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ABSTRACT

Tertiary butyl alcohol (TBA)is used as a fuel oxygenate and is the main breakdown
component of methyl tert butyl ether (MTBE). As such, TBA is found in water systems
through storage leaks and spills, presence of MTBE in the water, and as an impure
byproduct of MTBEblended fuels. Ipresents several health hazards and is a suspected
carcinogen. Studies involving aquatic life, mice and rats indicate that TBA is a concern at

low concentrations Wastewater removal of tert butyl alco@BA) has been limited to
methodology used byWITBE or by anaerobic or aerobic methods. Neither set of
techniques is applicabl® TBA due to its long biological degradation period, its very
specific conditond§ or anerobic or aerobic treat ment,
low transformation rate, arits high mobility.

The main goal of this project wao determine the adsorption capabilities of different
zeolitesfor TBA. A comparison to previous work done with powdered zeolites and
MTBE is shown in the following Chapters. Batch systems of TBA sewkral different
zeoliteswere examined to determine the best zeolites for TBA adsorption. As shown in
Chapter 3, the best zeolites for TBA adsorption over an equilibrium tind8 dburs

were silicalite andHiSiv 3000 pellets. Using the two chosen zedljtsilicalite andHiSiv

3000, adsorption isotherms were created and compared against MTBE data using the
same data.

The final portion of this project included a continuous system consisting of a zeolite
column and a steady flow rate of TBA. The zeolitdumns consisted of sole silicalite,

sole HiSiv 3000, and different proportions of the two zeolites in the same column. All
column experiments were run at similar conditiovith variation in the adsorbent bed
lengthsfor easy comparison between the resgltoreakthrough curvest the 3cm bed
length, the zeolite columns outperformed the activated carbon column; however, there
was no distinct difference between the zeolite columns. In Hoen Gbed length
experiments, there were apparent differences betwbe two zeolite breakthrough
curves. The £m column did not differentiate between the zeolites.
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CHAPTER 1: INTRODUCTIONAND BACKGROUND

1.1 Fuel Oxygenates and Hazards

Fuel oxygenates in the 1970s were designed to reduce the cadroride emissions

from automobiles and to replace the use of tetraethyl and alkyldspdcially in urban

areas in the late fall, winter, and early sprifnd\ high oxygen containing substance used

as a blending component in the production of gasoline should increase the octane number
of the gasoline and thus reduce the impact of hydrocarbon combustion in the
atmospheré. * © In 1990, the Clean Air Act Amendments mandated the use of
reformulated and oxygenated gasoline, which resulted in the frequent use of methyl tert
butyl ether (MTBE), as well as other ethers and alcohols, as blendings.adent
However, despite regulated oxygenate use, therenorestrictions on the fuel oxygenate
itself.*

Currently, fuel oxygenates, particularly MTBE, are added to 30 percentgdsalline in

the United Statéssince an addition ofnly 20 percenbxygenateby volumeincreases

the fuel volatility’ In 1991, MTBE made up 15 percent of a gallongasoline, with
production totaling 4.35 billion kilogranisvhereas in 1995, MTBE production doubled

to 8.0 billion kilograms purely for use as a fuel oxygeat®ITBE in gasoline has
several benefits, such as being inexpensive to make, blending easily with fuels, and can
be transported through existing pipelifesThese characteristics of MTBE make it
beneficial for constat use.

Recently, there are more emerging studies on how to remove MTBE from spills and leaks
into the environment, as well as the degradation pathways of MTBE and its dissociated
forms® %2 Any treatment or biodegradation of MTBE results in the production of
tertiary butyl alcohol (TBA) as the primary intermediate after approxime@élgaysof

MTBE breakdowrf '* ** Stefan, et aF, describes the degradation of MTBE as shown in
Figurel. As shown, the presence of MTBE in eitlweateror air results in the presence

of TBA, for which there are no environmentajjuéations
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Figure 1: Initial transformation pathways of MTBE 2

TBA alsois found in the environment due to its use as a fuel oxygenate on its own,
gasoline spills, an impurity in MTBElended fuels, itformation in MTBE degradation,

and as amanufacturingbyproduct of perfumes ancbsmetics: ® The two prominent
sources of TBA, however, are the breakdown of MTBE and gasoline spills or storage
leaks; approximatel§0 million gallonsof TBA are leaked per year.

Treatment of tertiary butyl alcohol is restricted by the physical and chemical properties of
the substance, i ncluding the sol ublawi t vy,
constant, among otherBablel lists the physical and chemical characteristics of TBA, as
compiled by the different sources.

Table 1: Chemical andphysical properties of tertiary butyl alcohol

Property Value Property Value

IUPAC name>® | 2-methy}2- Vapor Pressuré | 33 mmHg @
propanol 20°C

CAS NoZX* 75-65-0 Density* 0.78 glcn

Molecular CsH1c0 Boiling Point® | 83C

Formuld®"’

Molecular 74.13 g/mol Freezing/Melting| 25°C

Weight** Point?

Physical Staté"’ | Liquid Flash Pointf 11°C

AppearancE®’ | Clear/colorless Solubility Highly soluble

(in water}**’

Odor*® Camphor Stability™ Stable under

@ 10 mg/L normal conditions




The importance of research on fuel oxygenates, and tertiary butyl alcohol in pariscular,
due to the impacts of hazardous substances in drinking water. Sixty percent of drinking
water in the United States is taken from surface water syst@ims presence of fuel
oxygenates in surface water are due to atmospheric deposition, storm water runoff, direct
industrial release to local water sources, and use of fuel in recreational activities
particular, high concentrations 8BA and other oxygenateme due to leaks or spills

near underground storage facilities. One example of the impact of storage leaks is
Beaufort, South Carolina, whetige release to a nearby stream resulted in a concentration
of over 10,000 e€g/L of TBA

Drinking water regulations havew standards aoss the country due to n@ation in the

Clean Air Acts, Clean Water Act, and Safe Drinking Water Act regarding monitoring of

fuel oxygenate$. Biologically-based treatment is not acceptedand waste water
treatment plants doot have treatments in place for oxygenates California, the only

known state with a drinking water action |
commentary that TBA is & substance of dAcur

Due to the presence of TBA in surface watéMcGregor and Hafd determined the
influence of TBA on human health. Matend female mice and rats were exposed to
maximum of 20mg/L contaminated drinking watever a two year periot After
exposure, renal tubule cell adenomas, which are directly related to the processing and
mutation of the alphaglobulin protein, were detected in male rats (the only ones to
process alphglobulin in the liver). TBA was also discovered to affect kidney function in
female mice and male rafs The carcinogenic pperty of TBA is suspected, mainly due

to studies likeMcGregor and Hard, but has yet to ftediedin humans Additionally,

there are no regulations on the effect of TBA on aquatic Gfencentrations of 1000 to

8000 mg/L have affected fish and other auuiife, resulting in death or mutatiofs™* 1*
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1.2 Established Treatment of Testtyl Alcohol

At low concentrations, TBA is difficult to measure in wafenyhere it is predominantly

found, notin soil and biotd: * °> One of the main methods used in detecting MTBE, purge
andtrapi s not avail abl e f orLawcBmaantdwhieh résdisint s | o
poor spaging efficiencies? Other standard remediation technologies, such as air
stripping, are very energy intensive, expensive, and unfavorable for application with TBA

in the field® Due to these problems with remediation, the cost oémteatment and

site remediation, as well as the effectiveness of such treatments, is the main concern of
treatment of TBA.

Several studies have looked at the treatment of TBA using bacteria indigenous to
streambed sediments’ > *® The bacteria are a naturally occurring defense to degrade



both MTBE and TBA, using the two substances as an energy and carbon source for the
process. Bacterial digestion of TBA reduces the concentration of TBA by about 70
percent in 27 days, tapering off to a maximum reduction of 84 percent concentration.
However, anaerobic conditions ftire bacteria to flourish are difficult to maintain, since
there is difficulty injecting oxygen into the systémAdditionally, the high solubility of

TBA indicates that the TBA will travel downstream with the wasystem before
bacterial digestion of the oxygenate can occugsulting in the low removal of TBA

from the water system.

In an attempt to remove TBA without using a bacterial system, *Desthal., recounted

that the highly polar property of TBA makes the substance difficult to remove with
activated carbon. However, in other granular substances, the likelihood of sorption is
higher. Additionally, the presence of TBA in a emasystem can also be removed using
advanced oxidation and reverse osmosis technolbgidewever, it is difficult to use
oxidation or biological treatment due to little acceptance of biological treatments for
drinkingwater® Due to these difficulties in treating TBA, there may be potential in using
zeolites or other adsorbents for high TBA removal.

1.3 Zeolites and Treatment

Zeolites were originally discovered in the™@entury by a Swedish mineralologist, Axel

Fredrik Cronstedt: Upon heating the natural mineral, he noticed that the stone danced as

t he water evaporated and thus udbedl!| shet &r
classify the materiaf: * Development of synthetic zeolite minerals in the late 1940s and

early 1950s resulted in a search for natural zeolites, although natural zedifes less

pure and uniform in pore sizand more likely to contain contaminanits. Generally,

zeolites consist of silicon, aluminum, and oxygen frameworks with cations around which
molecules will orient! Approximately, 40 different natural zeolite species are known,

and the number of synthetic zeolites surpasses 130 different types, as classified by the
International Zeolite Associatigh.”®

Due to their porous properties, applications for zeolites are numerous in many different
fields. Major uses consist of petrochemical cracking, detergents, water softening, and
purification, and in separation procesder gases and solverifs Zeolites are also used

in agriculture, animal husbandry and waste containment, and construction précéésses.

Naturally occurring zeolites, as well as synthetic versions, such as zeolites A, X, Y, and
ZSM-5, are usedn purification processedslue to their unique adsorptive capacities,
molecular sieve and catalytic propertiéZeolites are molecular sieves that contain
different percentages of alumina and silica, which result in different adsorption
capabilities> Molecular sieves have a distinct property for selecgeparation of
molecules based on moleaukize due to the@inique andegularpore structure oéach
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molecular sievé: The maximum size of the molecule that can enter a pore is determined
by both the porsize itself and the size, or shape, of the pore cavi@rientation of the
molecule in the pore cavity can also affect the selectivity of a zeolite and the diffusion
rate within the structur&. Several welknown zeolites ar@lescribed inTable 2 with

their pore characteristics.

Table 2: Adsorbents and Their Respective Characteristics

Adsorbent Pore Shapé® | Pore Volume Pore
(cm/g)? Dimension
(A)27
Activated :
Carbon Slit-shaped 0.51 7.8
Zeolite Y
(Faujasite) 3D cage 0.38 7.4
Silicalite 3D cylinder 0.21 5.5
Mordenite 1D cylinder 0.19 5.7
Zeolite Beta 0.26 6.7

Yazaydirf® modeled the adsorption of MTBE and TBA in different zeolite types to
determine the adsorption capacity of the two oxygenates in a zédiigeresults are
shown inFigure2.

Figure 2: Alignment of MTBE (left) and TBA (right) in zeolite pores®

In Figure?2, it is easily shown that two TBA molecules are adsorbed into a pore, aligning
with the sodium ion (blue). However, the MTBE molecules, due to the size of their
structure, are limited to one MBE molecule in each pore, with only one molecule
aligning with the sodium ionAdditionally, the alcohol oxygen in TBA is slightly more
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electronegative than the ether oxygen in MTBE, causing two TBA oxygens to align with
the sodium cationAlthough it apgars inFigure 2 that two MTBE molecules are
adsorbed into each pore, the image is showing adimensional projection. In a three
dimensional model, the MTBE molecules would not be linearly aligned with the sodium
ion; instead, the molecules would be staggered throughewzeolite.

Based on the modeling, TBA can be assumed to adsorb twice as easily onto the zeolite
compared to MTBE. This should result in a higher uptake of TBA into the zeolite pores
and better removal efficiency for TBA.



CHAPTER 2:PRELIMINARY EXPERIMENTATION

The purpose of the preliminary experiments were to compare previous work done by
Ayse ErdemSenatal&f on the asorption capacity of powdere@daite adsorbents and
activatedcarbon with methyl tert butyl ether (MTBE) with thdsarption capacity of the
same eolites and activated carbon with tert butyl alcafi@A). The following sections
include methodology and materials, calculation of concentration and adsorption
efficiency and results and discussion on the comparison between adsorption with MTBE

andTBA.

2.1 Materials and Methodology

The materials and instruments presentedTable 3 were used throughouthe

preliminary work

Table 3: List of materials andinstrumentsfor Chapter 2

Chemical Use Supplier
Tert Butyl Solvent 99.7% Mallinckrodt
Alcohol ARACS
Water Solvent E-pure Barnstead/Ropure
ST/E-puresystem
Isopropyl Internal Standargd 90% v/v solution | Aqua Solutions
Alcohol
Zeolite Y Adsorbent Powder, H+ Zeolyst
Zeolite Beta Adsorbent Powder, H+ Zeolyst
Silicalite Adsorbent Powder Grace Davison,
(ZSM-5) Zeochem
Mordenite Adsorbent Powder, H+ Zeolyst
Activated Adsorbent Granular activated | Centaur
Carbon carbon
Gas Detection Series 689N Agilent
Chromatograph Technologies
(GC)/FID
DB624, Inventory | Agilent
GC Column Detection No. 0594722, Technologies
Model No.
J&W1231334
SPME Extraction 8 5 epalyacrylate | Supelco
coating
Air Igniting gas Ultra zero grade | Airgas
Hydrogen Igniting gas Ultra high purity ABCO Welding
Supply
Nitrogen Carrier gas Ultra high purity ABCO Welding
Supply




Centrifuge Separation 5804 Eppendorf

Shaker Shaking WPI CEEDept.

Microscale Mass and weightl AB104 and Mettler Toledo
AB104-S

Cat. No. $76490 | Sargent Welch
Scientific Company
American Scientific
Products

Thermolyne

Magnetic Stirrer | Stirring Magnetstir, Cat

No. 58290
Zeolite activation| 6000 Furnace

Furnace

Additionally, a dessicator was used for storage of the powdered zeolites and activated
carbon. Magnetic stir bars were used with the magnetic stirrer, and 10 mL, 5 mL, 1000

eL, 200 €L, and 5 €L pipettes and dedeir r ¢
500 mL and 250 mLraber bottles, 42 mL viald,8 mL GC vials, 500 mL, 1 L, and 2 L

flasks.

The tert butyl alcohol solution was prepared by combining 99% tert butyl alcohol with
water to create concentrations of 100, 50, and 20 mg(L5p42 mL vials.Zeolites (Y,
Beta, Mordenite, ZSM) and activated carbpmwhose properties are listed Error!
eference sourcenot found., were prepared by baking irven at 300 for 12 hours and
then were added to each 42 mL vial. 42 mL vials were placealstiaker table for 24
hours at 5 rpm. After 24 hours, vials were removed ftioeshaker table and placedan
centrifuge for separation at 3000 rpm for 10 minutes.

Table 4: Powdered Zeolite Properties and Sources

SiO, Company Cation

Sample name ALO. 04 Nature Name Lot # Eorm
Zeolite Beta 150 | Powder | Zeolyst 182275 H+
Zeolite Mordenite 90 Powder Zeolyst 182260-30 H+
Zeolite-¥ 80 | Powder| Zeolyst |78001N00257 H+
ZSM-5/Silicalite | >1000 | Powder | O3 | 588880702 | -

Davison
GC vials were prepar ed -prespanolgolulion 8s as ibterralf a 1

standard. 17.9 mL of each vial sample was used per GC vial.

A manual SPME hol der and fiber coated wif
Supelco) was used to extract tert butyl alcohol. With each new fiber, conditioning
occurred by baking the fiber in the back injection port of the GC (Agilent Technologies,
Series 6890N)at 300C for at least 1 hour (referring to guidelines accompanying product
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package). Analysis of resulting chromatographs indictitatithis produced elean fiber,
ready for use. Along with conditioning, each new fiber required a new calibration
(standard) curve. Due to internal standard use, tmbycurves weraneeded per fiber.
Calibration curvesor 1 mg/L through 10 mg/lconsisted othreeknown concentrations

of tert butyl alcohol and water, 1 mg/L, 2 mgdnd 10 mg/l.and a water saple. The
plotting of these fourconcentrations versus their peak area, as registered by the GC,
determined the calibration curvevhich was demonstrated to be a straight line with a
linear regression of 0.9923he second calibration curve consisted of a plofoor
known concentrations of tert butyl alcohol and water, 10 mg/L, 20 mg/L, 50 mg/L, and
100 mg/L versus their peak areas, which was also determined to be a straight line with an
r-squared value of 0.970®he life of a fiber was found to be about@bsamples.

The GC was equipped with a flame ionization detector (FID) alB&24 column. The

inlet and detector temperatures were both seb@iC2 Nitrogen was used as the carrier
gas at a constant flow db mL/min Hydrogen and air were usedn@intainthe detector
flame at flows 040 and 450 mL/minrespectively. The GC oven was programmed as
follows: 4 minutesat 35°C, ramp a20°Cmin to 90°C and held for 3 minutes, ramp at
40°C/min to 206C and held for 10 minute SPME fiber was desorbddr 5 min in the
splitless mode at5D°C and was additionally heated fonbn at the same temperature to
avoid contamination problems during the analysis of samples containing different
concentrations diert butyl alcohaltherefore the total desorptitime of the fiberwas 10

min between consecutive injections.

2.2 Quantification of Tert Butyl Alcohol

Using isopropanol alcohol as an internal standard qualitatively demonstrated the accuracy
of the gas chromatographs with each sample. Added to each sample was 0.1 mL of 150
mg/L isopropanol solution.

The calibration curve for each fiber, as explained abdetermined the concentration of
each sample after a 24 hour adsorption period. The concentration for each sample was
calculated using the following equation:

Where Ci is the concentration of the sample after adsorption, PA is the peatfdhe

sample, b is the-intercept of the calibration curve, and m is the slope of the calibration
curve. For peak areas, as registered by the GC, below the corresponding peak area for the
known 10 mg/L concentration, m is equal to 46.12 and b is 1E6r5peak areas higher

than the respective peak area for the 10 mg/L concentration, m is equal to 11.26 and b is
495.4,



2.3 Adsorption Isotherm oZeolites and Activated Carbon

The adsorption experiments for comparing the removal efficiency of ZeolitgeM,
Mordenite, and ZSMb were conducted in 42 mL glass vials at room temperature on a
shaker table for 24 houras compared to Erde®enatalarAll of the adsorbents had
exactly the same working conditions, as previously mentioned. After centrifugation,
liquid sample from the top of the 42 mL vials was removed in 5 mL volumes into the 18
mL GC vials. After the GC returned chromatographs for eachple, the amount of tert

butyl alcohol adsorbed into each zeolite and the activated carbon was calculated using the
following equation:

6 6020

B& o= —
ad

where Amt is the amount of tert butyl alcohol adsorbed by each zeolite, Cio is the starting
known concentration of each sample, Ci is the calculated concentration of each sample
after 24 hours contact tin(as calculated in Chapter 2.2} is the volume of the ecdact

vial (for all samples, V waequal to 42 mL), and mz is the mass of eadlite in each
sample vial.

2.4 Results

ErdemSenatalar, et af!, used four different powdered zeolite types and one activated
carbon to demonstrate the adsarptcapacityof MTBE on molecular sieves andrban.

Their results indicated thadt low concentrations of MTBE, silicalite adsorbed more of
the MTBE than the other sieves. However, at high concentrations of MTBE, DAY
adsorbed more than the other zeolites. These results are shéigure3. Due to the
direct relationship between MTBE degradation and TBA, similar results were expected,
using the same powdered zeolites and activedeoon as ErderBenatalar, et &l.
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Figure 3: MTBE sorption from the aqueous phase on
hydrophobic molecular sieve$’

As shown inFigure4, tert butyl alcohol did show a similar trend regarding high and low
concentrations of TBA. At high concentrations, both silicalite and mordenit
demonstrated more adsorption of TBA than any of the other zeolites or activated carbon.
In contrastto ErdemS e n a t*arésalts,ltowever,zeolite Y did notadsorb mordBA

at lower concentrations.
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Figure 4: TBA adsorption from the agueous phase on hydrophobic molecular sieves
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A closer look at low concentration rangeshown inFigure5. These data clearly show

the trend of decreasing adsorption capacity at low concentrations. One interesting point to
note is the adsorption capacities of Activated Carbon and Zeolite Betaerjtlow
concentratiog activated carbon is more capable of high adsorption than zeolite beta;
however, at a slightly higher concentration, the reverse is true. The adsorption isotherm
formed by silicalite and mordenite follow a remarkably similar pattatthough in this
experiment the mordenite adsorbs more oflisorbate
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Figure 5: TBA adsorption from the agueous phase at low concentrations

2.5 Discussion

Both sets of experimental data, those dondlemSenatalar using MTBE and those
done using tert butyl alcohol, show similar trends at high and low concentrations of the
substance. Additionally, as shownhkigure 3 andFigure4, the adsorption efficiency of

the powdered zeolites and the activated carbon are simmleasinking the tested zeolites,
both the MTBE and the TBA experiments established the following :tr8nitalite,
Mordenite, Zeolite Beta, Activated Carbon, and Zeolite Y.

A comparison between the MTBE and TBA adsorption data on a mole basis is shown in
Figure 6, with each of the zeoliteomparisonshown separatelyn all but one of the
cases inFigure 6, the MTBE adsorption values are significantly higher than the shown
TBA adsorption values. This may be due to the powdered form of the zeolite, which may
have damaged or inaccessible pores thucrushing the zeolite. Alternatively, TBA is

12



known to have a higher volatility than MTBE, and some of the TBA could be lost to the
atmosphere in lab. Precautions were taken to minimize these losses, such as minimizing
head space in the glass vials aeftigerating the samples while not in use or before
placement into the GC.

The adsorption isotherms shown kigure 6 do not indicatethe greater adsorption
potential for TBA than MTBE on theeolites as suggested bazaydin® as shown in
Figure 2. Potentially, two TBA molecules should align with a single cation, giving the
impression that TBA adsorption should be twice as high as MTBE adsorption. However,
since the zeolites have very high silicon to aluminum ratios, as nofeble4, there are
fewer cations per unit cell of zeolite which indicates fewer locations for double TBA
alignment in a pore. This may be the cause wfeloadsorption capacities using finely
powdered zeolites.

Due to the high silicon to aluminum ratio, the results showrFigure 6 may be
misrepresentative of the amption capacity of these zeolites in a TBA adsorbate
compared to MTBE. Powdered form, additionally, is more difficult to work with and may
have fewer industrial applications than granular forms of the zeolites.

Ultimately, this phase of the research wascgssful in that it demonstrated that tert butyl
alcohol isotherms are similar to methyl tert butyl ether adsorption isotherms. Similar
isotherms were expected from the two substances because of the degradation relationship
between methyl tert butyl etheand tert butyl alcohol. Additionally, using finely
powdered zeolites showed that methyl tert butyl ether adsorption was greater at all
concentrations than tert butyl alcohol adsorption.

13



Mordenite oMTBEOTBA | Sjlicalite ©MTBEOTBA
1 10 100 1000 10000 1 10 100 1000 1000Q.00000
@ O@ a T T T <> Q 1
3 3 O
£ 0.000 0® o £ o iy
g 0:0001 S T 0.0001
2 £
3 O 3 &
© ©
< <><> < O
0.00001 0.00001
Concentration $g/L) Concentration $g/L)
Beta OMTBEOTBA ACUVated Carbon OMTBEOTBA
10 100 1000 1000000000 1 10 100 1000100000000
T T T Q) 1
T T T Q T 1
5 <& . 2 0.0001 Nallu
S 0.0001 g
3 & E &
£ 0.00001 S 5 0:00001 <
%) 9 §
2 <
0.000001 0.000001
Concentration $g/L) Concentration ¢g/L)
Zeolite Y OMTBEOTBA
1 10 100 10001000000000
__ 0.0001 - - —L
o
3 e =
E O
©
© 0.00001 <
5 O
ﬁ &
&
0.000001 <
Concentration $g/L)

Figure 6: TBA and MTBE comparison by mole basis on hydrophobic zeolites

14



CHAPTER 3: GRANULE EQUILIBRIUM AND TIME TRIALS

The purpose of this portion of the project was to rank the seven zeolites according to
highest adsorptionapacity for tert butyl alcohol (TBAgfter a 48hour period. Using the

two most adsorptive zeolites, time trials were then conducted to determine the
equilibrium time needed for the eventual adsorption isotherms of the two zeolites. The
following sections include materials and methodology, calculatforoocentration and
adsorption efficiency of the zeolites and results and discussion.

3.1 Materials and Methodology

The materials and instruments presente@ahble5 were used throughout the preliminary
work.

Table 5: List of materials andinstruments for Chapter 3

Chemical Use Supplier
Tert Butyl Solvent 99.7% Mallinckrodt ARACS
Alcohol
Water Solvent E-pure Barnstead/Ropur8T/E
pure system
Isopropyl Internal 90% v/v solution | Aqua Solutions
Alcohol Standard
Zeolite Y Adsorbent | 2027545-1, Engelhard
Granule
Zeolite Y Adsorbent | 2027545-2, Engelhard
Granule
Zeolite Beta Adsorbent |1/ 16 0 Gr a Engelhard
Silicalite Adsorbent | Granule Zeolyst
(ZSM-5)
Mordenite Adsorbent |1/ 16 0 Gr a Engelhard
High Silica 1/ 1606 Gr aUOP
Faujasite Adsorbent
(MolSiv 1000)
High Silica 1/ 1606 Gr aUOP
Faujasite Adsorbent
(MolSiv 3000)
Gas Series6890N Agilent Technologies
Chromatograph | Detection
(GC)/FID
GC Column DB624, Inventory | Agilent Technologies
Detection No. 0594722,
Model No.
J&W1231334
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SPME Extraction |8 5e m p ol y Supelco
coating
Air Igniting gas | Ultra zero grade | Airgas
Hydrogen Igniting gas | Ultra high purity ABCO Welding Supply
Nitrogen Carrier gas | Ultra high purity ABCO Welding Supply
Centrifuge Separation | 5804 Eppendorf
Microscale Mass and | AB104 and Mettler Toledo
weight AB104-S
Shaker Shaking Worcester Polytechnic
Institute
Cat. No. $76490 | Sargent Welch Scientifig
. . _ Company
Magnetic Stirrer | Stirring Magnetstir, Cat. American Scientific
No. 58290 Products
Furnace Zeolite 6000 Furnace Thermolyne
Activation

Additionally, a dessicator was used for storage of the powdered zeolites and activated
carbon. Magnetic stir bars were used with the magnetic stirrer, and 10 mL, 5 mL, 1000

eL, 200 €L, and 5 eL pipettes and dedeir r ¢
500 mL and 250 mL amber bottles, 42 mL vials, 18 mL GC vials, 500 mL, 1 L, and 2 L

flasks.

The seven zeolite types include ZSV HiSiv 1000, HiSiv 3000, Zeolite Y (two

versions), Mordenite, and Zeol i tTableBet a. Ea

For the time trials, samples were prepared using 99% tert butyl alcohol and water to
createl mg/L samples in (16) 42 mLials. The ZSM5 and HiSiv 300Qzeolites were
prepared by baking inhe oven at 80 °C for 12 hours. Two sets of samples were
prepared, one with a lower mass of zeolite and one with a higher mass of the same
zeolite, for the two zeolites. The 42 mL vials were placed in the rotisserie for 48 hours at
15 rpm. At the designedl times, 0, 6, 12, 24, and 48 hours, the vials were removed from
the rotisserie and placed in the centrifuge for separation at 3000 rpm for 10 minutes.

For pellet equilibrium sampled)a tert butyl alcohol solution was prepared by comnigin

99% tert butyl alcohol with water to create concentrations of 0.1, 1, and 10 mg/L in (21)
42 mL vials. The zeolites were prepared by baking in oven afG@d0r 12 hours. A

mass was chosen for each zeolite and recorded, then added to each 42 mL vial. The 42
mL vials were placed on shaker table for 48 hours at 5 rpm. After 48 hours, vials were
removed from shaker table and placed in the centrifuge for sepaeatB000 rpm for 10
minutes.
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Table 6: Zeolite Properties and Sources

Surface | Micropore | External
SiO, | Zeolite | Size Company Area Area Area Fraction
Sample name | Al,O3| % (in) | Nature | Name Lot # (m?g) | (m%g) (m?g) | Micropore
Zeolite Beta 35 80 1/16 | Granular| Engelhard| L659848-1 | 533.7 266 267.6 0.5
Zeolite Mordenite | 50 | 80 | 1/16 | Granular| Engelhard| O°001C | 4726 | 3043 | 1683 | 0.4
BWC2-06 ' ' ' '
Molsiv HISIV 1000
(High silica <6.5| -- 1/16 | Granular| UOP 2006003165 379.9 247.1 132.8 0.65
faujasite)
Molsiv HISIV 3000
(High silica <10 1/16 | Granular| UOP 2002001440 321.9 230.5 91.4 0.72
faujasite)
Zeolite-Y 9 --- | Granular| Engelhard| 20275451 | 158.6 73.4 85.2 0.46
Zeolite-Y 14 --- | Granular| Engelhard| 20275452 | 158.3 58.7 99.6 0.37
ZSM-5 280 80 --- | Granular| Zeolyst | CBV28014 | 390.8 141.8 249 0.36
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GC vials were prepar ed -prspanolgolulion s as ibterralf a 1
standard. 17.9 mL of eact?2 mL vial sample for both the time trials and the pellet
equilibrium trials,was used per GC vialhe GC vials were then immediately used.

A manual SPME hol der and fiber coated wif
Supelco) was used to extract ténityl alcohol. With each new fiber, conditioning

occurred by baking the fiber in tlowenof the GC (Agilent Technologies, Series 6890N)

at 300°C for at least 1 hour (referring to guidelines accompanying product package).
Analysis of resulting chromatographs indicatkdt aclean fiberwas producedready for

use. Along with conditioning, each new fiber required a new calibration (standard) curve

Due to internal standard use, only one curve was needed per fiber. The life of a fiber was
found to be about 785 samples.

The GC was equipped with a flame ionization detector (FID) and a DB624 column. The
inlet and detector temperatures were both s86&C. Nitrogen was used as the carrier

gas at a constant flow of 45 mL/min. Hydrogen and air were used to maintain the detector
flame at flows of 40 and 450 mL/min, respectively. The GC oven was programmed as
follows: 4 minutes at 35°C, ramp at 20°Cynid 90°C and held for 3 minutes, ramp at
40°C/min to 206C and held for 10 minutes. SPME fiber was desorbed for 5 min in the
splittess mode at 250°C and was additionally heated for 5 min at the same temperature to
avoid contamination problems during th@alysis of samples containing different
concentrations of tert butyl alcohol, therefore the total desorption time of the fiber was 10
min between consecutive injections.

3.2 Concentration and Adsorption Efficiency

Using isopropanol alcohol as an internanglard qualitatively demonstrated the accuracy
of the gas chromatographs with each sample. Added to each sample was 0.1 mL of 150
mg/L isopropanol solution.

The calibration curve for each fiber, as explainadChapter 3.1 determined the
concentration beach sample after 48 hour adsorption period. The concentration for
each sample was calculated using the following equation:

e 00 @

0x —

a

where Ci is the concentration of the sample after adsorption, PA is the peak area of the
sample, b is the-intercept of the calibration curve, and m is the slope of the calibration
curve.The calibration curvéor the granule equilibriumsed values of @f b and 509.61
for m. For the time trial experiments, a different fiber was used, corresponding to a b
value of-2.5277 and an m value of 163.7.
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The adsorption experiments for comparing the removal efficiendgeobeven zeolites

were conducted in 42 mglass vials at room temperature on a shaker tablégtbours.

All of the adsorbents had exactly the same working conditions, as previously mentioned
in Chapter 3.1After centrifugation, sample liquid from the top of the 42 mL vials was
removed in 5 mLvolumes into the 18 mL GC vials. After the GC returned
chromatographs for each sample, the amount of tert butyl alcohol adsorbed into each
zeolitewas calculated using the following equation:

Where Amt is the amount of tert butyl alcohol adsorbed by each zeolite, Cio is the

starting known concentration of each sample, Ci is the calculated concentration of each
sample aftert8 hours contact time (as calculatadove, V is the volume of the coatt

vial (for all samples, V is equal to 42 mL), and mz is the mass of each zeolite in each
sample vial.

3.3 Results and Discussion

3.31 Time Trials

Time trials were conducted to determine the time at which equilibrium was reached with
two different zeadte types, ZSM5 and HiSiv 3000. The results of the time trial
experiments are shown fRigure 7, with measurements taken at 0, 6, 12, 24, and 48
hours. As demonstrated Fgure7, adsorptionamount was constant between 24 and 48
hours for the zeolite samples.
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Figure 7: Time Trial Data

Since all four samples reached equilibrium between 24 and 48 hours, the equilibrium
time for all the other tests was taken to be 48 hours, ensuring that all zeolites have the
same amount of contact with the TBA solution. For all remaining batch experjrttents
contact time was 48 hours betwesample preparation and sampling for the gas
chromatograph.

3.3.2 Granule Equilibrium

The granule equilibrium experiments were used to determine the ranking of the seven
zeolites according to their adsorption capasiti The results of the equilibrium
experiments are shown kigure8. The silicalite and HiSiv 3000 adsorb the most from
the TBA solution. Incontrast, HiSiv 1000, zeolite-Y, and zeolite ¥2 performed the

worst
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Figure 8: TBA adsorption after 48 hours on seven zeolite types

A closer look at the silicalite and HiSiv 3000 data regéan interesting trend as the
concentration of the solution increases. As showkignre9, the equilibrium dataeveal

that at lower concentrations ne zeolite is the better adsorbent, while at high
concentrations, the other zeolite is better. It is obviouBigure 9 that although both
zeolites @ comparatively similar as adsorbents, they do encourage specific behavior in
different concentration ranges. This type of behavior could be used in conjunction with
the continuous column experiments. The zeolite that adsorbs better at a lower
concentrabn, as further explored with the adsorption isotherms, would be useful at the
end of a column, as opposed to the beginning of the column, where the high
concentration is injected. Similarly, the high concentration zeolite would be better at the
beginning é the column.
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Figure 9: Adsorption of TBA using ZSM-5 and HiSiv 3000 at different
concentrations

Based on the experimental data, silicalite and HiSiv 3000 were chosen over the other five
zeolites as the two zeolites for whidime ftials and adsorption isotherms nse
developed. These two zeolites demonstrated the best adsorption over a 48 hour period in
different concentrations of TBA. Additionally, the two zeolites revealed a trend at high
and low concentrations that influenkcdhe development of the continuous column
experiments.
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CHAPTER 4: ADSORPTION ISOTHERMS

After determining the best zeolites for adsorption, which were -BShd HiSiv 3000,
adsorption isotherms were then created for each zeolite. Additionallytethdutyl
alcohol(TBA) isotherms and the methyl tert butyl ether isothenase comparedn the

samefigure.

4.1 Materials and Methodology

The materials and instruments presente@lable 7 were used throughout the preliminary

work.
Table 7: List of materials and instruments for Chapter 4
Chemical Use Supplier
Tert Butyl Solvent 99.7% Mallinckrodt ARACS
Alcohol
Water Solvent E-pure Barnstead/Ropure ST/E
pure system
Isopropyl Internal 90% v/v solution | Aqua Solutions
Alcohol Standard
Zeolite Y Adsorbent | 2027545-1, Engelhard
Granule
Zeolite Y Adsorbent | 2027545-2, Engelhard
Granule
Zeolite Beta Adsorbent |1/ 1G3abule Engelhard
Silicalite Adsorbent | Granule Zeolyst
(ZSM-5)
Mordenite Adsorbent |1/ 16 0 Gr a Engelhard
High Silica 1/ 1606 Gr aUOP
Faujasite Adsorbent
(MolSiv 1000)
High Silica 1/ 160 Gr aUOP
Faujasite Adsorbent
(MolSiv 3000)
Gas Series 6890N Agilent Technologies
Chromatograph | Detection
(GC)/FID
GC Column DB624, Inventory | Agilent Technologies
Detection No. 0594722,
Model No.
J&W1231334
SPME Extraction |8 5e m p ol y Supelco
coating
Air Igniting gas | Ultra zero grade Airgas
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Hydrogen Igniting gas | Ultra high purity ABCO Welding Supply
Nitrogen Carrier gas | Ultra high purity ABCO Welding Supply
Centrifuge Separation | 5804 Eppendorf
Microscale Mass and | AB104 and Mettler Toledo

weight AB104-S
Shaker Shaking WorcestelPolytechnic

Institute

Magnetic Stirrer | Stirring

Cat. No. $76490

Sargent Welch Scientifig
Company

Magnetstir, Cat.
No. 58290

American Scientific
Products

Furance

Zeolite
Activation

6000 Furnace

Thermolyne

Additionally, a dessicator was used for storage of the powdered zeolites and activated

carbon. Magnetic stir bars were used with the magnetic stirrer, and 10 mL, 5 mL, 1000
5 eL pipettes and detdei

e L, 200

e L, and

r

500 mL and 250 mL amber bottles, 42 mL vials, 18 mL GC vials, 500 mL, 1 L, and 2 L

flasks.

Forthe isothernsamples, the tert butyl alcohol solution was prepared by combining 99%
tert butyl alcohol with water to create concentratibasveen 150 and.@5 mg/L in (48)

42 mL vials. The zeolite&ZSM-5 and HiSiv 3000yere prepared by baking the oven

at 300 for 12 hoursThree different masses were chosen for each zeolite, creating trials

a, b, and c for each zeolite and TBA concentratfomass washosen for each zeolite

r

and recorded, then added to each 42 mL vial. The 42 mL vials were placed on shaker

table for 48 hours at 5 rpm. After 48 hours, vials were removed from shaker table and

placed in the centrifuge for separation at 3000 rpm for 10tesnu

GC vi al s

were p

repar ed

-prepanolgolufiod 8s as ihternalf

standard A small amount of each sample with a starting concentration higher than 1

mg/L was sed in the GC. When the data wehen recorded, a dilution factor was

calculated and the data was increased by the dilution factor.

A manu al

SPME

hol der and fiber coated
Supelco) was used to extract tert butyl alcohol. With each new fiber, iconmalit
occurred by baking the fiber in tliwenof the GC (Agilent Technologies, Series 6890N)

at 300°C for at least 1 hourcpnsistent withguidelines accompanyinthe product
package). Analysis of resulting chromatographs indicatetean fiber, readyor use.
Along with conditioning, each new fiber required a new calibration (standard) curve. Due

a

Wi

to internal standard use, only one curve was needed per fiber. The life of a fiber was
found to be about 785 samples.
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The GC was equipped with a flame icatibn detector (FID) and a DB624 column. The
inlet and detector temperatures were both set &i(230itrogen was used as the carrier
gas at a constant flow of 45 mL/min. Hydrogen and air were used to maintain the detector
flame at flows of 40 and 450 mLim respectively. The GC oven was programmed as
follows: 4 minutes at 35°C, ramp at 20°C/min to 90°C and held for 3 minutes, ramp at
40°C/min to 206C and held for 10 minutes. SPME fiber was desorbed for 5 min in the
splittess mode at 250°C and was adahéilly heated for 5 min at the same temperature to
avoid contamination problems during the analysis of samples containing different
concentrations of tert butyl alcohol, therefore the total desorption time of the fiber was 10
min between consecutive injems.

4.2 Concentration and Adsorption Efficiency

Using isopropanoas an internal standard qualitatively demonstrated the accuracy of the
gas chromatographs with each sample. Added to each sample was 0.1 mL of 150 mg/L
isopropanol solution.

The calibratbn curve for each fiber, as explain@a Chapter 41, determined the
concentration of each sample after a 48 hour adsorption period. The concentration for
each sample was calculated using the following equation:

v 00 @

oxr ——

a

Where Ci is the concentration of the sample after adsorption, PA is the peak area of the
sample, b is the-intercept of the calibration curve, and m is the slope of the calibration
curve.Several different calibration curves were used for the isothemdgha respective
b and m values for the curves were used.

The adsorption experiments for comparing the removal efficiency of the seven zeolites
were conducted in 42 mL glass vials at room temperature on a shaker table for 48 hours.
All of the adsorbentbad exactly the same working conditions, as previously mentioned

in Chapter 41. After centrifugationa liquid sample from the top of the 42 mL vials was
removed in 5 mL volumes into the 18 mL GC vials. After the GC returned
chromatographs for each samptee amount of tert butyl alcohol adsorbed into each
zeolite was calculated using the following equation:

Where Amt is the amount of tert butyl alcohol adsorbed by each zeolite, Cio is the
starting known concentration of each sample, Ci is the calculated concentration of each
sample after 48 hours contact time (as calculated above), V is the volume of e cont
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vial (for all samples, V is equal to 42 mL), and mz is the mass of each zeolite in each
sample vial.

4.3 Results and Discussion

4.3.1ZSM-5 Isotherm

Three different mass trials of ZSB] with increasing mass from trials a toresulted in

the isotherm shown ifrigure 10. The ZSM5 isotherm demonstrates the adsorption
capacity of ZSM5 in a tertbutyl alcohol solutionlt is interesting tanote that thehree

trials do not fall on the same adsorption line; this may be due to the high evaporation rate
of tert butyl alcoholin high concentration solutions since TBA is a very volatile
substancé and exists in the vapor phase in the atmospterdditionally, the high

silicon to aluminum ratio of silicalite may also influence the adsorption isotherm at high
concentrations, as there are few cations in the zeobiend which the TBA molecules

can align
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Figure 10: TBA Adsorption Isotherm for ZSM-5

A closer look at the ZSNo isotherm at lower concentrationss shown inFigure 11

Unlike in the high concentration range, the three mass trials fall on the same adsorption
line. The differences betwedfigure 10 and Figure 11 also may be due to the better
adsorption capacity of ZSM in lower concentrations compared to highe
concentrations.
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Figure 11: Low Concentration TBA Isotherm for ZSM-5

Further examination of the ZS®l isotherm compares the shape éndar regression of

Langmuir, BET, and Freundlich forms of isotherms. Langmuir isotherms are the most
general fom of isotherms for middle and high concentration ranges of adsorption
systems. The Langmuir equation i s gifisown be
the maximum amount adsorbed as the concentration increases, K is the Langmuir
equilibrium constantand C is the aqueous concentration:

. @owzZuzo
W= —F/———
1+vzZ0

By linearizing the general Langmuir equation, as demonstrated below, the Langmuir
equilibrium constant, K, andél,ax can be found using linear regressiéior the ZSM5
data, K is equal te0.0044and(imaxis equal ta-250000

1 1 1 1

== ————=% vt —/——
W UZaadm 6 6w

Figurel2 indicates that the Langmuir isotherm does not accurately represent th& ZSM
data, as noticed by the lo®7 value of the trendlineAdditionally, the negative value for

Umax iIndicates that the Langmuir isotherm does not accurately represent the data, since
maximum amount adsorbed cannot be a negative value in a real system.
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Figure 12: TBA on ZSM-5 Langmuir Isotherm Regression

The BET isotherm indicates whether adsorption occurs in 4laykirs on the surface
rather than a monolayer, as indicated by Langmuir examination. The general form of the
BET equation is shown, whete i s t he a mpaisthe maxdnsum adscebed
amount, K is the BET constant representing the energy of adsorption, Cs is the
concentration of the solute at the saturation of all laymrd C is the aqueous
concentration

G G0z 0 2 6

W= s
of 0zz[1 v 1 Z?:)T]
By linearizing the BET equation,
0 1 (v 1) , 0

ey 114 ‘: € A4 II\+1 A4 LLAA) ey
6i 6z UVLZEIdD ULZEIdw Oi

and using the Cs value of 20942 for the ZSNsotherm, the values of the constants can
be calculated using linear regression. For the Zsthta, K is equal to 2.5e15 aiiglax
is equal to 5e7. The linear fit of the BET isotherm to the data is shokigune13.

The R? value of the BET isotherm is very small, indicating ttiet BET isotlerm does
not fit the data.
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Figure 13: TBA on ZSM-5 BET Isotherm Regression

The Freundlich isotherrhas a general form of equation as shown, wherei s t h e
adsorbed K and n are Freundlich constants for a specific temperatureCaisdthe
aqueous concentration

\ e

®= 0204t

By linearizing the Freundlich equation,
logw= € zlogd + logL

and determining the values of the constants, K is equal to 26.96 and n is equabis
the ZSM5 data can be examined for closeness of fit for the Freundlich isotherm.

Figure 14 shows that the Freundlich isotherm does closely fit the BZShhta as
indicated by the highR? value. The resulting isotherm equation to predict ZSM
adsorption becomes:

logw= 11262 logd + log26.96
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P y = 1.1264x + 3.2945
R = 0.9361

log(n)

log(9

Figure 14: TBA on ZSM-5 Freundlich Isotherm Regression

4.3.2 HiSiv 3000 Isotherm

Three different mass trials of HiSiv 3000, consisting of trials a through c, exposed to
varying TBA solutions are shown in the isotherntigure15. The HiSiv 3000sotherm
demonstrates the capacity of HiSiv 3000 zeolites in adsorbing TBA molecules from
water.
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Figure 15: TBA Adsorption Isotherm for HiSiv 3000

30



A closer look at the low concentration range of the HiSiv 3000 adsorption isotherm is
shown inFigurel6.
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Figure 16: Low Concentration TBA Isotherm for HiSiv 3000

An examination of the HiSiv 3000 data using a Langmuir isotherm shows a similar result
as to the ZSvb data. The same linear equation applies,
1 1 1 1

= —_— 7

where K is equal te4.17e3 andiinax is equal to-2e5 Figure17 demonstrates the linear
regression and fit of the data to the Langmuir isotherm. The Langmuir isotherm fits the
HiSiv 3000 data moderately well, as @ehced by theR? value given inFigure 17.
However, the negative valsiéor {inax and K indicatethat the Langmiur plot does not
accurately represent the HiSiv 3000 data, as the maximum adsorbed conceatrdtion

the Langmuir constarm@annot be negative valsie
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Figure 17: TBA on HiSiv 3000 Langmuir Isotherm Regression

By linearizing the BET equation, as was done for the Z5dlta,

8 1 0 1) 3

ey 14 \: € A4 ll\+l ALY LAY ey
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and using the Cs value of 17133 for the HiSiv 3000 isotherm, the values of the constants
can be calculated using linear regression. For the data, K is eqlidl1e15 andima is
equal to-3.33e7. The linear fit of the BET isotherm to the data is showigimre18.

The R? value of the BET isotherm is very small, indicating ttet BET imtherm does
not fit the HiSiv 3000 data very well. Additionally, the K value cannot be negative.
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Figure 18 TBA on HiSiv 3000 BET Isotherm Regression

By linearizing the Freundlich equation to result in the following equation,
logw= € 2logd + logL

and determining the values of the constants, K is equal to 16.38 and n is equal is 1.375,
the HiSiv 3000 data can be examined for closeness of fit for the Freundlich isotherm.

Figure19 shows that the Freundlich isotherm fits the HiSiv 3000 data extremely well, as
indicated by thénigh R value. In comparison to the Langmuir isotherm fit, as shown in
Figurel7, the Freundlich isotherm is a much better fit to the HiSiv 3000 data.

The resulting Freundlich isotherm equation to predict HiSiv 3000 adsorption becomes:

logw= 13752 log0o + log16.38
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Figure 19: TBA on HiSiv 3000 Freundlich Isotherm Regression

4.3.3 Combined Isotherms

A comparison between the two isotherms, depicte#igure 20, demonstrate unique
adsorption capacities at high concentrations. At high concentrations, it is easy to
distinguish better adsorption using HiSiv 3000 zeolites compared toXZ&dblites.
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Figure 20: ZSM-5/HiSiv 3000Isotherms
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An examination of the adsorption isotherms at low concentrations, as shévguia21l,
also distinguishes better adsorption with one zeolite opposed tothtiee. At low
concentrations, ZSMb zeolites adsorb more of the TBA than do HiSiv 3000 zeolites.
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Figure 21: Low Concentration ZSM-5/HiSiv 3000 Isotherms

The distinct characteristics between the high and low concentration isotherms theorize a
possible fixed-bed column adsorptiorexperiment. An experiment consisting of a
combination of the two zeolites, exposing the HiSiv 3000 zeolites to the initial TBA
corcentration and the ZSM zeolites at the end of the column, should provide better
adsorption than either of the two zeolites alone. This type ofapsshould be possible

due to the isotherms figure20 andFigure21. Additionally, the combination of the two
zeolites should also reduce the cost of thelites,since high silica zeolites are more
expensive. Due to the cost difference between zeolite typeabere is a greater
percentage of HiSiv 3000 zeoliteaathZSM5 zeolites, then the cost should be lowered
compared to an experiment using only lingh silica zeolites.

4.3.4 Comparison to MTBE Isotherms

Powdered zeolites, as mentioned in Chapter 2.5, did not support the modeling hypothesis
as expressed byazaydin, et af? due to their very high siliceo-aluminum ratios This,

as previously mentioned, is theorized to be due to the very high sibelominum

ratios of the powdered zeolites, allowing for fewer cations around which the TBA
molecules can alignBy contrast, the granat zeolites have much lower silicdo-
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aluminum ratios, as shown Trable6, which should allow for a greater number of cations

in the zeolite structur@nd thus, greater adsorption of TBA compared to MTBE.

Figure 22 shows the adsorption data for MTBE and TBA on the same granule forms of

HiSiv 3000 anl ZSM5 zeolites. As shown iRigure22, TBA adsorption on a mass basis

is significantly higher (on the order of 100 to 10,000 times greater) than MTBE
adsorption, as recorded by Ahail, et al®
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Figure 22: Mass Basidsotherms for MTBE and TBA on ZSM-5 and HiSiv 3000

(MTBE data (00 s

However,the modeling done by Yazaydin, et*aldepicts the adsorption of TBA and
MTBE on a mole basis. By taking the data showRigure22 and converting to moles of

bonsd) col |l ect dalathpl)L ai | a

each moleculeadsorbed similar isotherms for the two zeolites are foukture 23
illustrates themolar amountef TBA and MTBEadsorbed on ZSANb and HiSiv 3000
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Figure 23 does support the modeling done by Yazaydin, ¢ &f.indicating that TBA
adsorption is greater and more efficient thdhBE adsorption from water on the same
two zeolites.
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CHAPTER 5: FIXED BED ADSORPTION

The two prospective adsorbents, ZSVand HiSiv 3000 zeolites, were compared in
continous fixeebed columns, with varying parameters to adjust the breakthrough curves
of the columns. Ultimately, study of the breakthrough curves should aid in designing full
scale models for industrial and waste water treatment purposes.

5.1 Introductionand Background

The specific mechanisms of adsorption in batch and continuous time systems rely on the
diffusive characteristics of the solution and the adsorbent. Althowgiratnansport is
responsible for movement through the bed length, microtransport actually controls
sorption by movement through the pores of the adsofbeifthe proposed steps of
adsorption mechanism$* is the diffusion through the liquid film or external boundary
layer, diffusion through the porous paréiclesulting in adsorption on the interior surface,
and a combination of the first two proposed steps. Of the listed steps, intraparticle
diffusion is the most common ralieniting step®*

Although batch systems miace interesting information in the form of isotherms,
adsorption columnswhose designs arshown in Figure 24, more closely simulate
commercial and industrial adsorbers and-reatld environmental situatioris Of the
several designs, the moving bed is difficult to maintain in industrial settings and for large
flow.* The two main bed choices are thus fixed bed and fluidized bed. The advantages of
a fixed bed system include little operator attention, few concentration fines, easy
inspection and cleaning for regeneration of adkeot, and fewer instances of adsorbent
particles in the effluenf. Disadvantages include the large physical area needed to
operate the fixed bed and the higher capital investiertor the purposes of this
research, the fixed bed column was the design chosen.

Liguid Solids Liquid Licuid
i in out out

Liguid Solids Liquid
out out in

Figure 24: Adsorption Column Designs*
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The adsorption column, or contacteegmoves impurities in the feed stream provided
there is sufficient contact time between the impurity and the adsdfb&nfdsorbers
provide good quality effluents that are lowgoncentration of dissolved organics or other
impurities®® However, the end of the adsorption process is determined by the degree of
high purification achieved and depends on the saturation of the adsorbent, tfendost
the environmental evaluation of purfty.

Purity of a substance is monitored using a breakthrough ,cwhieh estimates the time
required before the sorptive capacity of the sorbent bed is reached, i.e. the beddife
adsorbent’ At the starting flow of a dowsflow column, a mass transfer zone is shown
as depicted ifrigure 25 at the top of the bed.
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Figure 25: Adsorption Column Depicting Mass Transfer Zoné*

As depicted irFigure 25, the mass transfer zone, or adsorption zone, moves through the
bed length as the solute adsorbs onto the adsorbent and the top adsorbent becomes
saturated ** * While the mass transfer zone moves through the column, the exit
concentration is very low compared to the feed concentration of the solution. When the
mass trasfer zone reaches the bottom of the column, depicted as the breakpoint in a
breakthrough curve, the effluent concentration rapidly rises to the feed concentration
because all of the adsorbent is saturdted.
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The actual breakthrough curve appears after the breakpoint has been reached and
monitors how quickly the exit concentration increases to the feed concentration,
indicating little adsorption because the adsorption bed is at equilibrium with the feed
concentréion® An ideal breakthrough curyg¢he Sshape,s shown inFigure 26. The

most important aspect of the breakthrough curve, as idealizédune 26, is the shape

of the beakthrough because it determirtee operating lifespan of the adsorbent bed

and regeneration time needed for the bed lefigth.
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Figure 26: Idealized Breakthrough Curve®

The shape of the breakthrough curve is dependent on several parameters, including the
feed concentration, the feed flow rate, the size, shape, and type of adsorbent, and the
temperature or pressure of thgstent® *® For example, the curve, as referenced in
Figure 26, becomes less steep as the mass transfer rates are détreasbkdcomes

shorter with smaller surface areas? According to Gupta, et at?, at a high feed flow

rate the adsorbate leaves the column before equilibrium can occur, which should
demonstrate a shorter time needed for breakthrodglditionally, at a high feed
concentration, a steep breakthrough curve is expected because there is a lower mass flux
from the bulk to the particle surfate.

In judging the purity of the effluent, a choice of effluenhcentration is normally chosen
around the breakpoint for a single adsofetndustrial processes, however, normally
use multiple adsorbers aligned either in series or in parallel. Series andl@atsdirbers

are shown inFigure 27. Serial adsorbers tend to produce a greater degree of treatment
and maximum use of the adsorb&nParallel adsorbers, in contrast, requirenoling the
effluent of several individual adsorbers to produce an acceptable effluent conceftration.
An example of the combined effluent from parallel adsorbers is shokRigure28.
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Figure 28: Breakthrough Curves for Parallel Adsorbers™

Adsorber features vary between industry uses. However, several $bdtcéslescribe
generalized systenfer industrywith the parameters expressedable8.

Table 8: General Adsorber Parameters

Parameter Value
Bed Height/Length 37 9m, 101 30 ft
Particle Size 81 40 mesh*
Velocity 1.47 6.8 L/nfs
Flow Rate 271 10 gpm/ft
Residence Time 107 60 min

*for activated carbon
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The most common and oldemtisorbents used in fixdzed adsorbers are powdered and
granular activated carbdh. In fact, the first use of activated carbon to treat municipal
water was in 1883 when 22 carbon filter plants were built in AméticActivated
carbon, in either form, removes odors and flavors from water.

Activated carbon in the original filter plants and in treatment nowadays has a dual
purpose, tadsorb oderand flavorcausing molecules from the water and as a filter for
sediments and solids in the waste stréarff. The dual purpose of activated carbon
allowed for alower capital cost, since a separate filter was not needed unless there was a
high quantity of suspended solids in the waste stféaih>* Whenused as a filter,
suspended solids would only gather at the top of the carbon bed at low feed rates.
However, as the flow rate increased, the solids were able to penetrate the bed length
significantly® This resulted in lower efficiency for contaminant removal, mandatory
backwashing needed, and more frequent regeneration needed for the used activated
carbon®® ® After thermal regeneration, activated carbon showed significantly less
adsorptive capacity due to ash accumulating in the carbon pores or the carbon burning up
with the adsorbed impuriti€s.

Activated carbon also has difficulty removitaggeor highly polar molecules from waste
streams due to theneven pore sizes in the carbon structtir@he zeolites previasly
studied should not have this same issue with small particles since their pore structure is
uniforn™ through the depth of the zeolite. Additionally, zeolites can be thermally
regenerated without a siiicant decrease in adsorptive capacity, allowing for near
infinite use of a single batch of zeolites.

Zeolites, however, will also have the same backwashing and suspended solids problems
as activated carbon in a fixdxetd adsorber. Previous treatmend aemoval of the solids
before adsorptive treatment should reduce the problems associated with solid penetration
of the bed length.

5.2 Methodology and Materials

The materials and instruments presentedahle 9 were used throughout thaboratory
work.

Table 9: List of materials and instruments for Chapter 5

Chemical Use Specifications Supplier
Tert Butyl Alcohol Solvent 99.7% Mallinckrodt ARACS
Water Solvent E-pure Barnstead/Ropure ST/E
pure system
Isopropyl Alcohol Internal 90% v/v solution | Aqua Solutions
Standard
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Drive

Silicalite (ZSM5) | Adsorbent | Granule Zeolyst
High Silica Faujasite| Adsorbent |1/ 16 0 Gr a UOP
(HiSiv 3000)
U.S. Standard Sieve No. 18, 1 nm Fisher Scientific
Testing Sieve opening, 16 mesh | Company
equivalent
GlasseconaColumn | Adsorption | 1.5cm x 20 cm, 35 | Bio-Rad Laboratories
Column mL volume,
Catalog No.737
1522
Flow Adaptor Adsorption | 1.5 cmcolumn ID, | Bio-Rad Laboratories
Column 1-14 cm functional
length, Catalog No.
7380016
Sample Bags Feed for Tedlar, 25L, Dual | SKC
Adsorption | SS Fittings, No
Column Eyelets
Peristaltic Pump Pump Catalog No. 7553 | Masterflex/ColePalmer
20, 6600 RPM, Instrument Company
head no. 70160
L/S Digital Standard | Pump Model 752320, Masterflex/ColePalmer

1.6-100 RPM, head
no. 751800

Instrument Company

Gas Chromatograph| Detection Series 6890N Agilent Technologies
(GC)/FID
GC Column Detection DB624, Inventory | Agilent Technologies

No. 0594722,

Model No.

J&W1231334
SPME Extraction |8 5e m p ol y| Supelco

coating
Air Igniting gas | Ultra zero grade Airgas
Hydrogen Igniting gas | Ultra high purity ABCO Welding Supply
Nitrogen Carrier gas | Ultra high purity ABCO Welding Supply
Centrifuge Separation | 5804 Eppendorf
Microscale Mass and | AB104 and Mettler Toledo

weight AB104-S
Cat. No. $76490 | Sargent Welch Scientifi
. . i Company

Magnetic Stirrer Stirring Magnetstir, Cat. AmericanScientific

No. 58290 Products
Furnace Zeolite 6000 Furnace Thermolyne

activation

Additionally, a dessicator was used for storage of the powdered zeolites and activated
carbon. Magnetic stir bars were used with the magnetic stirrer, and 10 mL, 5 mL, 1000
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eL, 200 €L, and 5 eL pipettes and their
500 mL and 250 mL amber bottles, 18 mL GC vials, 500 mL, 1 L, and 2 L flasks.

The granule zeolites, both ZSMand HiSiv 3000, were manually ground into particles
apprximately 0.1 cm in diameter. After grinding, the small particles were placed on a
sieve to sort the particles. Particles with the appropriate diameter were kept in a sealed
glass container. Before use, the zeolites were baked in the oven at 350 dedt2dsHfor
hours for activation and cleanliness. The zeolites were then directly added to the column
for experimentation.

The column was attached to a pump to induce the feed concentration. The feed
concentration flowed down the column through the flow adaptdrinto the packed bed.

After transversing through the bed length, the liquid left the column at the bottom into a
large waste container. Samples were taken at the end of the bed length, at the exit of the
column, at specific time intervals. The samplesre taken in GC vials attached to the
tubing at the end of the column and took approximately two minutes to fill each GC vial.
An example of the entire column ag is shown inFigure 29. The GC samples were

then sealed and refrigerated for22 hours.

Figure 29: Column Experiment Setup

The GC vials were prepared by removing 2.1 mL of the column sample and 460ing
e L tlefl50 mg/L isepropanol solution as an internal standdrde samples were then
placed in the GC.
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A manual SPME hol der and fiber coated
Supelco) was used to extract tert butyl alcohol. With each new fiber, conalitioni
occurred by baking the fiber in the back injection port of the GC (Agilent Technologies,
Series 6890N) at 306G for at least 1 hour (referring to guidelines accompanying product
package). Analysis of resulting chromatographs indicated clean fiber, feadise.

Along with conditioning, each new fiber required a new calibration (standard) curve. Due
to internal standard use, only one curve was needed per fiber. The life of a fiber was
found to be about 785 samples.

The GC was equipped with a flame ipaiion detector (FID) and a DB624 column. The
inlet and detector temperatures were both set &(230itrogen was used as the carrier
gas at a constant flow of 45 mL/min. Hydrogen and air were used to maintain the detector
flame at flows of 40 and 450 mhin, respectively. The GC oven was programmed as
follows: 4 minutes at 35°C, ramp at 20°C/min to 90°C and held for 3 minutes, ramp at
40°C/min to 206C and held for 10 minutes. SPME fiber was desorbed for 5 min in the
splittess mode at 250°C and was aidaially heated for 5 min at the same temperature to
avoid contamination problems during the analysis of samples containing different
concentrations of tert butyl alcohol, therefore the total desorption time of the fiber was 10
min between consecutive injeans.

5.3 LaboratorySpecific Column Parameters

The column parametevgere consistent for all column experiments, with the exclusion of
the bed length, as that varied between colurArsimmary of the column parameters are
shown inTable10 for convenience.

Table 10: Fixed-Bed Column Parameters

Parameter Value Parameter Value

Feed 10 mg/L Column 1.5cm

Concentration Diameter

Feed Flow Ratg 10.4 mL/min Column Bed Variable
(£0.2) Length (3-12 cm)

Zeolite Particle | 0.1 cm Temperature | Room

Diameter Temperature

The feed concentration to the fixbéd system was chosen to be 10 mg/L (10 parts per
million (ppm)). Within this range, 0 mg/L to 10 mg/L, the adsorption isotherm, as shown
in Chapter 4 inFigure 20 and Figure 21, showsthe separation between the two zeolite
types, ZSM5 and HiSiv 3000. As previously mentioned, the isotherms indicate better
TBA adsorption onto ZShb zeolites at lower concentrat®and better TBA adsorption
onto HiSiv 3000 zeolites at higher concentrations.
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The feed flow rate was chosen as 10.4 mL/mif.@). Any fluctuation in the feed flow
rate was due to the nafigital pump used for half of the column experiments. Hand
timed flow rates were used with the rdigital pump to record the flow rate, and then the
timed flow rate was used to preset the itdigpump. All columns were run at
approximately the same flow rate.

The column diameter was given by the choice of column used. To minimize the effects of
axial dispersion and channeling through the bed length, a ratio of the column diameter to
the partite size was used to determine the zeolite particle size. @giatp of 15, which
minimized all channeling effects, the appropriate zeolite particle diameter was then
0.1 cm.

The column bed length was chosen to be the variable parameter in the fgltmAumn
experiments. Although any of the parameters could be varied to produce similar effects,
the bed length seems to be an important variable, especially when considering industry
scale fixedbed adsorbers, as explained earlier in this Chapter. Bgthiewere chosen

to be approximately 3 cm, 6 cm, and 12 cm for the column experiments.

5.4 3-cm BedBreakthrough Curves

The 3cm bed length columns consisted of a pure Zshbkd,a 50% (by mass) bed of
ZSM-5 and HiSiv 3000 a pure HiSiv 3000 bed, and antieated carbon bedThe
activated carbon bed was used to determine the-bieedadsorption of the two zeolites
versus the industry standard, activated carlm.example of the -8m bed length
columns are shown iRigure30, where the greenisblue portion at the top of the column
are glass beads and the white layer above the zeolitextwvatedcarbon is glass wool.

Figure 30: Activated Carbon and HiSiv 3000 3cm Bed Length Columns
(HiSiv 3000 column assembled by Chrispher McCann at WPI)

The ZSM5 and HiSiv 3000 zeolites were separated in the 50% bed by glass wool
between the two areas to keep the zeolites separate. Additionally, in the 50% column, the
HiSiv 3000 was located at the entrance to the column, while theZ3dblites were at

the exit to the column. This particular design was supported by the adsorption isotherms
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shown inFigure 20 and Figure21. As mentioned in Chapter 4, the HiSiv 3000 zeolites
appeared to adsorb more TBA from the solution at high concentrations, while5sZSM
zeolites adsorbed more at lower concentrations. Thus, the 50% column vwpeedes

that the HiSiv 3000 zeolites were exposed to the initial feed concentration, where the
concentration is the highest, and the ZSMzeolites were exposed to smaller
concentrations as the TBA solution moved through the bed length. This particuggr des

is of interest due to its theoretically purer exit concentration and its reduced cost since
there are fewer highost zeolites used.

Initially, only the 50% column and the ZSM column were studied for thec®n bed
length columns so that the breakthgbiwcurves could be established with respect to time.
The initial 3cm bed length experiments were run over a 100 hour period, with samples of
the exit concentration taken every 2 hours. The 100 hour run is shofigure 31,
where it is important to note that the breakthrough curve is established after
approximately 1€l5 hours. The fluctuations ifrigure 31 may bedue to the gas
chromatograph and its sampling fiber used to analyze the sampiesdding feed
solution to the reservoir at 30 and 60 hours

C/Cf

O T T T T T T T T T 1

0 10 20 30 40 50 60 70 80 90 100
Hours

Figure 31: ZSM-5 and 50% 3-cm Bed Breakthrough Curves After 100 Hours
at 10 mg/L Feed Concentration
(ZSM-5 data (e&®bds) tophdrMeCannatWWPlpy Chri s

Since the 100 hour column experiments reached breakthrough in approximately 15 hours,
the remaining two columns, pure HiSiv 3000 and activated carbon, were run for 24 hours.
The data from all four columns are showrFigure32.
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Figure 32: All 3-cm Bed Breakthrough Curves After 24 Hours
at 10 mg/L Feed Concentration
(ZSM-5 data (e&0s) arivésb-li EoVv | &8 mpherddCagna Chr i s
at WPI)

Figure32 indicates that all of the zeolite columns are more efficient for removal of TBA
from solution than the activated carbon column. This is shown wyduickly activated
carbon reaches its breakthrough curve, within approximatelg Rours. In an indus#d

setting, this would require recharging or refreshing the activated carbon column every
17 3 hours given these operating parametatspending o the environmentaltgafe

exit concentration needed. Even if the exit concentration was reduced to 80% of the feed
value, the activated carbon would need to be replaced every hour, which would incur a
high cost.

Additionally, Figure 32 compares the three zeolite columns (pure ZZMpure
HiSiv 3000, and the 50% bed) over a 24 hour period. As shown, the breakthrough curves
for the three columns are remarkably simil@he pure ZSM5 column might trail the
other two columns, but those details are obstusemewhatat this smablscale
examination. The similar behaviasf the ZSM5 and the HiSiv 3000 columns also
contradicts the information gathered from the adsorptiothéms. At a concentration of
10 mg/L, the adsorption isothermBiqure 20) predict that HiSiv 3000 should have a
distinctivdy different breakthrough curve comparead the ZSM5 breakthrough curve.
The breakthrough curve for HiSiv 3000, as shownFigure 32, does not demonstrate
different breakthrough characteristics from the Z5Mata. This may be due to the 24
hour examination period for the fixdsbd adsorption experiments compared to the
necessary 48 hour contact time as established in Chapter 3 for batch experiments.
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Anotherinteresting conclusion to draw about these three columns is the behavior of the
50% bed columnThe 50% bed column was theorized to have a unique breakthrough
cur ve, since the column used the advant
inlet andthe exit concentrations. However, as showrkigure 32, there is no reliable
difference between the 50% bed breakthrough curve and theZ&Mhe HiSiv 3000
breakhrough curves. Because there is no significant difference between the pure zeolite
column and the 50% bed column, the 50% column is not examined in the rest of the bed
lengths. Instead, the focus is on the pure Zskhd pure HiSiv 3000 columng:urther
examination of the 50% bed length may prove interesting and significant differences
between it and the pure columns may be obvious at large bed lengths, however, for the
purposes of this research, the 50% bed column was no longer studied.

The 3-cm column dtaalsowere examined with respect to isotherm data. Calculations
were found using the following equation:

Lo, 0z(1 06
OCXO:#
0 a

where Amt is the amount adsorbed by the zeolite over the total column operation time, B
is the area under the breakthrough eums calculated using the trapezoidal rule for
integration, and Mz is the mass of the zeolite in the bed length.

The calculations for all four bed types (pure ZSMpure HiSiv 3000, Activated Carbon,
and the 50% column) are shownTiable11.

Table 11. 3-cm Bed Calculated Isotherm Equivalents

Bed Type Isotherm Equivalent
at 10mg/L
Pure ZSM5 1.832 mg/g
Pure HiSiv 3000 4.033 mg/g
50% ZSM-5/HiSiv 3000 10.18 mg/g
Activated Carbon 1.951mg/g

Table 11 indicates the relative adsorption capacities of the zeolites in -tra Bed
columns. According to the calculations, the 50% column adsorbed the most TBA from
the feed solution, followed b¢ HiSiv 3000 column and the activated carbon column. It
was theorized that the 50% column should adsorb more than either the HiSiv 300 or the
ZSM-5 columns alone due to the placement of the two zeolites within the 50% column,
and the calculations suppahis theory. However, due to the little difference between the
50% column breakthrough curve and the pure zeolites breakthrough curves, the 50%
column is still not a feasible option for this small size bed.
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