Structure of a gatgening material above and belowoP. ...........cccccceevvveennne 7

Figure 6. Preliminary data fro Dr. Angela Lueking at Penn State University and Dr. Jing Li at
Rutgers University showing the oxygen selectivity of RPEABat different temperatures, O
data is show in red and.Mata is shown in blaék............ccccccvevviriiieeciie e 7

Figure 7. Differential pressure system schematic including valves and transducers..9

Figure 8. Thermogravimetric analysis of RFBVENS. ...........ccoveiiiiiiiiceee e 12

Figure 9. Labview control panel with location of valves and pressure cantrol............ 13

Figure 10. Determiing the calibration parameters for the differential pressure transducer using
trUE MEASUIEIMENIS ... i e e e e e e e e e e emee e 17

Figure 11. Helium blankxperiment at 20 bar (left) and 65 bar (right) vs. dP for the full 16 hour
L OL=T g1 1] o | PP PP PP PPPPPPPPPPPR 25

Figure 12. Helium blank experiments & 2ar (left) and 65 bar (right) vs. dP for only the first
two hours where a steady state appears to be reached.............cccovieeens 26

Figure 13. Allnitrogen experiment trials in units of mmol of nitrogen adsorbed per grams of
SAMPIE VS €lapSEA HIME.......uviiiiiiiiiiiieime e e 27

Figure 14. Truncated relis for the nitrogen adsorption experiments, showing only the first 2
NOUIS OFf AALA... ... e rrrr e e e e e e e e e e e e e e e e e e e e e eeanreneneennnnnnes 28



LIST OF TABLES

Table 1. Increase in consumption of oxygen and nitrogen by region of the world from 2013

through 2018 (in millions of CUbIC MEETS).........ccuvvieiiiie e e 3
Table 2. Sum Squared Regression for Pressure TranSAUCEeT.........ccovevvvircccreeeeeeeeeeene. 16
Table 3. Parameters as Deterndifi|om Least Squares Regressian............coeeeeeeevvceeee. 17
Table 4. Parameters as Determined by Least Squares Regression...............occeeenne 18
Table 5. Known volume of the reference cylinder..............ccviiiieeci e 19
Table 6. Volume Calibration DALaL............eeiieiiiiiiieeee e 20

Table 7. Volumes of system components determined from calibration expeyime....... 20

Table 8. Average mmol/g over the first 2 hours of the experiments.................cce e 29



ACKNOWLEDGEMENTS

Specialthanks to Dr. Lueking foallowingmeto work in her lab and complete this
project. | am s@ratefulfor her patience, wisdom, and expertise in this research area. | would not
have gotteroff the ground without heilhanks to the Dr. Jing Li at Rutgers University for the
samples to use for this projethanks to my parentéamily, and friends for thesupport. The

last four years have been a roller coaster and | would not have made it without them.



Chapter 1 Literature Review and Statement of Purpose

Statement of Purpose

The separation of air into its constitugatses is aultibillion-dollarindustry and so it is
critically important to understand the most energy and cost effective way to accomplish this
process. One such way to do so is by an adsorption process where a matsekdatmely
adsorb nitrogen or oxygdrom a stream adir, from which the purified gas can later be
desorbed and captured. The amount of gas captured depends of a wide neydtenaind
material properties, including but not limited to temperature and pressure of the adsorption
systemln general, for physicadsorptionastemperature decreases and pressure increases the
capacity of the adsorbent is expected to incrddseever, at extremy low temperatures or
high pressures physical adsorption will likely not be economically viable. Desirable physical
adsobents would operate at near ambient temperatures and moderate pressure. Ideally, they
would have a large molar adsorption of gas for a small pressure increase.

A customdifferential pressure systedesigned anduilt by Dr. Angela Lueking works
by deternming the differential pressure betweenadl with an active adsorbeon one sidanda
nonradsorbing ballagnaterialon the othem the presence of a gas. The moles of gas can be
determined from the differential pressareated between the two sampé#dls. The goals of this
projectweretwofold. The firstwas to develop a methodology for conducting low temperature
adsorption measurements with this differential pressure systehis hasnot been attemptesh
this equipment i nbDr. Angela Luekingds |

The second goal was to further understand the high oxygen selectivity of a particular

material, RPM&Zn.Ox ygen sel ectivity i s predefentinllgadsorh s

a

ma
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oxygen over other gases from a gas mixture such @&RM3-Zn is a metal organic framework

(MOF) material developed by researchers at Rutgers University and will be discussed further in

Chapter 3. Preliminary data has shown that this mataiattivelyadsorbs oxygen over

nitrogen.The overarching directioof this researcprojectis to develop a material that

preferentially adsorbsxggen at room temperature; using such a MOF to extract oxygen from air

would require a fourth of the energy and material over a nitrogen selective MOF, as the ratio of

nitrogen to oxygen in air is approximately 4-:1The result is a significant decrease in the amount

of energy and adsorbent required to purify air with an adsorption process.

Thiswork lookedat the moles fonitrogen adsorbed to RPMZn at 195K and both 20 bar
and65 bar. Theoperating equation for determining moles of gas adsosasdmodified to
include atemperature correction parametek) ¢o accounfor the temperature gradient between
the sample cells and the upper subsystem of the differential presgusdthoughlow

temperature experiments atandard on traditional adsorption equipment that measures

adsorption at 77K up to 1 bar, this is less common for high pressure adsorption measurements.

The intentwasto also compare the adsorptieguilibriumto experiments conducted 85K on
a gavimetric gas sorptimanalyzer. Théemperature gradient between #anple cells and
upper subsystem was maintained as constant as possible, though the effects of the heat of
adsorption and evaporation ofacetona t he col d bat mpammgtertoa v e
fluctuate.This is explored further in Chapter 5 Results amtdssion.
Economics of Separation of Air

Air is composed of 7884% nitrogen, 20.94% oxygen, 0.94% argonby volume with

trace amountsf carbon dioxide, neon, helium, methane, krypton, hydrogenmaking up the

remaindet. Thee is a market for each of these gases in their pure form, thus the separation of

caus



air into these constituents represents a significant business oppoacibyding to the IHS
Chemical Economics Handbook for Air Separation Gasesn#iketis controlled by four major
global companies who together supplies 60% of these products. These compaaie\ir
Products and Chemi c al ldquider{Feance)( THalLinteeGdoupFt&at es ) ,
(United Kingdom), and Rxair Inc. (United States)

Demand for both industrial oxygen and nitrogen is expected to mostly increase through
2018 in the four majandustrializedregions of the worldSpecifically, thedemand for oxygen is
expected to increase over 200 thousand metrics tons/day through 2023 as the demand for clean
energy increase3 he expected percent increase in demand for nitrogen and omygen
summarized irmmable1 below. Note that this table only account for increases in oxygen and
nitrogen demand for industrial processes doelsnot include the increase in demand for oxygen
for use inoxy-combustion. Oxycombustion is the process where oxygen, rather than air, is used
as the oxidant in combustion processes. Doing so reduces fuel consumption because nitrogen,
which is not chemically consumed during combustion, does not need to be fbatettrease
in oxy-combustiortechnology too, will contribute to an increase in the demand for 0x§gen

Table 1. Increase in consumption of oxygen and nitrogen by region of the world from 2013 through
2018 (in millions of cubic netersy.

Oxygen [Nitrogen
United States| 3.10% | 4.20%
EMEA| 2.80% | 2.30%
Japan| -0.03% | 0.00%
China| 6.40% | 4.10%

These gases are used across a wide number of manufacturing operations including
chemical synthesis and processing, primary metal and fabricated metal products, oil and gas

extraction, petroleum refining, food processing, and glass manufacteiguge 1 belowshows
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a breakdown of which industries are using industrial nitrogen and oxygen. Note that primary
metal production makes up over a third of industrial oxygen consumption and bulk @hemic

production makes up over a third of industrial nitrogen consumption.

Pulp and Paper Water Treatment Other Other
Clay, Glass and 24%~—3 1 }0% & 21% ?'j:: 4.8%

Concrete Products 5~
4.4% - |

Health Services
6.6%
Fabricated Metal
Products and
Electronics
5.5%
Petroleum Refineries
9.4%

Food Industry
5.2%

Chemicals

Petroleum Refining 33.0%
I

Primary Metals o
Production 10:6%
35.6%

Oil and Gas Extraction
16.4%

Coal Gasification

13.9% Primary Metals and

. Fabricated Metal
Chemical Industry Products

a) 19.2% b) 27.7%

Figure 1 a. Consumption of oxygen by industry in the United States in 2013 otal consumption was
18.8 billion cubic metersb. Consumption of nitrogen by industry in the United States in 2013. Total
consumption was 23.7 billion cubic meters

Thecost of separating these gases from air dependse level of purity anduantity
demandedasdifferent technologies for separaj air become more or less economlzased on
theseparameterg-igure2 belowshows the regions where membrane separation, pressure swing
adsorption and cryogenic distillation are the most econorfacalelivering pure oxygerThe
IHS Chemical Economicklandbook reportsdsorption is most economical whefi 500
tons/dayof oxygenarerequired between a purity of 80983%. Cryogenic distillation for
oxygenis most economical when high purity is required, onsttade of 93% td00%?2. It is also
most economical when a large volume is required at a near constaabmatts00 7 1000
tons/day. Cryogenic distillatioris expensivefor low demandiue mainly to the electricity costs
of cooling air to a liquid form for distillatiorencompassing 4070% of the cost to operate the
unit?. As a result,tiis clear that research inbxygenselective MOB s timely andmay

eventually be competitive with cryogenic distillation for all purities and daily demands.
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Figure 2. Oxygen purity v. required oxygen flow rate. This graph shows which technology is the
mog cost effective for a given purity required and flow raté.
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Source: Thomas Hardenburger, "Producing Nitrogen at the Point of Use," Chemical Engineering,
Oclober 1892, p. 146,

Figure 3. Nitrogen purity v. required nitrogen flow rate. This graph shows which technology is the
most cost effective for a given purity and flow raté

Metal Organic Framework Materials

Metal organic frameworks (MOFs), or porous coordination polymers (P&psgsent
one of the most promising materials for separating gas mixtures and capturing certain gases out
of airand flue ga’ The sample used fohese experiméawas synthesized by collaborators at
Rutgers University from the Dr. Jingd.i&roup. It is from a new class of microporous metal
organic framework materials being developed at Rutgers under the name RPMs (Rutgers

Recyclable Porous Materials). The speamaterial used for this experiment was



Zmy(bpdcy(bpee)p p d ¢ -biphenyldicarboxylate; bpee = HRpyridylethene which

henceforthwill be calledRPM3-Zn 6.

Figure 4. a) Computer rendering of RPM3Zn; Aqua = Zn, Gray = C, Red = O, Blue = N. b) Single
layer of coordinated atoms of the metal organic framework

According to previous reportd)é¢ sample has a shgmdbottle structure, where the
bottle is the tubdike structure evident in the figure ab8v&he tubes arapproximately 5x7 A.
The channel is wide enough to allow 2 diatomic hydrogen molecules to adsorb at the same time,
thus a unit cell of this material can accommodate 16 diatomic hydrogen molecules. The ship
represents the product gas that is being ads@hedbonding with the internal structure of the
material. This particular material can break down by being placed in water. The material was
shown to adsorb 4.97 w nitrogen at room temperature and 7Fbar

This material was also shown to have gapering properties. Gatepening materials
generate annusualS-shaped adsorption profile; the material has a closed structure and minimal
adsorption at low pressures but above a spgmiéissurethe structure opens to allow for guest
gas molecules. This @ssure is designateddand is dependent on the temperature and gas

moleculebeing adsorbed, among other factbrs
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Figure 5. Structure of a gateopening material above and below £5'°.
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Figure 6. Preliminary data from Dr. Angela Lueking at Penn State University and Dr. Jing Li at
Rutgers University showing the oxygen selectivity of RPMZn at different temperatures. Q;data is
show in red and N data is shown in blackK.

The reason that RPM2n was chosen to investigate further was because of preliminary
data that shows that it is oxygen selective at a wide range of temperatures. The benefits of an
oxygen selective material have already been discussed. As Jagmra®, at all of the
temperatures studied (77K, 87K, 195K. and 273K) the oxygen isotherm is above the nitrogen
isothermmeaning more oxygen is adsorbed than nitrogen at a given tempeltadborild also
be noted that at lower temperatures the difference in nitrogen adsorption to oxygen adsorption is
more exaggerate@ne set okxperimental conditions of this thesis are nitrogen at 18%K20

bar, the excess adsorption as found in this expent was 1.8 mmol/gircled in orange in
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Figure6’. Experiments at 195ldre particularly interesting because prior work suggests that a
shift in thediffusion rate between Nand Q occurs at this temperature artdraultiple different
pressures Below this temperaturd\ diffusesslower than @because this molecule takes
longer to open the GMOF structure. Above this temperature, it was found khatiffuses
more quickly than &. This project may help to clarify what change, structural or chemically, is
occurring in this temperature regime.

The nowelty of this project is that the experiments conducted with the differential
pressure adsorptionsgmweredone athigh pressure antB5K instead of room temperature.
Moreover, previous work at 195K was limited to experiments with pressure below 2@Wwar.
temperature experiments have not beteidied in detaibn the differential pressure adsorption
system before anithus the operating equations used to determine moles of adsorbed gas at room
temperature were not adequdtew temperature adsorption experiments are easily
accomplished on traditionahd commercially availablestrumentslike Micromeritics
Accelerated Surface Area and Porosimetry System 2020 which is also used in thisaber,
this equipment is limited to a maximum pressure of oneTibar.operating equatiamsed by this

machine is discussed in Chapter 4 Calibrations.



Chapter 2 Differential Pressure Adsorption System

|\|2 HeT1 Helium inlet from
cylinder

N2T Nitrogen inlet from
cylinder

V 1 Vents system to externe
relief

6 LV i Pulls low vacuum

HV i Pulls high vacuum

dP
P Absolute pressure

transducer

dPi Differential pressure
9 transducer

AST Cell for adsorption
sample

BSi Cell for nonadsorbing
inert sample.

AS BS

Figure 7. Differential pressure system schematitcluding valves and transducers

The differential pressure systatimgramedabove was usefr all experiments. It was
designedand builtby Dr. Angela Lueking at Penn State Univerkity adsorption experiments
one of themain sourcsof error is in determining thabsolutepressure change in the system as
the adsorbent is exposed to a gad this is exacerbated at high pressure due to the relative error

in the pressure measuremertie main rationale for building this system wastby usinga
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differential pressureansducethe measurement taken would be upwards ebldsmaller than
the measurement an absolute transducer would make during the experiment. As accuracy is
proportional tahe magnitude of the measurement, &dl@ reduction in the measurement made
results in a 1dold increase in the accuracy of that measurefnéiiwas found that operating
equations and methods developed around this differential pressure system could decrease
sensitivity to volume uncertainti@)0-fold®. These operating equations are discussed in Chapter
3 Methods.

The system is set up to be approxmatemirror image. The left side, where one of the
cells is labeled AS, is the sample cell of the adsorbent material to be tested. The right side, where
one of the cells is labeled BS, is the sample cell of a blantadsarbing material. The operating
principle of the equipment is thte Hank sample will not adsorb amgas As the active sample
on the Aside of the system adsorbs gaslifferential pressurns createdand fom that
differential pressurealongwith thetemperatureorrection parametevplume of thesuksystem
components, and dP data from helium blank experimérgsnoles of adsorbed gas can be
determined and plottddom a derived operating equation Not e t hat to get a o
a ballast would need tme added with the exact volume of the adsorbent sample. As this is
difficult and introduces the potential for systematic error, asymmetries are handled
mathematicallS)

The system uses 10 stainless steel tubing
pneumatic vales that are controlled throwgbabView program (v 7.1)The system contains two
gas inlet lines set up fam adsorbent gamd helium. Helium is neadsorbing ad used for
pressure calibratiovolume calibrationand temperature correctioaameteexperiments.

Nitrogen Ultra High Purity grade, 99.999vasused for the adsorption experimenikbere is
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also an external vent line ¥@ntthe system after each experimevdalves 3 and £€ontrolthe
vacuumpumplines.A BOC Edwards XDS5 vacuupump is used for this systeifhere are two
levels, low vacuum pulls down to 0.05 kard the high vacuum pulls downQd1 bar.

There are two pressutensducerin the system (labeled P and dP in the diagram above).
The absolute pressure transduces &dimit of 100 bar (+ 0.05 bar) and the differential pressure
transducer has a limit of 6.9 bar (+ 0.01 bar). The absolute pressure transducer is in the manifold
section of the system and the differential pressure transducer provides the boundary between
subsystems

Valves 5,6,7,8, and 9 fire and restrict access to different partshe system. The
subsystem formedavhen5,6,7,8, and 9 are closed is called the upper manifoldsiisystem
bounded by valves,7, and 9 is called Va. Thseibsystem boundelly 6,8, and 9 is ckdd Vb.
Thesulsystem below valve 7 is called Vas. Thesystem below valve 8 is called Vbsaas
and Vbbs will also be used; Vaas refers to the subsystem bounded by 5 and 9 with 7 open while
Vbbs refers to the subsystem bounded lan® 9 with 8 operf-rom this poinforward,these

subsystem names will be used.
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Chapter 3 Methods

Leak Testing: Because experiments of this typ@geon a leakfree system for accurate
measurements, a leak test was performed on the system before expeomee@dnThe entire
system was charged and held with helatr@0 bar and the P and dP were monitored. There was
no fluctuation in dP, the more sensitive of the measurerbenigeen P and dRlso, aHiden
Analytical DSMS Mass Spectrometer was used to detect helium leaks. No leaks were detected
by the mass spé&rometer at any of the valves, joints, or connections.

Volume and Pressure Calibration:Volume and pressure calibrations were performed on the
system using helium before experimentation began. Refe@magter 4ACalibrationsfor
proceduresind data about how presswelume andthetemperatureorrection parameters

were calibrated for the differential pressure system.

120

100 —=
13.10%

80 —

Weight (%)

60

40

20 , .
0 100 200 300 400 500 600

Temperature (*C) Universal V4.1D

Figure 8. Thermogravimetric analysis of RPM-3-Zn®.

Degassing/Drying:Figure8 shows thetltermogravimetric analysisonducted by collaborators at
RutgersUniversity; it indicatesthat this sample iguestfree when heatebletween 150°C and
350°C. At temperatures belovhis solvent remains in thaaterialand at temperatures above this

the sample bgins to degrade. As a resudt degassing proceduré10 hrs at 136C was
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suggestedby Dr. Jing Li at Rutgers Universitfor the initialsolvent removalthe samplavas
loada intoalong stem glass bultell and degassed on a Micromeritics ASAP 2020 Plus
Physisoption unitThe program thavvasused was an increase of 0.5°C from room temperature
to 135°C and then held at this temperature for 10 hours.

The sample was therooledto 298Kand transferred to adsorption celtonsisting ofa
dowble-male VCR coupling of 5 £ 0.05 cc sealed with aXhbgasket filterThe weight of this
fixture empty and then with the sample is taken to determine the weight of the degasded samp
84.1 mg of sample RP84Zn was usedBoth cellswereattached as shown Figure7 andthe
vacuumpumpwasused to reduce the pressurd®t@l bar. The sample whsated using a
temperaturenicrocontroller process unit at 180 for 8 hrs to desorb aradsorbedjas or
residualsolvent by fitting leatedacketsaroundthe entiresample cellHeat tape was also
wrapped around theibingbetween the system and sample célfter 8 hrs the microcontroller
and heat tape were removed and the sample was cooled under vacuum.

The adsorption sequence and control of the systasmaintained through a LabView
program thamimics the actuatqupment set up. A screen capture of the LabViesgmam is

shown below.

Figure 9. Labview control panel with location of valves and pressure control.
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A dry ice and acetone bath was preparemhaintain thesamples at 195K. Thedry ice
was packed into a dewar and then raisecbver both sample cells. Acetone was poured into the
dewar and allowed to equilibrate to the temperature of the dry ice. The temperature of the bath
was monitored with a thermocouple during the courseeotisorption experiment. Acetone was
filled to 10 belabthe starhoéthetexperimedhe devwaewasitieew a r
enclosed in an insulated bag. The sample cells and bath were allowed to thermally equilibrate for
approximately 15 minutes.

Nitrogen gasvasthen charged to th&ystem with valves 7 and 8 shut. This isolates the
samples from the rest of the system. The PV relation of the ideal gas law was used to estimate
the required charge pressuré/imtoget a desired final pressuretite Vaas subsysternthe

system pressure is read off the absolute pressure transducer.

||'F 1+ .%2 ||'=| Lt Fm 1

After charging, valves 5 and 6 are both shut. The system is allowed to thermally
equilibrate for 15 minutes. Then, valve 9 is closed to isolate the sample side from-the non
absorbing blank side. The system is again permitted to thermally equilibraterfonutes. The
initial differential pressure is recorded and data is saved to a file from this point. After the system
has equilibrated valves 7 and 8 are opened to expose the samples to the charged gas. The system
records the differential pressure betwé#am sample and neadsorbing blank side every second.
It also records the thermocouple reading of the dry ice/acetone lstirpAlon data was
recorded for 1&ours before thadsorption experiment was terminated.

The final pressure in Vaa was deternairty lowering the pressure in the manifold to

approximately the pressure expected in Ma#is vales 5, 6, 7, and 8 closédalve 6 was then
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opened and the pressure in Vaas could be determined based on the dP reading. Thesystem
thenevacuated and treample degassed for another tridie final level of the dry ice/acetone
bath was recorded as well.

To determine the moles of adsorbed gas, a reduced valuthheadsorbing side (Adf
the unitwas defined as
-1 T 7
where W, Vas, and \{ are volumes of those respective systems as discussed in CRBaptetis
the compressibility factor at the given conditions, R is the gas constantraisdiie room
temperature.
Equation3 is the operating equatiamsedfor determinng the moles of adsorbed gas and
is derived irthe literaturé,
W, ndymir 3
where dNgsis the moles of gas adsorbed by the materiak 'V is the correctededuced volume
at the exper i mentB&i$thetdiéferepoe beawean the steady state difpateRtial
pressure in the nitrogen and helium experiments. It can also be written as
"HEy1 = "A'Ar']"H"E "HEH 4
w h e ris theltemperaire correction discussed in Chapter 4 Calibrationssis the reduced
volume at room temperature, dP is the steady state differential pressure in the nitrogen
experiment, and dPis the steady state differential pressuréhimhelium experiment. The

nitrogen and helium experiments were completed at the same charge pressure.
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Chapter 4 Calibrations

Pressure Calibration

Before any experiments could be run the pressure transducer and differential pressure
transducewerecalibrated. The transducers produce an electric signal in milliamps and that
signal must be translated into a pressure. A series of experiments were run where helium was
charged to the system up to a known pressure and the electrical signal as shobMiéy khaas
recorded. A linear correlation between the actual pressure of the system and the electrical
reading in milliamps was determined using least squares regressiSolaadin Excel.
Procedure, Pressure GaugeAn externapressurgyauge was placeah the sample B port so
that an external pressure reading could be taken and calibrated to the syktesystem was
charged withhelium up to a given pressure and tkading on thgauge was recorded as well as
the electrical signal. This was done asrt® full range of the pressure transducetd0 ba).
The data was then fitted to a linear madeExcel and least squares regression used to determine
the appropriate m and b parameters that would translate a raw electronic impulse into the correct
pressure reading.

Table 2. Sum Squared Regressiofor Pressure Transducer

Reading, mA|P_gauge (psi)P_gauge (bar)P_gauge_model (bar) Error

0.005 92.3 6.366 6.4 0.00035
0.00477 71.8 4,952 4.9 0.00037
0.00431 29.6 2.041 2.0 0.00017
0.00409 9.1 0.628 0.6 0.00014
0.00453 49.6 3.421 3.4 1.2E-05
0.00415 14.7 1.014 1.0 2.1E-05
Sum Sq. Error =[ 0.00107
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Table 3. Parameters as Determined from Least Squares Regression

m 6312.884
b -25.180

t 4 5

Fttr w® 2 mt™

Procedure, Differential Pressure Transducer: The differential pressure gauge was calibrated
in a similar fashion to thabsolutepressure transducer. Va was chargealgiven pressure with
helium. The correct pressure could now be read off of the LabView output bé&rause
parameters determined above were inputted to the system. Va was then isolated by closing
valves 5 and 9. The pressure in Va was known from the Labiading before isolation.
Additional heliumwas then charged to the systemtreate a differential pressure across the
transducer.The pressure after this additional charge was recorded and the true differential
pressure could then be determined. Tleetelcal impulse for this differential pressure was also
recorded. After each reading the system was vented except for Va. The system could then be
charged again to observe another dP and corresponding electrical impulse. Experiments were run
with Va chargd to 0.1 bar, 1.05 bar, and 2.3 bar. In this way#tibrationparameters for the

differential pressure transducer were determined.

6

True dP Reading (bar)
N w S (&)
.".
®,
[ )
L)
L%

[

.
y =432.31x 1.7319
0
0 0002 0004 0006 0008 001 0012 0014 0016 0.018

Electric signal (mV)

Figure 10. Determining the calibration parameters forthe differential pressure transducer usng
true measurements
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Table 4. Parameters as Determined by Least Squares Regression

m 432.31
b -1.7319

Volume Calibration

The volume of the entire systeas well as the volume between each of the vahaas,
to be determined before any experiments were done. Thilbwadby expanding a known
volume of helium inta system with an unknown volume amading the resulting change in
pressue from the unknown system to the final. In summary, a gas is chiargegksystem which
contains aeference cylindeof known volumeThe reference cylinder was attached by
removing the vent linabovevalve 3.The cylinder is chargkto a known pressure and isolated
from the remainder of the system with a pneumaticeyalve pressure of the gas in the cylinder
is recorded. The system pressure is then vented by an arbitrary amount to create a pressure
differential between the gas in theferencecylinder and theinknownsystem. The pressure of
the system in this conditn is also recorded. The gas in the cylinder is then expanded into the
system of unknown volume and the final pressure is recorded. From these measurements the
volume of the unknown systeoouldbe determing.

Thederivationbelowshows how the volume of a given part of the system can be
determined from the pressures of the referembeme unknown system, and final pressurbeT
subscript Refers to properties of threference volumehe subscript) refers to properties of
the tnknown system, the subscript F refers to properties of the final system, and the subscript V
refers to properties of the valvEheinternalvolume of the valveised in the reference volume

was determined from the manufa&msrcatalog.
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Starting with a ma balance on the inert gas:

. -=| n 6

T q

where nyis moles of gas in the unknown systeam,s moles of gas in the reference voluarel
nr is moles of gas in the final combined system after expandidh.the idealgas equation of
state,

lere B Ee= o w 7
L_J|_ AL J| i J|
i R 27l

Assuming the system is isothernb@fore and aftethe expansion and the gas is ideal,
”'?'IT? ||'=| LB ||’=| T+ T Tr 8
All values of Equatior8 are known in the volume calibration experiments except {orAV

volume ratioof the unknown volume to the volume of the reference can be defined as

T_
Pp = °

With this, as well as assuming timernalvolume of the valve ismall relative to the total

volume Equation 3 can be simplified to

L I
L 10

Thus, knowing each of the three pressures in Equ8taswell as the volume of threference
cylinder allows thezolume of anyisolated part of the adsorption system to be calculated

"
e ™I 11

The reference cylinder was filled with water to deterniis&olume.

Table 5. Known volume ofthe reference glinder

Wt R, empty 267.052g
Wt R, fulll 316.437g

Wt water 49.388g
VCR Vol, Tota 1.11c

Total Vol 50.495cc
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Volume Calibration Procedure: The volume of eachubsystenwas systematically determined
by closing different combinations of valves and restricting helium flow to only certain parts of
theoverallsystem. 7 valve combinationsith 5 replicates of each combination, were conducted
to determine system volume¥olumes were detenined for theupper manifold, Va, Vb, Vas,
and Vbs. The volume of a pneumatic valve was also determined by running an experiment on the
same sample system with that valve both opened and closed. Volumes of individual parts were
found by takng the difference between subsystems. For example, the volume of Vas only was
determined by subtracting the volume of subsystem Va (6, 7, 8, and 9 closed) from the volume of
systemVaas(6, 8, and 9 closed). The results of each expant areshownin Table6 and the
volumes of eachubsystem are shown Trable?.

Table 6. Volume Calibration Data

Upper Manifold (CLOSE 5,6,7,8,9) Va (CLOSE 6,7,8,9) Vbs (CLOSE 5,7,8,9)

Run | Pi (bar) |P1 (bar)| Pf (bar) | Volume (calc Run | Pi (bar) |P1 (bar)| Pf (bar) | Volume (calc Run Pi (bar) |P1 (bar)| Pf (bar) |Volume (calc
1 20.56 0 7.47 88.48 1 2.96 0.41 1.20 112.50 1 33.98 | 38.02 | 36.83 120.93
2 10.85 | 2.45 5.52 87.67 2 15.7 | 10.24 | 11.92 113.61 2 22.25 | 26.86 | 25.54 125.85
3 16.00 | 6.11 9.71 88.23 3 2523 | 20.21 | 21.75 114.11 3 12.91 | 18.06 | 16.6 127.62
4 4101 | 9.77 | 21.09 88.86 4 8.71 3.08 4.82 112.89 4 5.27 10.8 9.21 125.13
5 9.52 1.18 4.22 88.03 5 20.45 | 14.82 | 16.55 113.83 5 17.66 | 21.88 | 20.67 125.61

AVG 88.25 AVG 113.39 AVG 125.03
ST DEV. 0.45 ST DEV 0.67 ST DEV 2.48
Va+Vb+Manifold (CLOSE 7,8) (9 OPEN) Vb (CLOSE 5,7,8,9)

Run | Pi (bar) |P1 (bar)| Pf (bar) | Volume (calc Run | Pi (bar) |P1 (bar)| Pf (bar) | Volume (calc
1 12.78 1.50 4.48 140.64 1 18.97 | 21.65 | 20.81 110.61
2 19.87 3.75 8.01 140.58 2 15.35 | 18.17 | 17.32 117.03
3 40.82 9.91 18.04 141.49 3 7.41 10.43 9.49 111.73
4 30.37 6.95 13.15 140.25 4 5.12 8.2 7.25 113.22
5 6.67 1.04 2.53 140.30 5 31.71 | 36.26 | 34.88 115.99

AVG 140.65 AVG 113.72
ST DEV. 0.50 ST DEV. 2.74
Va+Vb+Manifold (CLOSE 7,8) (9 CLOSED) Vas (CLOSE 6,8,9)

Run | Pi (bar) |P1 (bar)| Pf (bar) | Volume (calc Run | Pi (bar) |P1 (bar)| Pf (bar) | Volume (calc
1 13.08 | 2.10 5.01 140.03 1 10.71 | 5.45 6.97 124.24
2 19.48 | 3.77 7.92 140.66 2 25.34 | 19.99 | 21.52 126.07
3 39.62 | 9.50 | 17.42 141.54 3 16.50 | 11.25 | 12.77 123.91
4 29.88 | 7.37 | 13.32 140.54 4 8.13 2.78 4.35 121.57
5 6.06 1.17 2.47 139.44 5 40.35 | 35.11 | 36.6 127.08

AVG 140.44 AVG 124.58
ST DEV. 0.78 ST DEV 2.13

Table 7. Volumes of system @amponentsdetermined from calibration experiments.
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V manifold ~ 88.25cm’
Va 25.13cnt
Vb 25.46cnT
Vas 11.19cm?
Vbs 11.31cn?

Temperature Calibration

Theoperating equations for determining the number of observed moles-esotioarmal
conditions were corrected by determining a fatioEssentially the correction factor accounts
for the fact that the sample cells aethainder of the system are not & §ame temperature.
The derivation makes the assumption thaakd the valve volumeAare at a room temperature
and thatsome fraction othe sample cells immersed in the dry ice/acetone bath are maintained at
a constant temperature of approximatelyK.9bhe fraction is determined experimentally as
detailed below.

The temperatur gisaefinedlagcti on factor U

Baler
J [¢)
LI

12
AR T T

It is theratio of the temperature corrected reduced volume to the reduced volume of the system
when it is entirely at the temperature of the room. Note that it takes into account both the volume
of the system above the dry ice/acetone bathsvwvell as below. Theonrisothermal reduced
volume for the sanip cell is corrected by a rataf the compresibility factor and temperature at
room temperature to the compressibility factor and temperature of the cold bath.

Experimentally, the correction parametgiis found byusing helium with the sample
loadedat the temperatunehich will be used for the real adsorption experimefiise Ui

parameters found usinghe equation below and the full derivation can be four@hapter 7
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The RPM3Zn is degasselly heatingunder vacuum on the differentiatessure
adsorption unit at 13C for 10 hours to desormg gas in the sample. After thisne, the sample
is cooled and is readyrfthe temperature calibration.dy ice/acetone bath is prepared in a
dewar and both sampleliseare submerged in the bath. Dry ice is added untd ionger melts
and this was taken as the minimum temperature the bath would reach, approximately 195K.

A volume of helium is charged to the evacuated system with valves 7 and 8 closed. The
initial charge pressureaPis recorded from the absolute pressure gauge. Next the A and B sides
are isolaed by closing valves 5, Gnd 9. The volume of Vis already kown fromthe volume
calibration and the compressibility factor of helium is taken to #eraomtemperatureThe dP
between the cells is monitm until equilibrium is reachedfter the temperature has
equilibrated in the system, valves 7 and 8 are simultaneously operoeder to get a true
pressure of Rafter equilibration, valve 6 is opened so that that pressure can be backed solved
from the differential and absolute peeire readingZa was calculated using the SRK equation of
state and the critical properties for heliuith these valuesa was calculated. The process was
repeated 3 different times at different charge presslinesaveragea was determined to be

1.0232.



Pao 27.35 93.9  29.03atm
Va 2513 2513 25.13cc
Za 1.011 1.04  1.012

R 82.059 82.057 82.057

Trt 298.4 2984  298.4K
Pa 18.54 63.123  19.77atm
Zrt 1.011  1.043  1.013
Vaas 36.37 36.37 36.34cc
| 1.02063 1.032244 1.016988

I @S NI (31923287
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The Micromeritics ASAP 2020 machine corrects for a temperature gradient between the

60systembéb and adsorption sample cell i n a si mi
parameter to apply to the reduced volume at room temperature, itdoresttyr e ct s t he of r
operating man

spaced6 volume. According to the

i e b 14
1

whereV: is the free volumgeVsysis the manifold volume, grpis standardemperature 273.15K,
T1 is the system manifold temperaturejsthe manifold pressure before helium is dosed to the
sample, and Hs the manifold pressure after helium is dosed to the sample.

To determine the moles of gas adsorbedleomeriticsmadine uses Equation 15 and

Equation 16,

z z | 1
g et v 16
where Nsasiis the total amount of gas dosed into the sample tube aftéf dose, Nas 11 is the

amount of gas dosed into the tube at the previous degg,dhd Ryspis the system manifold
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pressure before and after tifedose of gas onto the sampleydinand Tsysi is the system
manifold temperature before and after theldse of gas onto the sampleydand Rrpare
standard temperature and pressure, aad s the sample pressure after equilibrating the |
doseof gas onto the sampté

The main differences between the way a commercial piece of equipment, like the
Micromeritics ASAP 2020, and this custom differential pressure system calculate moles
adsorbed and handle temperature gradierds i n t hree ewawo Ituhnee i fi s cal cu
operating equation derived for the diadisf erenti
determined through helium blank experiments and, in the current methodology, is not changed in
real time with the actual adgption experiment. Thia s s u mp t A i®not chahgang in the
differential pressure experiments laasignificant impact on the way the results are calculated
andmay not be representative of the state of the system for the entire course of theexperi

This will be explored further in Chapter 5
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Chapter 5 Results and Discussion

Experiments were conductedth nitrogenat both 20 bar and 65 bar. Two trials of each
experiment were completed and the results are siho®igure13 andFigurel4. In between each
trial, the adsorbent sample cell was degassed by heating & s hrs using a heat jacket
controlled by a microcontroller. The piping to the sample cell was also wrapped in a heated tape.
The sample cells were cooled to notemperature before immersiontire acetone bath to start
the next trial At the concluson of all N\ trials the same conditis and procedures were
repeatedwith helium to serve as thnadsorbing blank experiment.

015 r 20 bar

0 2 4 6 8 10 12 14 16
Time Elapsed (hr)

Figure 11. Helium blank experiment at 20 bar(left) and 65 bar(right) vs. dP for the full 16 hour
experiment.

As stated irChapter 3he purpose of the helium blank experiments was to determine the
differential pressure that should be expected for aattsorbing ggst is used to correct the
differential pressure of thatrogen experimentsThe differential pressum@served witlthe
helium experiments ithe result of system asymmetries well as ifferences intheamountof
adsorbent sample and ballast material in cells A arid fis experiment the d®may have
been more dramatic than expected, as the ballast material mass was not remoeecmned

between this work and previous woRigure11 shows the di®bserved for the entire 16 hour






























