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ABSTRACT

Recovery of Carboxylic Acids from Fermentation Brot
via Acid Springing. (December 2008)
Jipeng Dong, B.S., Tsinghua University, P. R. China
M.S., Shanghai Institute of Ceramics, Chinese Agadef Science, P. R. China

Chair of Advisory Committee: Dr. Mark T. Holtzapple

A proprietary technology owned by Texas A&M Univiggsnamed the MixAlco
Process, can process biodegradable wastes (emer paes, municipal solid waste,
sewage sludge, and industrial biosludge) to obtaitoxylic acids and mixed alcohol
fuels as downstream products. The process usesedmulture of naturally occurring
microorganisms, found in natural habitats suchhasrtmen of cattle and marine and
terrestrial swamps, to convert biomass wastesantoxture of carboxylic acids. As the
microorganisms digest the biomass and convertatanmixture of carboxylic acids, the
pH must be controlled. This is done by adding afdsufg agent (e.g., calcium
carbonate), thus a mixture of carboxylate salfgasluced.

Carboxylic acids can be recovered from the carlairysalts directly through a
process known as ‘acid springing.” This processewsigarboxylate salts (e.g., Ca(Ac)
with carbon dioxide (Cg and a low-molecular-weight tertiary aminé®s() to
precipitate calcium carbonate (Cag}OThe low-molecular-weight tertiary amine

carboxylate #NHAc) remains in the liquid. Then, this liquid isixad with trin-



octylamine (RN) and distilled. During distillation, tertiary ame carboxylate can be
thermally decomposed into the amine itself, whishrecycled, and carboxylic acids.
Theoretically, no chemicals are consumed or wasteduced during this process.

Essentially, the ‘acid springing’ process consistsprecipitation and thermal
conversion. The research described in this thesiases on choosing a proper low-
molecular-weight tertiary amine suitable for thegess and determining the optimal
temperature for thermal conversion. Because thedetation broth mainly contains
calcium acetate (more than 80% by weight), an agsiesolution of reagent-grade
calcium acetate is used for research purposesanhsitfermentation broth. Then, the
actual fermentation broth is used to verify theaosions.

A 0.3-L pressure vessel reactor was designed artt rfaa precipitation and a
distillation bench was prepared for thermal conegrsThe recovery effectiveness was
evaluated by gas chromatography (GC) and a pH st results indicated that
tributylamine is the best choice among several «iafl low-molecular-weight tertiary
amine. The optimal temperature for concentratimgutyl ammonium acetate is about
110°C, and the optimal temperature for recovering acatid from tributyl ammonium
acetate is about 1AT. The corresponding optimal temperatures for tloegss dealing

with fermentation broth are 110 and 1%0)
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CHAPTER |
INTRODUCTION

Although it has just 5% of the global populatione tUnited States burns nearly
25% of the world's oil (Figure 1-1). In 2006, athports (670.9 million tonnes) were
71.4% of US oil consumption (938.8 million tonnéBP, 2007). Furthermore, the use of
oil is projected to peak about 2007 and the supplthen projected to be extremely
limited in 40 to 50 years (Pimentel et al., 2039 the United States desperately needs a
liquid fuel replacement for oil in the future to alease its dependence on imports,

thereby improving energy security.

United States
4000 - Other countries - 4000
3500 - §§§§§§§§§§_3500
3000 —§ H 3000
2500 H : 2500
2000 H : 2000

1500 1500

Bl e

500 H - 500

Oil consumption / million tonnes

o b LAl o e
1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006

Year

Figure 1-1. Oil consumption of the United States and othentoes.

This thesis follows the style of Biotechnology @idengineering.



In the face of these questions and concerns, dttiaelois steadily becoming a
promising alternative to gasoline based on thevalhg merits:

1) Ethanol can be made from food feedstocks such as aud sugarcane. The
conversion of corn and sugarcane into ethanol byidatation is a well-known
and established technology.

2) Ethanol is compatible with today’s vehicles, andn che blended with
traditional gasoline in grades from E10 (10% ethat@oES85 (85% ethanol).

3) Ethanol is a renewable fuel and very safe for theirenment because it is
biodegradable.

4) Ethanol reduces pollution and greenhouse gas emsssiBecause ethanol
contains a higher percentage of oxygen than toawiti petroleum-based
gasoline, it burns more completely than petrolewaseld fuels.

With government support, U.S. ethanol productiamreased about 25% from 3.9
billion gallons in 2005 (Form EIA-819, 2005) to 48lion gallons in 2006 (Form EIA-
819, 2006). Meanwhile, the Renewable Fuels Assodcaeported that the number of
ethanol plants operating in the United States amed from 95 in January of 2006 to 110
in January 2007, with 76 plants under construatioaxpansion (RFA website, 2008). In
2006, ethanol only accounted for about 4% of UrSslied motor gasoline (EIA, 2007).

Unfortunately, corn grain, the current source dfaebl in the United States,
requires large amounts of land. Besides, therdasge demand for corn as food. These

all limit the total amount of ethanol that can lbequced from corn. So corn is unlikely



to be a long-term source of ethanol, and scienaésés turning to other alternative
sources.

The amount of biomass waste produced in the UrStates is staggering. There
is a huge amount of inexpensive, usable energylalaiin the form of paper fines,
municipal solid waste, sewage sludge, and indudtiesludge. Table 1-1 summarizes
the current annual production of biodegradable @smsh the United States. These
resources are locally available nearly everywhé&wgther, they are inexpensive and

often free. How to make ethanol from them is a psomg subject.

Table 1-1. Approximate annual production of U.S. biodegradathstes

Waste Amount (million tonnes)
Municipal Solid Waste 78
Sewage Sludge 10.9
Industrial Biosludge 3
Recycled Paper Fines 4.3
Agricultural Residues 400
Forestry Residues 330
Manure 220

Total 1046

(http://www.asee.org/conferences/edi/upload/2004-Hbltzapple-PDF.pdf)



Over the past 30 years, converting biomass wadte useful products has
aroused increasingly intense interest. Much gres¢arch has been done in this field.
Methane production from anaerobic fermentationestage sludge has been studied by
Ghosh (Ghosh et al., 1975). Producing methanenaarabic fermentation of municipal
solid wastes (Debaere et al., 1985) and agricultesadues (Sterzinger, 1995) has been
discussed separately. Simultaneous saccharificatneh fermentation (SSF) has been
developed for converting biomass into fuel ethafbtiently and economically (Takagi
et al., 1977; Wright et al., 1988).

A proprietary technology owned by Texas A&M Univgrs- which can process
biodegradable wastes to obtain carboxylic acidg-Qz) and mixed alcohol fuels as
downstream products — has been in development di8@#& (Holtzapple et al., 1997;
1999). Named the MixAlco Process, the flowchasghewn in Figure 1-2.

The process uses a mixed culture of naturally escagymicroorganisms, found
in natural habitats such as the rumen of cattle madne and terrestrial swamps, to
convert biomass into a mixture of carboxylic acmleduced by anaerobic digestion
(Agbogbo and Holtzapple, 2007). The pH must be roietl by adding a buffering
agent, calcium carbonate, for the microorganismdigest the biomass and convert it
into a mixture of carboxylic acids. Thus, a mixtwt carboxylate salts is produced.
Methanogenesis, which is the natural final staganaerobic digestion, is inhibited by
adding an inhibitor, iodoform. The resulting ferrtegion broth contains the produced
calcium carboxylate that must be dewatered. Therc#éinboxylic acids can be recovered

from the concentrated calcium carboxylate.
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Figure 1-2. MixAlco process overview.

Recovering carboxylic acids with long-chain tertiammines by reactive
extraction has been the subject of many publicati¢danura and Kuca, 1976;
Wennersten, 1983; Sato et al., 1985; Tamada €t%0; King, 1992; Bizek et al., 1993;
Prochazka et al., 1994; Juang and Huang, 1994 gJaiath Huang, 1997). Because the
acids must be separated from the extraction solmntdistillation after reactive
extraction, a simplified method has been develojedecover acids directly through
reactive distillation using triethylamine and-troctylamine (Williamson, 2000), which
is known as the *‘acid springing’ process.

As shown in Figure 1-3, the ‘acid springing’ progesixes carboxylate salts

(e.g., Ca(Ac)) with carbon dioxide (C® and triethylamine #3N) to precipitate



calcium carbonate (CaGp Triethyl ammonium acetateR¢NHAC) remains in the
liquid.

Ca(Ach + H,O + 2 RN + CO, O CaCQ | + 2 RsNHAc (1)
Then this liquid is mixed with t-octylamine (BN) and distilled. In the distillation
process, triethylaminefzN) is recovered from the top of the distillationlwon
whereas the remaining liquid containsrtroctyl ammonium acetate §RHAC).

R:NHAc O RN + HAc (2)

HAc + RN O3 RsNHAc (3)
Tri-n-octyl ammonium acetate §RHAC) is then distilled to recover acetic acid (HAc
from the top of the distillation column leaving-trioctylamine (BN) in the bottom of
the column, which is recycled. Theoretically, ncewticals are consumed or wastes
produced during this process.

RsNHAc 0%l RsN + HAc (4)



HAc
RN
Ca (‘ LXC}: AN AAAA
H,0 R:NHAc
CO, CaCO 3 \E :I—/
R;NHAc R:N

Figure 1-3. Acid springing process.

In Williamson’s work, Reaction 3 mentioned aboveswet clearly proven to
occur during the process. It is the key reaction riecovery of acetic acid through
distillation. One of the challenges is that trigimgine and acetic acid form a maximum
azeotrope (Table of Binary Organic Azeotropes, 2008Bthis thesis, an intensive study
has been performed to evaluate the feasibilitysoigitriethylamine. As will be shown,
the results indicate that the process using triathine cannot recover acetic acid
effectively.

To address this problem, the objectives of thiggatcare to choose the best low-
molecular-weight tertiary amine and to redesign tlaeid springing’ process

accordingly. Because the process essentially dsnsis precipitation and thermal



conversion, the best low-molecular-weight tertiamine should meet the following
criteria:
1) The amine can precipitate calcium carbonate froenférmentation broth to
form amine carboxylate.
2) The resulting amine carboxylate can decompose mane itself and
carboxylic acids.
3) Carboxylic acids are easy to recover from the tquixture via distillation.
According to these criteria, several low-molecwlaight tertiary amines will be
screened in a precipitation study. Then, the bastrholecular-weight tertiary amine
will be identified during the thermal conversiorest Finally, the optimal parameters
will be determined for the *acid springing’ processgolving the chosen tertiary amine.
Because the fermentation broth mainly containsiwa@cetate (more than 80%
by weight), an aqueous solution of reagent-gradeiwra acetate is used at first for
research purposes instead of fermentation brotigchadimplifies the process and makes
it easier to understand. Furthermore, the res@tseld from this simplified process are
readily applied to the real process involving femta¢éion broth without too much
deviation. Then, actual fermentation broth is usedverify the optimal parameters

derived from the aqueous solution of reagent-gcadi@um acetate.



CHAPTER I
EXPERIMENTAL METHODS
Precipitation of Calcium Carbonate

The primary purpose of the precipitation studyoidihd the appropriate tertiary
amines that can precipitate calcium carbonate fiermentation broth and the optimum
reaction pressure that produces higher productdyielnd shorter times to reach
equilibrium.

The aqueous solution of reagent-grade calcium &cétareacted with carbon
dioxide and low-molecular-weight tertiary amine fiorm tertiary amine acetate and
calcium carbonate. Because low-molecular-weightiaigr amine is volatile, it can
escape the system. A 0.3-L stainless steel pressssel is used to perform the

precipitation (Figure 2-1).

> iy
- g
(I)l :U - (I) l (‘) l & % flange

j 2 inch tube
welded

ET B :E/ L/8 inch tube
1/8 inch tube union [

blind flange i

90

| |

I I

| |

| | o .

| | 1/8 inch tube union
| |

| |

| |

Figure 2-1. Projected dimensions of 0.3-L pressure vessetaeac
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A 2-inch tube, with a flange welded on one end afdmm stainless steel sheet
welded on the other end, is employed as the rea8tolO-ring seal is used to prevent
loss of volatile components from the reactor togblidd flange is secured to the reactor
by bolting with four screw bolts and nuts. Thre8-iich tube unions are welded on the
blind flange. Two of them are for use as £@let and outlet whereas a 1/8-inch tube
with a blind end is fixed on the other tube unitmotigh which a thermocouple is
inserted into the reactor. Another 1/8-inch tubénns welded at the bottom of the
reactor for sampling. The reactor is wrapped whih heat insulation (PVC/NBR rubber-
plastic heat insulation materials) for thermal iason. A schematic of the precipitation
unit is shown in Figure 2-2.

An aqueous solution containing reagent-grade aalcacetate is put in the
reactor with low-molecular-weight tertiary aminedamixed by a magnetic stirrer during
the reaction. The reactor is then pressurized & K3®a (30 psig) with carbon dioxide
which remains until the system comes to equilibridrhe time for this procedure to
reach equilibrium is determined by monitoring tledusion temperature in the reactor.
The reaction is exothermic and the heat dissip#iteaugh the reactor wall is small
because of the slight temperature difference betwetution and environment. Further,
the system is well insulated. Once the solutionperature stops increasing, equilibrium
Is assumed to be achieved. Then the solution Bifteged for 25 minutes at 4000 rpm

to separate the solids from the liquid.
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Thermocouple
o
et sl¢
—
|
CO»
Sample b 4 ~
- I:H:L

Figure 2-2. Schematic of precipitation unit.

As shown in Figure 2-3, the centrifuge makes a v@cg separation and the
liquid containing tertiary amine acetate is savedthe concentration and distillation
study. The remaining solids are rinsed with waterédmove excess amine. Then the
solid is dried in the oven at 1@5and weighed for product yield calculations.

Then the precipitation is repeated at 446 kPa &Q)p584 kPa (70 psig), and
722 kPa (90 psig) whereas the other conditionsusm&hanged. The time to reach

equilibrium and product yield are recorded as afion of reaction pressure.
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Centrifuge Tertiary
|~  Ammonium
Acetate

|
/ o

Suspension Precipitated Calcium Carbonate

Figure 2-3. Centrifugal separation.

Simple Distillation

A variety of tertiary amines were chosen for thedgmpitation study. Several
studies were performed via simple distillation twaleate their performances in
concentration and thermal conversion.

The original fermentation broth contains only 2.%-4by weight) calcium
carboxylate and the remainder is water. Even aliemg dewatered by vapor
compression, the fermentation broth still has mbian 70% (by weight) water. This
water must be removed before the thermal conversiep. Because the solubility of
calcium carboxylate is limited to about 30% (by g¥&), concentrating the fermentation
broth to 100% purity is not practical. The remagiwater is removed after the
precipitation step by concentration the aqueoustienl of tertiary amine acetate. To

determine if water and acetic acid can be recovioed the aqueous solution of tertiary
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amine acetate separately, the apparatus showigumeF2-4 was used. The apparatus has
been assembled inside a hood and is attached &ted $npport using clamps.

A round-bottom flask sits in a heating mantle, whis controlled by a Variac.
The temperature of the liquid in the flask is meaduby a thermocouple, which is
connected to a temperature display. Then, the gapoe sent to a water-cooled
condenser. The distillate is collected into santplees according to the corresponding

liquid temperature in the flask for gas chromatpgsaanalysis and pH test.

Cold Water Out

Thermocouple

s ——

(%

@ Sample Tube

Figure 2-4. Schematic of simple distillation unit.
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Batch Distillation

Once a tertiary amine is chosen as the most saitaption for the process
according to the results of precipitation and seniktillation, optimization studies were
performed through batch distillation to determihe bptimal temperature that led to
high-purity products for water recovery (concentnat and acid recovery (thermal
conversion). As shown in Figure 2-5, a batch daidn unit is employed in the
laboratory. The apparatus has been assembled iag®d and is attached to a metal
support using clamps.

A flat-bottom flask is used as the reactor, whishheated by a heating plate
controlled by a temperature controller. The vapoese sent into the condenser through
a column. The temperature of the vapors leaving dbemn was measured by a
thermocouple. The distillate was collected into gEmtubes according to its
corresponding liquid temperature in the flask. Todumn was wrapped with the heat
insulation (PVC/NBR rubber-plastic heat insulatiomaterials) to prevent loss of heat.
Because trn-octylamine is reactive with oxidizing agents at thigemperature, a
nitrogen stream is supplied at the bottom of colwsara blanket when the distillation is

ended.
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Thermocouple

C'old Water Out

Cold Water In

Nitrogen Gas

..........
e, o 1
------

Sample

Heating Plate

Figure 2-5. Schematic of batch distillation unit.

Gas Chromatography
Acetic acid is analyzed by a gas chromatograph IéAgiModel: 6890 No.
G1530, USA)equipped with a flame ionization detector (FID).ll€cted liquid samples

collected are diluted with distilled water and condal with the internal standard (4-
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methykn-valeric acid) and acidified with 3-M phosphoric ddiefore injection into the
gas chromatograph.
pH Test

Because the GC (gas chromatography) analysis caisiotguish between acetic
acid and tertiary amine acetate existing in theesaga solution, a pH test is necessary to
determine the composition of distillate samplesqaHAmeter is used for this purpose.
Balances

The densities of all the liquids studied are listed able 2-1, by which volumes

can be translated into mass balances.

Table 2-1. Densities of liquids studied

Liquid Density

Water 1 g/mL
Acetic acid 1.05 g/mL
Triethylamine 0.73 g/mL
Tripropylamine 0.76 g/mL
Tributylamine 0.78 g/mL

Tri-n-octylamine 0.81 g/mL
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CHAPTER I
EXPERIMENTAL RESULTS
Precipitation of Calcium Carbonate

Trimethylamine is a gas at room temperature becaiige low boiling point (2.9
°C), so it is not an option for the ‘acid springimocess. Besides trimethylamine, there
are still several kinds of low-molecular-weighttigry amine as candidates including
triethylamine, tripropylamine, tributylamine, trigtamine, and trihexylamine.
Precipitation studies are performed to determire plarticular tertiary amine can make
calcium carbonate precipitate from the aqueoudisolwf calcium acetate.

An aqueous solution (51 mL) containing calcium atet{15% by weight) was
mixed with 10% excess tertiary amine and put irte teactor which was then
pressurized to 308 kPa (30 psig) by carbon dioxidigring the reaction, the solution
temperature monitored by thermocouple was recoadeal function of time to determine
if equilibrium was achieved. Then the solid prodwets dried and weighed for product
yield calculation.

Unlike triethylamine, tripropylamine, and tributyféne, when triamylamine and
trihexylamine were used, no reaction appeared tmroand no solids precipitated. So
triamylamine and trihexylamine are not suitabletfog process.

As shown in Figures 3-1, 3-2, and 3-3, triethylagnia the quickest to achieve
equilibrium whereas tributylamine is the slowedteTresults of product yield for these

systems are listed in Table 3-1.
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Figure 3-1. Temperature-time curve of system involving triésmyine.
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Figure 3-2. Temperature-time curve of system involving tripyiamnine.

35

30

25

20

35

30

N
(%,

[3%3
(=]

8 10 12 14 16 18

Time (min)

o/o—."._.ﬂ._."“"'ﬂ

8 10 12 14 16 18 20

Time (min)

18



19

30

°® 0-0-0-g °
oo’ *
o0® °
o
o
o
o

—~ o®
o »

~ /.

) o

5 25+ prd i
= o

5 /

Q o

) /

= ¢

o /

3 K

b
20 L 1 : 1 " 1 L 1 L 1 L | L 1 s
0 4 8 12 16 20 24 28 32
Time (min)

Figure 3-3. Temperature-time curve of system involving tridatgine.

Table 3-1. Results of product yield calculation

Tertiary Amine Weight of Solid Product Product Yield
) (%)
Triethylamine 5.6 98.1
Tripropylamine 5.5 96.5
Tributylamine 5.5 96.5

Concentration of Tertiary Amine Acetate
Concentrating tertiary amine acetate can be daherdbefore mixing it with tri

n-octylamine, or afterward. Three preliminary studwesre performed to determine if
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water could be separated from tertiary amine aeefatdistillation and to determine the
temperature range that tertiary amine acetate decses.

Concentration Study | involves triethyl ammoniunetate. First, the temperature
needed to decompose triethyl ammonium acetatetriigihylamine and acetic acid was
determined. Reagent-grade triethyl ammonium acetaseput into the flask and heated.
The top and bottom temperatures were recordedfascéion of time and are shown in
Figures 3-4 and 3-5. According to the temperatumeeas, the reaction occurs between
110 and 120C. So, the temperature should not exceed °Cl@o concentrate triethyl

ammonium acetate.

180

140 —
120 —
100 —
80 —

60 |-

Temperature (°C)

40 |

20

Time (min)

Figure 3-4. Time profile for top temperature of batch distilba of triethyl ammonium
acetate.
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Figure 3-5. Time profile for bottom temperature of batch dliation of triethyl
ammonium acetate.

Then, a 156-mL sample containing triethyl ammoniaetate (75 mL), excess
triethylamine (11 mL), and water (70 mL) was putoirthe flask and distilled. The
temperature curve is shown in Figure 3-6 and thieated distillate samples are
summarized in Figure 3-7. Because excess triethiglarand water codistill at 78C
(vapor composition is 90% w/w triethylamine and 10¢wv water) (Anderson et al.,
1992), there is a flat in the temperature curveiado76°C. The first distillate sample is
collected at 76°C, which is far below the boiling point of each qmunent of this

system.
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Figure 3-6. Time profile for bottom temperature of simple digtion of the system
containing triethyl ammonium acetate, excess tylathine, and water.

Volume (mL)
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Bottom Temperature (°C)
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Figure 3-7. Distillate samples of triethyl ammonium acetatdestied at different
bottom temperatures.
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Because triethylamine is not miscible with waterewdas triethyl ammonium
acetate is, the distillate sample will be a twogghdiquid mixture if there is
triethylamine present. According to Figure 3-7, esg triethylamine leaves the system
steeply within the temperature range from @5 to 100°C. When the temperature
exceeds 110C, triethyl ammonium acetate cracks and produdethylamine, so the
volume of the organic phase starts to increase. ddetic acid concentration of the
distillate samples (Figure 3-8) demonstrates thatesacetic acid exits the system when
the temperature is above 18D. As shown in Figure 3-9, the pH of all sampleahsve
10 because of the presence of triethylamine. Ierottords, acetic acid exists in the

distillate as triethyl ammonium acetate.

100

80- i _

Acetic Acid Concentration (g/L)

40 L $ 4
| /o
20 -
_ v i/ _
0 P 1 1 ",/’/ " 1 1 1
70 80 90 100 110 120

Bottom Temperature (°C)

Figure 3-8. Acetic acid concentration of distillate sampleBemed from triethyl
ammonium acetate at different bottom temperat(Egsor bars represent 95%
confidence interval.)
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Bottom Temperature (°C)

Figure 3-9. pH of distillate samples collected from triethyhimonium acetate at
different bottom temperatures. (Error bars repre86#o confidence interval.)

Then, the concentration of triethyl ammonium aeeiatstudied after it mixes
with tri-n-octylamine. A 156-mL sample containing triethyl anmium acetate (75 mL),
excess triethylamine (11 mL), and water (70 mL) waiged with 166 mL of trn-
octylamine and distilled. The temperature curvesli®wn in Figure 3-10 and the
collected distillate samples are summarized in fég+11. Compared to the results of
the system without tm-octylamine, the codistillation of triethylamine anditer seems
to be destroyed by adding-trtoctylamine and the first distillate sample was ectiéd at

about 92°C, which is near the boiling point of triethylamine
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Figure 3-10. Time profile for bottom temperature of simple dligtion of the system
containing triethyl ammonium acetate, excess tylathine, water, and tm-octylamine.
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Figure 3-11. Distillate samples of triethyl ammonium acetatéwi-n-octylamine
collected at different bottom temperatures.
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According to Figure 3-11, excess triethylamine &sathe system steeply within
the temperature range from 92 to 100°C. When the temperature is above PC3
triethyl ammonium acetate is cracked and producethylamine, so the volume of the
organic phase starts to increase.

The acetic acid concentration and pH results dilldi® samples are shown in
Figures 3-12 and 3-13. Comparing to the resultgiethyl ammonium acetate, adding
tri-n-octylamine does not make a notable difference. Saostic acid will leave the

system in the form of triethyl ammonium acetate mitee temperature is above 1

100

60 - -

40 | -

20 -

Acetic Acid Concentration (g/L)

70 80 90 100 110 120

Bottom Temperature (°C)
—e— without TOA —o— with TOA

Figure 3-12. Acetic acid concentration of distillate samplefemted from triethyl
ammonium acetate with and withoutroctylamine at different bottom temperatures.
(Error bars represent 95% confidence interval.)
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Figure 3-13. pH of distillate samples collected from triethyhmonium acetate with and
without tri-n-octylamine at different bottom temperatures. (Ebrars represent 95%
confidence interval.)

Concentration Study Il deals with tripropyl ammaniacetate. The temperature
needed to decompose tripropyl ammonium acetatetiipi@pylamine and acetic acid is
determined by the top (Figure 3-14) and bottomyfegB-15) temperature curves of the
distillation of reagent-grade tripropyl ammoniunetate. According to the temperature
curves, the reaction occurs between 145 and°C5050, the temperature should not

exceed 145C for concentrating tripropyl ammonium acetate.
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Figure 3-14. Time profile for top temperature of batch distilken of tripropyl
ammonium acetate.
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Figure 3-15. Time profile for bottom temperature of batch diation of tripropyl
ammonium acetate.
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Then a 172-mL sample containing tripropyl ammoniacetate (94 mL), excess
tripropylamine (8 mL), and water (70 mL) was putoirthe flask and distilled. The
collected distillate samples are summarized in lEgR+16. Because tripropylamine is
not miscible with water and tripropyl ammonium atetis, the distillate sample will be
a two-phase liquid mixture if it contains tripropghine. According to Figure 3-16, all
the distillate samples are two-phase liquid mixgurandicating that tripropylamine
leaves the system with water between 98 and °@although the boiling point of

tripropylamine is 155°C. A probable reason is that excess tripropylansind water

codistill at about 98C.

Volume (mL)

100 110 120

Bottom Temperature ("C)
[ 1Aqueous Phase M Organic Phase

Figure 3-16. Distillate samples of tripropyl ammonium acetatétected at different
bottom temperatures.
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As shown in Figure 3-17, the acetic acid conceiatnabf distillate samples
demonstrates that acetic acid starts to exit tiséeny steeply when the temperature is
above 102C. The pH results of samples (Figure 3-18) aralative 7, indicating that

acetic acid leaves in the form of tripropyl ammaniacetate.

120

) .
ol ; /}/ ]
40 _ }/{ _

20 -

Acetic Acid Concentration (g/L)

95 100 105 110 115 120 125

Bottom Temperature (°C)

Figure 3-17. Acetic acid concentration of distillate samplelested from tripropyl
ammonium acetate at different bottom temperat(Egsor bars represent 95%
confidence interval.)
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Figure 3-18. pH of distillate samples collected from tripropyhmonium acetate at
different bottom temperatures. (Error bars repre86#o confidence interval.)

The next study focuses on the concentration ofdpy ammonium acetate after
it was mixed with trdn-octylamine. A 172-mL sample containing tripropyl monium
acetate (94 mL), excess tripropylamine (8 mL), ader (70 mL) was mixed with 166
mL of tri-n-octylamine and distilled. The collected distilla@mples are summarized in
Figure 3-19. Compared to the results withountactylamine, adding tm-octylamine
reduces the volume of organic-phase distillate $asn@he first distillate sample was

collected at 106C.
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Figure 3-19. Distillate samples of tripropyl ammonium acetaithwvri-n-octylamine
collected at different bottom temperatures.

The acetic acid concentration in the distillate gke® is shown in Figure 3-20.
Because tripropyl ammonium aceta®N:HAc) is a complex, there is decomposition

equilibrium existing in the aqueous solution optapyl ammonium acetate as follows:
ReN:HAC <> ReN: + HAC (5)
When trin-octylamine is added, tripropylamine is extractetbithe organic
phase because it is completely miscible withntdetylamine. Thus, the acetic acid
concentration of the aqueous phase increases. diogy, the acetic acid concentration
of the distillate samples increases. As shown gufa 3-21, the pH of the distillate

samples decreases by addingntoctylamine.



33

4 |
%/ g -

Acetic Acid Concentration (g/L)

| pE24
40 | -
- s %/E/{
20 | 5 E/ -
—
095 . l(IJO I l(I)S liO 1;5 1;0 . 125

Bottom Temperature ("C)
—e—without TOA —o— with TOA

Figure 3-20. Acetic acid concentration of distillate samplelested from tripropyl
ammonium acetate with and withoutroctylamine at different bottom temperatures.
(Error bars represent 95% confidence interval.)
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Figure 3-21. pH of distillate samples collected from triproyhmonium acetate with
and without trin-octylamine at different bottom temperatures. (Ebars represent 95%
confidence interval.)

Concentration Study Il involves tributyl ammoniuracetate. First the
temperature needed for decomposing tributyl amnmragetate into tributylamine and
acetic acid is determined by heating reagent-gtadetyl ammonium acetate. The top
and bottom temperature were recorded as a funofiime and are shown in Figures 3-
22 and 3-23. According to the temperature curves réaction occurs between 160 and
170 °C. So, the temperature should not be above °@GWhen concentrating tributyl

ammonium acetate.
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Figure 3-22. Time profile for top temperature of batch distilken of tributyl ammonium
acetate.
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Figure 3-23. Time profile for bottom temperature of batch diation of tributyl
ammonium acetate.
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Then a 192-mL sample containing tributyl ammoniwetate (112 mL), excess
tributylamine (10 mL), and water (70 mL) was putoirthe flask and distilled. The
collected distillate samples are summarized in fe@@+24. Because tributylamine is not
miscible with water, whereas tributyl ammonium atetis, the distillate sample is a
two-phase liquid mixture if there is tributylamime it. According to Figure 3-24, the
distillate samples collected between 100 and i@ 7are two-phase liquid mixtures
indicating that tributylamine leaves the systemhwitater even though the boiling point
of tributylamine is 216°C. This is caused by the codistillation e@fater and
tributylamine.

The acetic acid concentration of distillate samglEegure 3-25) demonstrates
that acetic acid starts to leave the system stegpgn the temperature is above £a0
As shown in Figure 3-26, the pH results of distdlaamples are between 6 and 8. So

acetic acid exits in the form of tributyl ammoniacetate.



37

w
T
1

Volume (mL)
[ )
T
1

100 110 120

Bottom Temperature (°C)
[ 1Aqueous Phase [l Organic Phase

Figure 3-24. Distillate samples of tributyl ammonium acetatdlemied at different
bottom temperatures.
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Figure 3-25. Acetic acid concentration of distillate samplelemted from tributyl
ammonium acetate at different bottom temperatErsor bars represent 95%
confidence interval.)
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Figure 3-26. pH of distillate samples collected from tributyhenonium acetate at
different bottom temperatures. (Error bars repre886#io confidence interval.)

Concentration of tributyl ammonium acetate can &lsocdone after it is mixed
with tri-n-octylamine. A 192-mL sample containing tributyl aomum acetate (112
mL), excess tributylamine (10 mL), and water (70)mias mixed with 166 mL of tm-
octylamine and distilled. The collected distilla@mples are summarized in Figure 3-27.
Comparing to the results of the system withouhtactylamine, adding tr-octylamine

eliminates the organic phase in all distillate sksp
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Figure 3-27. Distillate samples of tributyl ammonium acetatéhwiri-n-octylamine
collected at different bottom temperatures.

The acetic acid concentration of distillate sampgkeshown in Figure 3-28.
Because tributyl ammonium aceta®N:HAc) is a complex, there is decomposition
equilibrium existing in the aqueous solution obtriyl ammonium acetate as follows:

RsN:HAC < RaN: + HAC (6)

When trin-octylamine is added, tributylamine is extractet ithe organic phase
because it is completely miscible with trectylamine. Thus, the acetic acid
concentration of the aqueous phase increases. diogty, the acetic acid concentration

of the distillate samples increases. As shown guifg 3-29, the pH of distillate samples

decreases by adding-trioctylamine.
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Figure 3-28. Acetic acid concentration of distillate samplelexted from tributyl
ammonium acetate with and withoutroctylamine at different bottom temperatures.
(Error bars represent 95% confidence interval.)
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Figure 3-29. pH of distillate samples collected from tributyheonium acetate with and
without tri-n-octylamine at different bottom temperatures. (Ebrars represent 95%
confidence interval.)

Recovery of Acetic Acid from Tertiary Amine Acetate

Recovering acetic acid from tertiary amine acetat¢he key element of the
process. Three preliminary studies were perforneedetermine if acetic acid can be
retrieved from the aqueous solution of tertiary ragracetate via distillation.

Recovery Study | deals with triethyl ammonium ateet®s mentioned before,
triethyl ammonium acetate will be decomposed inthylamine and acetic acid when
the temperature is between 110 and 220 So, triethyl ammonium acetate will be

converted into a binary mixture of triethylaminedaacetic acid when the temperature is
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above 120°C. Triethylamine and acetic acid form a maximumoazpe (71% w/w
acetic acid and 29% w/w triethylamine) in which theiling point is about 163C
(Table of Binary Organic Azeotropes, 2008).

Figure 3-30 shows the temperature curve of thelldigin of a 156-mL sample
containing triethyl ammonium acetate (75 mL), esceethylamine (11 mL), and water
(70 mL). There is a flat occurring around 18D which corresponds to the azeotrope.
Because of this azeotrope, acetic acid cannot beveeed from triethyl ammonium

acetate via distillation. To address this problem-octylamine is introduced.
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Figure 3-30. Time profile for bottom temperature of simple diation of the system
containing triethyl ammonium acetate, excess tylathine, and water.
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Tri-n-octylamine can react with acetic acid, and the pecgd trin-octyl
ammonium acetate, will decompose intertioctylamine and acetic acid between 155
and 160°C, as shown in Figures 3-31 and 3-32. Theoreticaliyn-octylamine could
keep acetic acid away from triethylamine when terafpee is above 128 and destroy

the azeotrope.
HAc + RN O R3NHAc (3)

RsNHAc 0% Ri:N + HAc (4)

120 - -

i //\ ]
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Figure 3-31. Time profile for top temperature of batch distilke of tri-n-octyl
ammonium acetate.
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Figure 3-32. Time profile for bottom temperature of batch diation of tri-n-octyl
ammonium acetate.

To determine the effect of {n-octylamine, the temperature curve from the
distillation of a 322-mL sample containing trietrginmonium acetate (75 mL), excess
triethylamine (11 mL), water (70 mL), and-tdoctylamine (166 mL) is recorded. As
shown in Figure 3-33, there still is a flat occngriaround 166C, which is close to the

boiling point of the negative azeotrope formed fiigthylamine and acetic acid.
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Figure 3-33. Time profile for bottom temperature of simple diation of the system
containing triethyl ammonium acetate, excess tylathine, water, and tm-octylamine.

Figures 3-34 and 3-35 show the acetic acid conagotr and pH results,
respectively, of distillate samples collected frdmse two systems. Each figure shows
the results with and without {n-octylamine. There is no notable difference betwiben
samples collected from these two systems; theretor@-octylamine does not react
with acetic acid and destroy the azeotrope as ¢gge€&urthermore, pH results of all
distillate samples are above 3.5, indicating thathtyl ammonium acetate exists in all

distillate samples and acetic acid cannot be reeoMeecause of an azeotrope.
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Figure 3-34. Acetic acid concentration of distillate samplefemted from triethyl
ammonium acetate with and withoutroctylamine at different bottom temperatures.
(Error bars represent 95% confidence interval.)
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Figure 3-35. pH of distillate samples collected from triethghmonium acetate with and
without tri-n-octylamine at different bottom temperatures. (Ebars represent 95%
confidence interval.)

Tri-n-octylamine is not miscible with the agqueous solutd triethyl ammonium
acetate, so reaction (3) is heterogeneous. Moretnr-octylamine is viscous, which
makes the reaction difficult to occur. To eliminalés obstacle, the viscosity of -t
octylamine is reduced by dilution. Table 3.2 sunmmes some agents commonly used to
dilute tri-n-octylamine. According to their boiling points, tbaly one that can be used
in this process is octanol because it will not eetlve system before the reaction occurs.
The acetic acid concentration and pH results of diséillate samples collected from

these two systems (with and without dilution byametl) are compared.



Table 3-2. Dilution agents for trhn-octylamine
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Dilution Agent Boiling Point
Chloroform 62°C
Hexane 69°C
Methyl Isobutyl Ketone 117C
Octanol 195°C
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Figure 3-36. Acetic acid concentration of distillate samplelemted from triethyl
ammonium acetate with undiluted and diluteentoctylamine at different bottom
temperatures. (Error bars represent 95% confidenerval.)
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Figure 3-37. pH of distillate samples collected from triethyh@monium acetate with
undiluted and diluted tm-octylamine at different bottom temperatures. (Ebars
represent 95% confidence interval.)

As shown in Figures 3-36 and 3-37, the acetic aoitcentration in the distillate
samples is reduced by adding octanol as dilutioenagand accordingly the pH of
distillate samples increases. The reason may leatisic acid reacts with octanol to
form an ester, which is left at the bottom. Soaact is not a proper dilution agent for
this process either.

Taken together, the results suggest that acetitarinot be recovered from the
aqueous solution of triethyl ammonium acetate v&ilhtion. Even though it performs

well in the precipitation step, it is not a goodide for the ‘acid springing’ process.
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Recovery Study Il involves tripropyl ammonium at¢etaAs mentioned before,
the temperature needed to decompose tripropyl anumoacetate into tripropylamine
and acetic acid occurs between 145 and “&0The acetic acid concentration and pH
results of distillate samples collected above AS@re shown in Figures 3-38 and 3-39,
respectively. According to Figure 3-38, the maximaoetic acid concentration appears
around 155C. Because the boiling point of tripropylamine B6£C, the acetic acid

concentration decreases when the boiling evaporaifotripropylamine occurs above

156°C.

800

— |
{/ {\H ]
o

200 -

Acetic Acid Concentration (g/L)

100 -

150 155 160 165 170

Bottom Temperature (°C)

Figure 3-38. Acetic acid concentration of distillate sampledeaxikd from tripropyl
ammonium acetate with tn-octylamine at different bottom temperatures. (Ebars
represent 95% confidence interval.)
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Figure 3-39. pH of distillate samples collected from triprogyhmonium acetate with
tri-n-octylamine at different bottom temperatures. (Elbrars represent 95% confidence
interval.)

Correspondingly, the minimum pH appears at ¥55as shown in Figure 3-39.
When the temperature is above 185 the pH starts to increase. The minimum pH is
still above 5.0 proving that tripropylamine exigtsall distillate samples. Acetic acid is
difficult to recover from tripropyl ammonium acegathrough distillation because the
boiling point of tripropylamine is close to the detposition temperature of tripropyl
ammonium acetate.

Recovery Study Il explores tributyl ammonium atetaBecause tributyl
ammonium acetate decomposes into tributylamineagetic acid when the temperature
is above 160C, acetic acid concentration (Figure 3-40) and esults (Figure 3-41) of

distillate samples collected above f&0are measured.
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Figure 3-40. Acetic acid concentration of distillate samplelemted from tributyl
ammonium acetate at different bottom temperatErsor bars represent 95%
confidence interval.)
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Figure 3-41. pH of distillate samples collected from tributyhenonium acetate at
different bottom temperatures. (Error bars repre886#io confidence interval.)
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As shown in Figure 3-40, the maximum acetic acidcemtration appears at 167
°C. When the temperature is above P&7 acetic acid concentration decreases along
with increase of temperature. Accordingly, as shamwirigure 3-41, the minimum pH
appears at 16C and then the pH of distillate samples increases.

The minimum pH is around 1.7, which means thatdikéllate sample collected
at 167 °C does not contain too much tributylamine. Becatise boiling point of
tributylamine (216°C) is much higher than the decomposition tempegatirtributyl
ammonium acetate, it is easy to retrieve acetid rom tributyl ammonium acetate via
distillation.

To determine the role of tri-octylamine in the distillation process, the acetic
acid concentration (Figure 3-42) and pH resultgye@ 3-43) of distillate samples
collected from two systems (with and without-riroctylamine) are compared. The
results show that the acetic concentration of ltfitti samples collected between 160 and
180 °C increases and pH decreases because-ofotttylamine addition. All of these
results demonstrate that tributylamine has begpé@ by trin-octylamine in the bottom
until the temperature is close to its boiling poifb, adding trh-octylamine does
enhance the separation of acetic acid and tribmiyle during distillation.

Simply stated, acetic acid can be easily recovdreoh tributyl ammonium

acetate; therefore, tributylamine is the best ahéoc the ‘acid springing’ process.
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Figure 3-42. Acetic acid concentration of distillate samplefemted from tributyl
ammonium acetate with and withoutroctylamine at different bottom temperatures.
(Error bars represent 95% confidence interval.)
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Figure 3-43. pH of distillate samples collected from tributyhenonium acetate with and
without tri-n-octylamine at different bottom temperatures. (Ebrars represent 95%
confidence interval.)

Optimization of the ‘Acid Springing’ Process

Because tributylamine is the best choice for tloéd'@pringing’ process, optimal
parameters should be determined.

Optimization Study | deals with the process usiggesus solutions of reagent-
grade calcium acetate to simulate fermentation hbrét 51-mL aqueous solution
containing calcium acetate (15% by weight) was mhixéth 10% excess tributylamine
and put into the reactor, which was then pressdripe308 kPa (30 psig) by carbon

dioxide. Then, the precipitation was repeated & KRBa (50 psig), 584 kPa (70 psig),
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and 722 kPa (90 psig) while the other conditiomsaied the same. The time to reach
equilibrium and product yield were recorded asrafion of reaction pressure, as shown
in Figures 3-44 and 3-45.

The results show that increasing the carbon diogrdssure reduces the reaction
time, but it barely affects the product yield. Télgy higher reaction pressure is better,

without considering the capital cost of the pressiessel.

Reaction Time (min)
O
T

O " 1 " 1 " 1 L 1 L 1 L
200 300 400 500 600 700 800

Reaction Pressure (kPa)

Figure 3-44. Reaction time of the precipitation with tributylarma under different
pressures.
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Figure 3-45. Product yield of the precipitation with tributylame under different
pressures.

Then a 192-mL sample containing tributyl ammoniwmatate (112 mL), excess
tributylamine (10 mL), and water (70 mL) was mixedh 166 mL of trin-octylamine
and distilled at 96C to concentrate tributyl ammonium acetate. Thiea,concentration
was repeated at 100, 110, and 2@0while the other conditions remained the same. The
volume and acetic acid concentration of the dagllwas recorded and the mass of
acetic acid in the distillate was calculated. Tésufts are summarized in Table 3-3.

The acetic acid concentrations of the solution iamg at the bottom are shown
in Figure 3-46. When the temperature is above °C10raising the temperature cannot
increase the concentration of the bottom solutiegniicantly, so the optimal

temperature is around 1%0.
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Table 3-3. Results of concentrating tributyl ammonium acetaté tri-n-octylamine at
different temperatures

Temperature Volume of Acetic Acid Concentration ~ Mass of Acetic Acid
Distillate of Digtillate in Distillate
(°C)
(mL) (glL) (9
90 0 0 0
100 60 42.64 2.56
110 80 49.68 3.97
120 82 50.65 4.15
200

3 180 4

K .

g  J

E 160 | -

E [ J

O 140 ]

=

<

'% 120 L -

<

100 1 " 1 n 1 1
90 100 110 120

Temperature (°C)

Figure 3-46. Acetic acid concentration of the bottom soluti@mcentrated at different

temperatures.
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To recover acetic acid 278-mL concentrated sample, which was derivech fro
the concentration of a 358-mL sample containingutsii ammonium acetate (112 mL),
excess tributylamine (10 mL), water (70 mL), ariehtoctylamine (166 mL) at 118C,
was distilled at 166C. When no more distillate came out, the tempeeatwas raised to
170°C to distill the residual liquid. Then, the temgara was raised to 180, 190, and
200 °C in the same manner. Acetic acid concentrationdistfllates are recorded as a
function of temperature. As shown in Figure 3-4i& biggest increase of concentration
occurs at 176C. Once the temperature reaches 4B0acetic acid concentration begins
to decrease. So, the optimal temperature for retcayecetic acid from the aqueous

solution of reagent-grade calcium acetate is ardf@fC.

1200

1000 -

800 - .

600 - . — ., -

400 4

Acetic Acid Concentration (g/L)

200 —

O 1 . 1 " 1 L 1 L 1
160 170 180 190 200

Bottom Temperature (°C)

Figure 3-47. Overhead acetic acid concentration recovered fratoh distillation of
tributyl ammonium acetate at different bottom tenaperes.
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Optimization Study Il optimizes the process invaotyiactual fermentation broth.
The fermentation broth was obtained from the pilaiat scale fermentation of shredded
office paper (80%) and chicken manure (20%). Figg#48 describes the initial acid

concentrations of the fermentation broth.

Acid Concentration (g/L)
(o))
T

C2 C3 1C4 C4 IC5 C5 C6 C7

Figure 3-48. Acid concentrations of the fermentation broth.

The fermentation broth (300 mL) was mixed with witjdamine (50 mL) and
carbon dioxide to precipitate calcium carbonateatmospheric pressure. The liquid
sample (318 mL) derived from the precipitation wased with 190 mL of trn-
octylamine and distilled at 98C to concentrate tributylamine carboxylate. Thea th

concentration was repeated at 100, 110, and’@20hile the other conditions remained
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the same. The volume and acid concentration oifldistwas recorded and the mass of

acid in the distillate was calculated. The resatsssummarized in Table 3-4.

Table 3-4. Results of concentrating tributylamine carboxyhatth tri-n-octylamine at
different temperatures

Temperature  Volume of Total Acid Concentration of Mass of Acidin
(°C) Didtillate Digtillate Didtillate
(mL) (gL) (9)
90 0 0 0
100 214 8.29 1.77
110 268 9.53 2.55
120 282 11.03 3.11

Total acid concentration of the solution remaineigthe bottom is shown in
Figure 3-49. Once the temperature is above °ClLQaising temperature cannot increase
acid concentration significantly, so the optimahperature should be around 1%D.
Figures 3-50, 3-51, and 3-52 describe the acid exnations in the overhead when

tributylamine carboxylate is concentrated at 1@, -and 126C, respectively.
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Figure 3-49. Total acid concentration of the bottom solution@entrated at different
temperatures.
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C2 C3 1C4 C4 IC5 Cs Cé C7

Figure 3-50. Overhead acid concentration collected from comedéing tributylamine
carboxylate at 10€C.
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Figure 3-51. Overhead acid concentration collected from comaéing tributylamine
carboxylate at 116C.

Acid Concentration (g/L)

C2 C3 1C4 C4 ICS Cs Cé C7

Figure 3-52. Overhead acid concentration collected from comedéing tributylamine
carboxylate at 126C.

63



64

To recover carboxylic acids, the concentrated sar(®10 mL) derived from the
concentration at 116C mentioned above was distilled at 18D. When no more
distillate came out, the temperature was raisefi7®°C to distill the residual liquid.
Then, the temperature was raised to 180, 190, 20@,and 220C in the same manner.

Figure 3-53 shows the overhead acid concentratibdgferent bottom temperatures.
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Figure 3-53. Overhead acid concentration recovered from disibliteof tributylamine
carboxylate at different bottom temperatures.

The maximum acid concentration appears at 3©0 When the temperature

reaches 200°C, the acid concentration reduces. So, the optiteaiperature for
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recovering carboxylic acids from the fermentatioatb is around 196C. Figures 3-54,

3-55, and 3-56 describe the acid concentrationlsdéroverhead at 180, 190, and 200

respectively.
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Figure 3-54. Overhead acid concentration collected from daidin of tributylamine
carboxylate at 186C.
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Figure 3-55. Overhead acid concentration collected from daidin of tributylamine
carboxylate at 196C.
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Figure 3-56. Overhead acid concentration collected from datidin of tributylamine
carboxylate at 20€C.
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CONCLUSIONS
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Based on the results, a revised process diagrahosn in Figure 4-1.

Tributylamine

Fermentation | , , , Tributylamine
Broth W Carboxylate
— > 722 kPa
(90 psig) H0
CO, CaCO;

H,0

110 °C

Tributylamine
Carboxylate Tributylamine

Carboxylic Acids

TOA

TOA

190 °C

TOA

Figure 4-1. Revised ‘acid springing’ process flow diagram.

The following was learned from the precipitationdes:

1. Calcium carbonate precipitated from agueous salutib calcium acetate

with the presence of triethylamine, tripropylamioetributylamine.

2. Calcium carbonate did not precipitate from aquesaoisitions of calcium

acetate in the presence of triamylamine or trih@xyhe.

3. Under the same conditions of temperature and preste reaction time of

precipitation with the presence of triethylamineswiae shortest, while that
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with the presence of tributylamine was the longest.

4. Increasing the pressure of carbon dioxide reduded reaction time of
precipitation with the presence of tributylamineit lit barely affected the
product yield.

5. Calcium carbonate precipitated from fermentatiostibmvith the presence of
tributylamine.

The following was learned from the concentratiardsts:

1. Triethylamine, tripropylamine, and tributylaminedistilled with water. The
codistillation was destroyed by addingrbctylamine.

2. Triethyl ammonium acetate, tripropyl ammonium ateetaand tributyl
ammonium acetate began to decompose when the tetugeexceeded 110,
145, and 160C, respectively.

The following was learned from the recovery studies

1. Acetic acid could not be recovered from the aquesalstion of triethyl
ammonium acetate via distillation because trietimtee formed a maximum
azeotrope with acetic acid. The azeotrope couldoeadestroyed by adding
tri-n-octylamine.

2. Acetic acid was difficult to recover from the aqusecsolution of tripropyl
ammonium acetate through distillation because tloding point of
tripropylamine was close to the decomposition teraoee of tripropyl
ammonium acetate.

3. Acetic acid was easy to recover from the aqueodstisn of tributyl
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ammonium acetate via distillation with the preseoici-n-octylamine.

The following was learned from the optimizationdias:

1. The optimal temperature for recovering water frdr@ aqueous solution of
tributyl ammonium acetate is around

2. The optimal temperature for recovering acetic afrimin the aqueous
solution of tributyl ammonium acetate is around 3C0

3. The optimal temperature for recovering water frév@ fermentation broth is
about 110C.

4. The optimal temperature for recovering carboxylicida from the

fermentation broth is around 180.
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CHAPTER V
RECOMMENDATIONS FOR FUTURE WORK

The following are recommendations for future work:

1. Build a larger reactor to evaluate precipitationthwthe simultaneous
presence of tributylamine and-trioctylamine.

2. Design a continuous multi-stage distillation systemsed on modeling of the
preliminary work to determine the optimal size aperating parameters for
concentration and thermal conversion.

3. Analyze the effect of the molar ration of-trdoctylamine and tributylamine

on the recovery performance.
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APPENDIX A

PRECIPITATION PROCEDURE

This procedure was used to find the appropriatéiatgr amines that can

precipitate calcium carbonate from fermentationttbrand to determine the optimum

reaction pressure.

1.

2.

Record the mass of the empty glass beaker.

Put tertiary amine and the aqueous solution ofaegrade calcium acetate
into the reactor and record both volume and mass.

Put a magnetic stirring bar into the reactor anace@lthe reactor on a
magnetic stirrer.

Secure the reactor head with bolts and wrap thetoeawith the heat
insulation.

Connect the inlet of reactor with a €€ylinder and open the outlet valve of
the reactor.

Open the cylinder. Then close the outlet valve edctor and adjust the
regulator of cylinder to pressurize the reactah®sdesired pressure.

Turn on the magnetic stirrer and set the mixingedge 90 rpm.

Record the temperature of the solution every minuté it starts to drop.
Close the cylinder and open the outlet valve ofrdeetor. Then remove the

reactor head and decant the mixture into a ceggihottle.

10. Centrifuge the centrifuge bottle for 20 minute4@d0 rpm.

11. Decant the liquid from the centrifuge bottle intoantainer.



12.

13.

14.
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Rinse the solid in the centrifuge bottle with disd water and centrifuge
twice.

After the final rinsing, place the solid in the preighted glass beaker and
then put the beaker in the oven at 2G5

After complete drying, take the beaker out and re@tlee mass.



75

APPENDIX B
PROCEDURE FOR SIMPLE DISTILLATION
This procedure was used to understand the readistilation and determine the
required thermal decomposition temperature.

1. Putthe liquid in a round-bottom flask and recdre volume.

2. Place the round-bottom flask on a heating manttecamnect it to a cold water
condenser. Insert a thermocouple probe into thsk thnd immerse its front into
the liquid.

3. Secure the joints with leakproof seal.

4. Connect the heating mantle to a variac and setahac at 80% power.

5. Turn on the Variac and cold water.

6. Record the temperature every 30 seconds.

7. Collect distillate at different temperature withngae tubes for GC analysis

and pH test and record the corresponding temperatur
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APPENDIX C
BATCH DISTILLATION PROCEDURE

This batch distillation procedure was used to daeitee the optimum temperature

for concentration and acid recovery.

1.

Put the liquid in a round-bottom flask fitted wihVigreux column and record
the volume.

Place the round-bottom flask on a heating manti@ @mnnect the Vigreux
column to a cold water condenser.

Insert a thermocouple probe into the flask and insenés front into the liquid.
Place another thermocouple probe at the top o¥itpeux column.

Secure the joints with leakproof seal.

Wrap the flask and column with the heat insulation.

Connect the heating mantle to a Variac controllgddmperature controller.
And set the Variac at 80% power.

Turn on cold water and set the temperature coetroll

Put a graduated cylinder on the exit side of thedenser so that the volume
recovered can be recorded.

After the distillation is done, decant the distdlanto a beaker with magnetic

stirrer and mix for 5 minutes.

10. Pipette 3 mL distillate into a 15-mL conical bott@entrifuge tube and label it

with the corresponding temperature.

11. Store the samples in refrigerator at 2C5for GC analysis.
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APPENDIX D
CARBOXYLIC ACIDS ANALYSIS
For carboxylic acids analysis, at least 3 mL of glnshould be collected and
placed in a 15-mL conical bottom centrifuge tuliendt used immediately, samples may
be stored at —1%C.
GC LIQUID SAMPLE PREPARATION
1. Centrifuge the liquid sample for 5 min at 3500 riptthe sample has scum.
2. Pipette 1 mL of sample into a 15-mL round-bottomnadentrifuge tube.
3. Add to the same tube, 1 mL of 10-mM of internalngi@d 4-methyl-valeric
acid (1.162 g/L internal standard, ISTD).
4. Add to the same tube, 1 mL of 3-M phosphoric aoci@c¢idify the sample and
allow the carboxylic acids to be released in thei@€ction port.
5. Cap the tube and vortex.
6. Pipette 1 mL of the mixture into a glass GC viall @ap.
GC OPERATION
1. Before starting the GC, check the gas supply cglisdcompressed hydrogen,
zero-grade helium, and compressed zero-grade ainsure the pressure in
each is not less than 100 psig. If there is noughaas, switch cylinders and
place an order for new ones.
2. Establish gas flow by setting the regulators apgig for hydrogen, 60 psig for
helium, and 50 psig for air.

3. Check the solvent and waste bottles on the injectaver. Fill the solvent
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bottles with methanol, and be sure the waste Isodile empty.

Make sure the column head pressure gauge on then@Cates the proper

pressure (15 psig). Low head pressure usually atelsca worn-out septum.
Replace the septum before starting the GC.

Up to 100 samples can be loaded in the autosamlaler. Place the samples in
the autosampler racks, not leaving empty spaceweleet samples. Place
volatile acid standard mix (Matreya, Inc. # 1078lusion every 50 samples for
calibration.

Check the setting conditions in the method:

a. Oven temperature = 50°C

b. Ramp = 20°C/min

c. Inlet temperature = 230°C

d. Detector temperature = 250°C

e. H2 flow = 40 mL/min

f. He flow = 180 mL/min

g. Air flow = 400 mL/min

Start the GC on the computer with the setting dooaé above mentioned. Set
and load the sequence of samples to run. Onceotgitions are reached, run
the sequence. Details about operation, settingesmguand calibration are in
Agilent 6890 instrument manual.

Periodically check to ensure that the equipmemtasking properly. Be sure to

indicate the number of samples and any maintenpedermed (changes of
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septum, gas cylinders, liner, etc.) in the GC lako
9. When finish running the sequence, put the GC ondéa and close air and

hydrogen cylinder valves.



APPENDIX E

DATA AND PLOTS

Table E-1. Data of temperature-time curve for precipitatitudy
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Triethylamine Tripropylamine Tributylamine
Time Temperature Time Temperature Time Temperature
(min) (°C) (min) (°C) (min) (°C)

0 18.1 0 17.8 0 22.3
1 20.7 1 19.2 1 22.8
2 23.4 2 20.7 2 23.3
3 26.0 3 22.0 3 24.0
4 28.5 4 23.4 4 24.5
5 30.2 5 24.7 5 24.9
6 31.8 6 25.8 6 25.4
7 32.2 7 26.8 7 25.7
8 32.5 8 27.6 8 26.1
9 32.6 9 28.5 9 26.3
10 32.7 10 29.5 10 26.5
11 32.8 11 30.0 11 26.7
12 32.8 12 30.2 12 26.9
13 32.6 13 30.3 13 27.1
14 32.4 14 30.4 14 27.3
15 32.2 15 30.5 15 27.5
16 31.9 16 30.5 16 27.6
17 31.6 17 30.4 17 27.7
18 30.3 18 27.8

19 30.2 19 27.9

20 30.1 20 28.0

21 28.1

22 28.2

23 28.3

24 28.4

25 28.5

26 28.6

27 28.7

28 28.7

29 28.7

30 28.6

31 28.5




Table E-2. Data of temperature curves of distillation of tiidtammonium acetate
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Time Top Temperature Bottom Temperature
(min) (°C) (°C)
0.5 214 41.0
1 21.4 47.8
1.5 21.4 55.7
2 21.4 65.0
2.5 21.4 75.9
3 21.4 86.1
3.5 21.4 97.3
4 21.4 111.4
4.5 25.6 115.5
5 79.5 116.5
5.5 84.3 119.1
6 86.3 124.6
6.5 87.4 130.8
7 87.8 137.4
7.5 88.5 143.3
8 96.6 148.2
8.5 105.7 151.8
9 116.6 154.5
9.5 128.3 156.3
10 136.5 157.6
10.5 146.0 159.0
11 155.7 160.0
11.5 159.7 160.8
12 160.4 161.3
12.5 160.8 161.8
13 161.7 162.1
13.5 162.2 162.4
14 162.5 162.6
14.5 162.6 162.7
15 162.8 162.8
15.5 163.1 163.0
16 163.2 163.1
16.5 163.3 163.2
17 163.4 163.4
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Table E-3. Data of temperature curve of simple distillatiointloe system containing
triethyl ammonium acetate, excess triethylamind, \aater

Time Temperature Time Temperature Time Temperature
(min) (°C) (min) (°C) (min) (°C)
0.5 22.3 15 98.4 29.5 104.0
1 22.3 15.5 98.6 30 103.9
1.5 22.3 16 98.6 30.5 104.0
2 22.3 16.5 99.1 31 104.3
2.5 22.3 17 99.4 31.5 105.0
3 22.3 17.5 99.6 32 105.2
3.5 22.3 18 100.0 32.5 105.7
4 22.3 18.5 100.2 33 106.1
4.5 22.3 19 100.6 33.5 106.7
5 22.3 19.5 100.7 34 107.2
5.5 22.3 20 101.0 34.5 107.2
6 22.3 20.5 101.1 35 107.5
6.5 22.3 21 101.4 35.5 107.9
7 22.3 21.5 101.4 36 108.8
7.5 22.3 22 101.5 36.5 109.5
8 22.3 22.5 101.4 37 110.4
8.5 22.3 23 101.8 37.5 111.6
9 22.3 23.5 101.9 38 113.0
9.5 22.3 24 102.1 38.5 115.6
10 74.1 24.5 102.2 39 118.0
10.5 74.7 25 102.4 39.5 120.8
11 97.1 25.5 102.7 40 124.5
11.5 97.3 26 102.8 40.5 130.2
12 97.5 26.5 102.9 41 137.2
12.5 97.7 27 103.0 41.5 145.2
13 97.8 27.5 103.3 42 153.2
13.5 97.9 28 103.4 42.5 157.2
14 98.0 28.5 103.5
14.5 98.2 29 103.7
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Table E-4. Data of temperature curve of simple distillatiointloe system containing
triethyl ammonium acetate, 4n-octylamine, excess triethylamine, and water

Time | Temperature Time | Temperature Time | Temperature Time | Temperature
(min) (°C) (min) (°C) (min) (°C) (min) (°C)

0.5 21.5 195 98.4 38.5 100.0 57.5 107.8
1 21.5 20 98.4 39 100.0 58 108.5
15 21.5 20.5 98.5 39.5 100.0 58.5 109.7
2 21.5 21 98.5 40 100.1 59 110.6
2.5 21.5 21.5 98.5 40.%5 100.2 99.5 112.1
3 21.5 22 98.6 41 100.2 60 1135
3.5 21.5 22.5 98.6 41.% 100.2 60.5 115.3
4 21.5 23 98.6 42 100.3 61 117.3
4.5 21.5 23.5 98.6 42.5 100.4 61.5 120.0
5 21.5 24 98.7 43 100.4 64 122.5
5.5 21.5 24.5 98.8 43.5 100.5 62.5 124.6
6 21.5 25 98.9 44 100.6 63 126.6
6.5 21.5 25.5 98.9 44.% 100.6 63.5 128.5
7 21.5 26 98.9 45 100.7 64 130.6
7.5 21.5 26.5 99.0 45.5 100.7 64.5 132.4
8 21.5 27 99.1 46 100.7 63 134.0
8.5 21.5 27.5 99.1 46.5 100.8 65.5 135.5
9 21.5 28 99.1 47 100.9 66 137.3
9.5 21.5 28.5 99.2 47.% 100.9 66.5 140.0
10 21.5 29 99.3 48 101.0 67 143.0

10.5 21.5 29.5 99.3 48.5 101.2 67.5 146.0
11 21.5 30 99.4 49 101.2 68 149.4

115 21.5 30.5 99.4 49.5 101.2 68.5 153.1
12 21.5 31 99.4 50 101.2 69 156.0

125 21.5 31.5 99.5 50.5 101.2 69.5 157.5
13 21.5 32 99.5 51 101.9 7( 158.1

135 21.5 32.5 99.6 51.b 102.6

14 21.5 33 99.6 52 103.0

14.5 21.8 33.5 99.6 52.5 103.1

15 40.4 34 99.7 53 103.7

15.5 96.9 34.5 99.7 53.b 104.1

16 98.0 35 99.8 54 104.3

16.5 98.0 35.5 99.8 54.5 104.6

17 98.0 36 99.9 55 105.1

1/7.5 98.2 36.5 100.0 55.p 105.7

18 98.3 37 100.0 56 106.2

18.5 98.4 37.5 100.0 56.p 106.7

19 98.4 38 100.0 57 107.3
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Table E-5. Acetic acid concentration and pH results of digtiin samples collected
from triethyl ammonium acetate

Temperature Acetic Acid Concentration pH
(°C) (g/L)
#1 #2 #1 #2

76 0 0 12.13 12.10
98 0.68 0.73 12.00 12.03
100 2.41 2.32 11.97 11.95
102 5.30 5.12 11.71 11.73
105 10.3 10.8 11.46 11.43
107 16.8 17.2 11.29 11.27
109 27.1 26.6 11.04 11.01
110 30.1 29.7 10.95 10.98
113 42.2 42.7 10.74 10.71
120 77.2 76.5 10.37 10.35

Table E-6. Acetic acid concentration and pH results of distiin samples collected

from triethyl ammonium acetate with-tmoctylamine

Temperature Acetic Acid Concentration pH
(°C) (g/L)
#1 #2 #1 #2

92 0 0 12.10 12.07
98 0.86 0.76 12.00 12.02
100 2.08 2.14 11.99 11.96
102 451 4.62 11.72 11.75
105 9.09 9.28 11.53 11.51
107 17.4 16.9 11.31 11.34
109 24.9 25.4 11.06 11.08
110 28.5 29.0 10.98 10.96
113 39.4 40.1 10.79 10.76
120 73.9 74.4 10.33 10.31
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Table E-7. Data of temperature curves of distillation of tapyl ammonium acetate

Time Top Temperature Bottom Temperature
(min) (°C) (°C)
0.5 20.3 30.7
1 20.3 35.3
1.5 20.3 41.4
2 20.3 48.7
2.5 20.3 57.2
3 20.3 66.0
3.5 20.3 75.2
4 20.3 84.9
4.5 20.3 94.7
5 20.3 104.7
5.5 20.3 114.5
6 20.3 124.6
6.5 20.3 134.6
I 20.3 143.3
7.5 20.3 145.2
8 20.3 143.7
8.5 32.1 143.7
9 125.2 144.1
9.5 135.9 145.2
10 145.8 147.2
10.5 147.9 148.3
11 148.9 148.5
11.5 149.1 148.6
12 149.2 148.6
12.5 149.2 148.6
13 149.2 148.6
13.5 149.2 148.6
14 149.4 148.6
14.5 150.1 148.6
15 151.2 148.6
15.5 152.1 149.1
16 152.9 152.8
16.5 154.5 157.5
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Table E-8. Acetic acid concentration and pH results of distiin samples collected
from tripropyl ammonium acetate

Temperature Acetic Acid Concentration pH
(°C) (g/L)
#1 #2 #1 #2

98 10.2 10.7 9.14 9.11
102 12.2 12.7 8.96 8.98
104 19.2 18.5 8.79 8.76
106 26.6 27.2 8.60 8.64
108 32.6 33.1 8.50 8.53
110 39.0 38.0 8.41 8.45
112 435 44.3 8.26 8.24
114 56.3 55.5 7.94 7.91
117 66.5 67.6 7.86 7.88
122 87.8 89.3 7.79 7.76

Table E-9. Acetic acid concentration and pH results of digtiin samples collected

from tripropyl ammonium acetate with-tmtoctylamine

Temperature Acetic Acid Concentration pH
(°C) (g/L)
#1 #2 #1 #2

100 21.1 20.7 8.81 8.83
102 24.3 24.7 8.73 8.71
104 27.5 27.0 8.64 8.61
106 34.8 34.3 8.52 8.50
108 43.8 44.7 8.25 8.28
110 56.7 55.9 8.02 8.04
112 72.3 71.1 7.80 7.83
114 83.2 84.9 7.53 7.50
117 97.5 95.8 7.07 7.05
122 118 116 6.76 6.79
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Table E-10. Data of temperature curves of distillation of tt{dlammonium acetate

Time Top Bottom Time Top Bottom
(min) Temperature Temperature| (min) | Temperature Temperature
(°C) (°C) (°C) (°C)
0.5 20.0 33.7 12.5 169.3 169.0
1 20.0 34.0 13 170.3 169.3
1.5 20.0 36.1 13.5 170.8 169.5
2 20.0 39.7 14 171.3 169.7
2.5 20.0 45.1 14.5 171.9 169.8
3 20.0 51.5 15 172.3 169.9
3.5 20.0 59.0 15.5 172.7 170.0
4 20.0 67.1 16 173.0 170.2
4.5 20.0 75.5 16.5 173.5 170.4
5 20.0 84.2 17 173.9 170.6
5.5 20.0 92.6 17.5 174.3 170.9
6 20.0 101.6 18 174.6 171.2
6.5 20.0 110.6 18.5 175.4 171.9
7 20.0 119.0 19 176.2 172.9
7.5 20.0 127.8 19.5 177.0 175.1
8 91.9 137.7 20 177.4 179.1
8.5 118.1 148.1 20.5 181.0 185.5
9 126.6 158.5 21 183.1 193.3
9.5 136.7 159.5 21.5 186.4 201.3
10 148.2 161.4 22 199.3 208.4
10.5 159.4 163.9 22.5 211.4 212.4
11 165.2 166.1
11.5 167.4 167.6
12 168.5 168.5
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Table E-11. Acetic acid concentration and pH results of distiin samples collected
from tributyl ammonium acetate

Temperature Acetic Acid Concentration pH
(°C) (g/L)
#1 #2 #1 #2

100 19.3 20.1 7.04 7.01
102 26.3 27.3 6.84 6.82
104 30.6 30.0 6.70 6.73
106 33.7 32.7 6.65 6.68
108 34.9 35.6 6.54 6.52
110 41.4 40.7 6.48 6.51
112 435 42.8 6.41 6.44
114 50.6 51.4 6.33 6.31
117 61.7 62.8 6.14 6.11
122 87.3 86.3 5.93 5.95

Table E-12. Acetic acid concentration and pH results of distiin samples collected

from tributyl ammonium acetate with4n-octylamine

Temperature Acetic Acid Concentration pH
(°C) (g/L)
#1 #2 #1 #2

100 32.2 31.5 4.86 4.88
102 38.8 39.9 4.83 4.86
104 46.5 45.7 4.67 4.65
106 52.6 51.5 4.54 4.57
108 54.8 55.8 4.44 441
110 60.0 59.0 4.30 4.32
112 63.5 62.4 4.20 4.23
114 68.3 69.6 411 4.13
117 83.0 81.6 4.03 4.05
122 110 111 3.78 3.75
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Table E-13. Data of temperature curves of distillation ofritroctyl ammonium acetate

Time Top Temperature Bottom Temperature
(min) (°C) (°C)
0.5 22.0 25.7
1 22.0 28.7
1.5 22.0 33.8
2 22.0 41.1
2.5 22.0 49.8
3 22.0 59.2
3.5 22.0 69.3
4 22.0 79.6
4.5 22.0 90.5
5 22.0 101.4
5.5 22.0 112.3
6 22.0 123.0
6.5 22.0 133.6
I 22.0 144.0
7.5 22.0 152.5
8 23.3 155.9
8.5 35.0 156.2
9 106.6 157.1
9.5 107.9 158.8
10 110.0 164.4
10.5 112.5 169.5
11 1154 175.1
11.5 117.8 180.8
12 1194 187.5
12.5 119.7 195.3
13 119.6 204.2
13.5 119.2 213.2
14 119.0 222.5
14.5 118.7 231.7
15 118.3 240.5
15.5 118.2 248.9
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Table E-14. Acetic acid concentration and pH results of distiin samples collected
from triethyl ammonium acetate

Temperature Acetic Acid Concentration pH
(°C) (g/L)
#1 #2 #1 #2
155 534 527 6.50 6.55
160 729 741 5.09 5.06
165 802 793 3.88 3.92
170 776 766 3.87 3.91

Table E-15. Acetic acid concentration and pH results of digtiin samples collected

from triethyl ammonium acetate with-moctylamine

Temperature Acetic Acid Concentration pH
(°C) (9/L)
#1 #2 #1 #2
155 565 558 6.33 6.39
160 733 742 4.91 4.86
165 808 799 3.75 3.78
170 746 754 3.78 3.74

Table E-16. Acetic acid concentration and pH results of distiin samples collected

from triethyl ammonium acetate with-titoctylamine diluted by octanol

Temperature Acetic Acid Concentration pH
(°C) (g/L)
#1 #2 #1 #2
155 245 239 7.51 7.55
160 286 280 6.65 6.63
165 353 347 5.77 5.74
170 344 351 5.44 5.41
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Table E-17. Acetic acid concentration and pH results of distiin samples collected

from tripropyl ammonium acetate with-tmtoctylamine

Temperature Acetic Acid Concentration pH
(°C) (g/L)
#1 #2 #1 #2

150 548 539 5.81 5.84
155 683 689 5.20 5.18
160 673 666 5.19 5.21
164 592 600 5.57 5.54
167 576 585 6.15 6.13
171 372 366 6.37 6.40

Table E-18. Acetic acid concentration and pH results of digtiin samples collected

from tributyl ammonium acetate with4n-octylamine

Temperature Acetic Acid Concentration pH
(°C) (g/L)
#1 #2 #1 #2

162 677 671 1.91 1.94
168 797 808 1.70 1.67
170 733 740 1.92 1.90
172 652 645 2.32 2.35
174 639 643 2.69 2.67
176 596 591 3.25 3.23
178 509 503 4.09 412
180 402 397 4.47 4.45
212 45.7 42.8 5.45 5.42
217 0 0 6.45 6.48

Table E-19. Acetic acid concentration and pH results of digtiin samples collected
from tributyl ammonium acetate

Temperature Acetic Acid Concentration pH
(°C) (g/L)
#1 #2 #1 #2
162 451 445 4.63 4.60
168 511 518 3.66 3.68
174 461 468 4.07 4.04
180 460 454 4.35 4.38
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Table E-20. Acetic acid concentration and pH results of distiin samples collected

from tributyl ammonium acetate

Time Temperature®C)

(min) 30 psig 50 psig 70 psig 90 psig
0 22.3 22.1 21.0 21.7
1 22.8 23.2 22.1 23.0
2 23.3 24.4 23.0 24.3
3 24.0 25.4 24.0 25.4
4 24.5 25.9 24.9 26.4
5 24.9 26.4 25.4 27.0
6 25.4 26.6 25.9 27.4
7 25.7 26.9 26.3 27.6
8 26.1 27.2 26.6 27.8
9 26.3 27.4 26.8 27.9
10 26.5 27.6 27.0 28.0
11 26.7 27.7 27.2 28.0
12 26.9 27.8 27.3 27.9
13 27.1 28.0 27.4 27.8
14 27.3 28.1 27.5 27.7
15 27.5 28.2 27.5
16 27.6 28.3 27.4
17 27.7 28.4 27.3
18 27.8 28.5 27.2
19 27.9 28.5 27.1
20 28.0 28.4
21 28.1 28.3
22 28.2 28.2
23 28.3 28.1
24 28.4
25 28.5
26 28.6
27 28.7
28 28.7
29 28.7
30 28.6
31 28.5
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Table E-21. Acetic acid concentration of bottom solution afeliént temperature for
concentrating tributyl ammonium acetate

Temperature Acetic Acid Concentration
(°C) (g/L)
90 120
100 156
110 171
120 172

Table E-22. Overhead acetic acid concentration of batch dasinh of tributyl

ammonium acetate

Temperature Acetic Acid Concentration
(°C) (g/L)
160 752
170 1076
180 618
190 613
200 571

Table E-23. Total acid concentration of bottom solution at eliéint temperature for
concentrating tributylamine carboxylate derivedhirtermentation broth

Temperature Total Acid Concentration
(°C) (g/L)
90 23.4
100 541
110 95.2
120 116

Table E-24. Overhead acid concentrations collected from comagng tributylamine
carboxylate derived from fermentation broth atetéint temperature

Temperature Acid Concentration (g/L)
(°C) C2 C3 IC4 C4 IC5 C5 C6 C7| Total
100 1.99 | 0.80 0 3.38 0 050 1.63 Q 8.30
110 502 | 159 034 509 007 0.65 212 D 14.9
120 23.8| 283 039 792 0.1p 1.02 403 030 4D.4




Table E-25. Overhead acid concentrations of batch distillatbtributylamine

carboxylate derived from fermentation broth

94

Temperature Acid Concentration (g/L)
(°C) C2 C3 IC4 C4 IC5 C5 C6 C7| Total
160 56.1 | 4.63 0 12.6 0 0 8.06 0 814
170 74.1 | 5.44 0 14.Q 0 0 9.24 0 103
180 168 11.4 0 26.6 0 3.4 15]1 G 225
190 228 13.1 0 31.4 0 478 26/8 296 307
200 48.2 | 7.44 0 21.2 0 294 8.56 0 88.3
210 29.1 | 5.32 0 19.0 0 3.56 13/8 C 70.8
220 0 0 0 5.37 0 0 15.6 0 21.0
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