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REACTIVITY OF SOME NITROGEN-CONTAINING COMPOUNDS -
. AT SUPERCRITICAL WATER CONDITIONS
David M. Tiffany, M.A.

Western Michigan University, 1985

The use of water at cuperctirical conditions to remove nitrogen
from several nitrogen-containing compounds was studied with the purpose
oflexploring thé use of supércritical water as a methéd of removiné
nitrogen from the extraction products of coal. Quinoline and isoquino-
line were the primary model compounds used with benzonitrile and carbazole
also being exémined briefly. Reaction conditions varied in temperature
(350-500°C), pressure (3500-5200 psi), and water aensity (o.17o-0_.i;26
g/cc). The major products formed by iéoquinoline were benzene, toluene,
ethylbenzene, -and o-xylene as‘well as nonﬁolatile tarband char. Quinoline
préduced aniline and toluidine in addition to those‘obtained from iso-
quinoline. Most of the reacted nitrogen was converted to ammonia. The
highest yield of total hydrocarbon formed from aromatic nitrogen compounds
wés 55 mole%, based on reactant consumed. An order of reactivity of
benzonitrile isoquinoline quinoline cétbazole was established; The
position of the nitrogen relative to the homocyclic aromatic ring appéared
to be g major factor affecting reactivity; The use of Zn012 as a:catalyst

was -found to improve reactivity.
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CHAPTER I -
INTRODUCTION

The remoVai of nitrogen from severgl types of mqlecular struc-
tures under supercritical ﬁater (SCW) conditions was the focus of this
work. . The purpose was to use model, nitrogen-containing compounds to
determine if SCW could be used to remove nitrogen from the organic com-
ponents of coal and if so, to find the least severe conditions under
which removal occurred. The choice of qﬁinoline and isoquinoline as
model compounds was based on Given's model of coal (1) which charac-
terized coal aé having most of the nitrogen being incbrporated inﬁp
héperocyclic, aramatic riﬁgs. Much of the work was exploratory in

nature, requiring the development of new procedﬁres and analyses.
Supercritical Fluids

Supercritical fluids are substances which are above their critical
temperature and pressure and therefore exist as ohly one phase regard-
less of pressure. At or slightly above the cri£ical point a fluid hes
several properties which make it of interest in extracting coal. The
most important property exploited by supercritical fluid extracting (SFE)
is the ability of a compressed supercritical fluid (SCF) to incre@se
fhe solubility (volatility) of high molecular weight, low=volatility
compounds present in coal. Thermodynamic analysis of binary systems
shows that thé_solvent power of a fluid increases with density.

1
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Experimental data for a naphthalene/ethylene system provided evidence

- for the linear relationship between the log of solubility versus den-

"sity (2). Since the.compressibility of a fluid increases dramatically
at temperatures slightly above the critical point, the greatest solu-
- bility occurs at supercritical pressures slightly above the critical
' femperature..vUnder optimﬁm conditions this increasé may be by évfac-
tor as largé as 10%"(3).
A second important property of a SCF is its low viscosity and
high diffusién coefficient. Supercriﬁical fluids have a density of
about one-third that of .normal fluids. This gives them a density high
»enough‘to be a good solvent while still having a viscosity low enough‘
to be able to penetrate porous structures easily.
The use of SFE in the liquefactibﬁvof coal has.been of interest

for more than ten years. The major advantage of SFE has been its

ability to remove low-volatility organic material. At about hOOéC
thermal reactions occur from the rupture of weak bonds in the coal

structure generating smeller fragments that can be extracted (2).

T S ] TR T e L A SRR ST ST e e e

These fragments have too low a volatility to be distilled at 400°C and .

% _ if they remain in the coel matrix they may polymerize to form larger,

non-volatile, molecular stfuctures leading to chars. By using SFE the

{ , volatility Qf these fragments can be increased enough to allow them
to be extracted when formed and thereby avoid the undesired reactions.
vSince the soiubility in SFE is dependeﬁt on pressufe and density, the

{ | extracted material can be easily precipitated oﬁt of the solvent by

- simply reaucing the pressﬁre. As stated earlier, the greatest solubility

occurs near the critical point, therefore the best supercritical solvents

will be those with a critical point near the desired extraction temperature

IR
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of about 400°C.

‘ Much of the eerly work with SFE was done in Great Britain by the
National Coal Board (b4). Most of the studies used toluene as the
supercritical solvent and focused on the influence of residence fime,
temperature, and pressure on the yield from the SFE of coal using |
bench scale and small pilot plant units.‘ More recenf work has exémined ‘
6ther possiblevsolvents inéluding water and methanoi. VasZlekos et al
(5) studied the relationship bétween size of solvent moiecules and
their effectivgness as a SFE solvent. _They found thﬁt in the caée of
ﬁ-paraffins‘the relation was highly linear. When they used other sol-
vents such as toluene, water, methanol, and acetcne they found that

the functionality of the solvent affected the degrée-of extraction. As:
a non-polar solvent toluene was found to be slightly better than the ‘
p—paraffins. Among the polar solvents, acetone decomposed at the
experimental conditions of 400°C and gave low extraction yields.
Méthanol vas considered inferior to the.aliphatic hydrocarbons aé an
extracting solvent because it gave lower yields at much higher extrac-
tion pressures (20.6% at 3610 psig compared with 21.2% at 1290 psig

for n—nonane); Water, on the other hand, proved to be a very effective
extraction solvent (3L4% at 3580 psig). Deshpande et al (6) found that
supercritical water appeared to act as both a solvent and reactant in
the conversion of coal to gases and liquids. They also found that the
fraction of the coal that'rémained tetréhydrofuran insoluble (char)
waS‘gréater at subcritical densities than at supercritical densities
and that this char fraction further decreased with SCW density and

reaction time. |

-
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There are several reasons that water is a good extraction sol-
vent. First, it meets thé_criteria stated earlier of having a cfitical
point near the desired extraction temperature of 400%C (374.2°C).
Second, as a polar solvent, water can exert a strorger depolymerization
action on the coal than a nonpolar solvent such as toluene (2). The
third, and probably most important reason involves the nature of a
binary supercritical fluid system. In a binary system a critical‘curve,
which represents the boundary between one and two phases, exists between
the critical points of the two pure comﬁonents. It is therefore pﬁssible
to have high-density, homoéeneous fluid mixtures of organics and water
at»temperatures around 400°C and above 3500 psi; The solubility of
drganic materials in water is also affected by its aielectric constant
which, near the critical point, is close to that of benzene. Therefore
the solubility of the organic material‘increases. The high density
and temperature of SCW produce én additional change which may become
very significanf. This change is an inérease in the'dissociation bf
the water molecules which mey promote acid catalysis.

A desirable function Which might be performed during coal proc-
essing is the removal of héteroatoms to yield a cleaner burning product
relative to possible pollutant formation. This work focused on the
removal of nitrogen, since studies have shown it to be the more 4iffi-
cult to remove-than sulfur, both of which are present in most coal. For
example, Rollman (&) found that when nitrbgen was bonded elther within
or to an aromatic ring, saturation of the ring was necessary for the

scission of the C-N bond to occur. This was not true for sulfur compounds,

e e
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5
Water was chosen as a possible supercritical solvent for the removal of -
‘nitrogen because of its reactivity with CN compounds. Patents held by
U. Schindewolf (9) claimédvthat'aqueou§ cyanide soiutions can b¢ 
hydrolyzed into ammonia and formate salts using pressurized steam at
160-200°C. The same workers also converted cyanide salts to carbonates,
‘hydrogen, carbon monoxide, and ammonia by melting them and reacting

them at 600 to 700°C with steam.
Hydrodenitrogenation

One of’the major methods currently being studied for the reﬁoval
of nitrogen from heterocyclic, aromatic compounds is hydrodénitrogené-
tion (HDN). This method involves the ﬁse of hydrogen and a catéljst
to selectively hydrogenate the heterofing and remove the nitrogen as
ammonia. The general mechanism for HDN involved three steps: (a) ring
saturation, (v) cracking of the heteroring, and (c) loss df nitrogen |
as ammonia. Much of the work with hydrodenitrogenation has been done
by Satterfield et al (10-13). The work has involved the use of quino-

line as a model compound and NiMo/Alzo catalysts. The reactions were

3
run in a continuous flow microreactor ét pressures of 500 and lOOO psig
and temperatﬁres of 330 ahd 420°C., The objective of these inveétigators
was tolstudy chemical equilibria among quinoline and its reaction pro-=
ducts. Some of their major results include the foilowigg: (a) 5,6,7,8-
tetrahydroquinoline is thermodynamically more stable than 1,2,3,k-
tetrahydroquinoline although not‘necessarily favored kinetically, (b)

the amount of hydrogen required for effective nitrogen removal caused

substantial saturation of the quinoline to form decahydroquinoliﬁe,

s e -
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(é) the hydrogenation reactions‘were all reversible énd reached én
equilibrium while the denitrogenation reactions were irreversible, and
(d) B8 accel‘el.'vated the overall HDN pro:c_:ess while H20vslvigh't1y‘ inﬁi’bited
it.

Since the selective formation of 1,2,3,h-tetrahydroquinoline is

kinetically controlled, Boucher et al (14) tried to improve the

 gelectivity of the catalyst by using metallophtha.locyénines [M(PC)]

because they have a more defined catalytic site than metal alumina
catalysts. The results showed that the M(PC) were very selecti‘vé

hydrogenation éa.talysts but did not act as a denitrogenation catalyst.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTFR II
EXPERIMENTAL

Apparatus

The equipnient used in all the expefiments can be divided inté
three groups:  the reaction system, the extraction system, and the
in_struments used for analy'siks and data processing. T_he reaction system
consisted of a stainless steel reaction vessel and a temperature
regulated furnace. The reaction vessel was a cylindei', the internal
volume of which was 47,5 mL (See Figure 1). The 1id was sealed using
a copper gasket (id = 26mm, od = 35mm) and six, hex head, stainless
steel bolts (l/h" x 20 x 1"). The reactor was heated using two different
methods. Early experiments used an electric furnace which was later
replaced by a Técam SBS-k Fiuidized Sandbath because the sandbath feduced
tﬁe heat up time from 30 to 10 minutes. The electric furnace consisted
of a 23Q resistance nichrome wire wrapped»around a ceramic cylinder
which was thei_1 surrounded with insulatid_n. Pover td the furnace was
supplied by a 1 KVA variac. In both cases the heating was regulated
by a chromel-alumel thermocouple connected to a Honeywell Temperature
Controller, type K 200-1200°C, Model MS2. The temperature controller
dial settings were calibrated and periodically check‘edv using a thei'mo-
couple and a Leeds and Norfhrup model 8690-2 Millivolt Potentiometer.

Extraction and separations of the organic material from the water
tiséd a 60 mL séparatory funhel, e 60 mm‘_s;temless gravity funnel, é, 60

T

—-———
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Figure 1. Reactor

-
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8
mm short stem gravity funnel, and a 25 mL volumetric flask. The glass-
ware was set up as shown in Figure 2,

Quantitative analyses were made with a F and M 720 Dusal Colﬁmn,
Pfogrammed Temperature Gas Chromatograph (G.Cc.) with a thermal con-
ductivity detector. ' The general operating settings were: injector
témperature 2&500, bridge cﬁrrent 150 ma, and detect@r temperature
‘2h5°C for isoquinoline experiments with an IQ# of 28 or less and 260°C
for all other experiments. The temperature was raised when work began
with quinoliné due to the higher boiling point of some of its products.
Both columns were 6' x 1/4" stainless steel tubing packed with 10% SE-30
on Chromosorb W. The carrier gas was helium and has a flow rate of
ébout 10 cm3/7 sec (90 §m3/min) as measured by a bubble meter.

Qualitative analysis of the product mixture was‘performed on s
DuPont 21-490B Gas Chromatograph-Mass Spectrometer (G.C.-M.S.). The
G.C. used a 6' x 1/8" stainless steel column packed with 10% SE-3Q on
Chromsorb W and a flame ionization deteétor.

The ammoniae analysis of the water in the reactor was accomplished
with an Orion Research Ionalyzer, Model 40TA, and a Model 95-10 ammonia
electrode.

A1l calculations were done on a Hewlett-Packard ﬁP—85 computer
with the exception of the M.S. data which was converted to relative

abundance spectra using a DEC-10 computer.
.Procedure

The experimental procedures can be divided into four general areas:

the reaction process which included the charging of the reactor, the

-
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Figure 2. Extraction Set-up
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11
‘reaction itself. and the extraction of the reaction products; qualita-
tive analysis of reaction products; and quantitative calibration qf
£he gés chroﬁatograph thermal conductivity detector; and quantiﬁative
analysis of pro@ucts. The procedure for loading the reactor and
extracfing the products after the reaction was complete varied slightiy
as experimental technique improved and as some of the experimental
parameters were varied.

Experiment IQ-38 (isoquinoline-38) is used as an example for
describing a typical loading and extraction proceduré for the quinoline
end isoquinoliﬁe reactions. Major variations in the procedure aré
noted when they occur. A 2.0 mL pipet was calibrated and determined
to deliver 2.1721.009 g (.0168 moies) §f isoquinoline. It was then
calibrated for quinoline and determined to deliver.2;176i.009 g (.0168
moies) quinoline. While this pipet was”used to charge all liquid
starting materials, it was calibrated only for quinoline‘and isoquinoline.
For the other liquids the molar quantity was calculated using the com-
pdunds' densit& and molecular weight cited in the literature (lSj.

After the 2.0 mL isoquinoline had been added, 8.0 ml water was added
ﬁsing a 10 mL éraduated pipet calibrated in .0l mL upits. If a hydrogen
transfer agent or catalysf was to be used, it was added at this time.
Liguids were added by‘pipet while solids were weighed to the nearest
0.0l gram and added. The reactor was purged with afgon and the copper
gasket inserted. The lid'was‘bolted down as tightly as possible, The
reactor was then -uspended in the sandbath (or in the case of'the

early experiments, the furnace) for 96 hours. At the end of 96 hours

the reactor was removed and allowed to cool on the bench top. It took

e
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12
approximately 45 minutes to an hour to reach room teméerature. If a
quicker Eoolirig time of about 15 to 30 minutes was desired, cool ‘,air
was blown across the reactor while it was on the bench. When the
reactor was opened, a note was made if any gas was vented.

To extract the material about 3 mL of distilled methylene chloride
(CH2012) was edded to ﬁ‘h‘e reactor. If any char (insoluble solid pro-
ducts) was present in the reactor, a pfeweighed piece of glass wool
was placed in the top funnel of the extraction set-up. The content
of the reactof_ ﬁas poured through the top funnel into the sepa.rat_ofy
funnel. While pouring, additional CH2012 was squirted into the reéctor
and poured into the funnel. The 1lip of the reacfor was then washed
with solvent and allowed to dry before the reactor was turned up-
right. The organic layer was separated from the aqueous layer and
drained into a 25 mL volumetric flask. The reactor was then washed
several times with small portions of solvent until the washes were
colorless. These washes were also used.to wash any soluble organi.cs
through the glass wool and to extract any products that might be in
the aqueous layer. The 25‘mL volumetric flask was fipally filled to

the mark with CH201 The water was measured in a 10 mlL graduated

o
cylinder and the pH checked with pH paper. If the water layer was to be
analyzed for a.mmonia. it was saved in a stoppered test tube and analyzed
within 24 hours to minimize loss of ammonie through vaporization. The
char was collected by scraping the sides of the reactor and pouring

the char into a weighing boat. The weights of“ the char in the boat

and on the glass wool were added togethei' for the final char weight.

To obtain a carbon, ‘hydrogen, nitrogen, and oxygen elemental

- e s
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13
analysis of the char, it was ground, weighed, dried to remove any
volatiles trapped in it, and reweighed. bThe dried char was soaked in
é_oncentrated HC1 to remove any metal oxides. The sosked char was
collected on a preweighed sintered crucible (30 mI-30F) and washed
several times with water to remove the acid. It was then dried,
w;:eighed and sent for elemental analysis.

The tar ‘(pvroduc’t‘;s soluble in CH2012 but not gas chromatograpﬁable)
was analyzed in a 15 mL sample of IQ-38 by evaporating the CH2012 on a
steam bath. It was then weighed and thebvisoquinolinév was removed._by
gently heating'v the tar in a; crucible over a Meeker burner. A control‘
of pure isoquinoline was also heated in a crucible to establish that
th_e isoqionoli_ne did not léé.ve any residue due to deéomposi‘tion or
charring. The residue from the ter was then reweighed. The percent

weight tar was calculated in the following manner:

Tar in sample * Total Solution _
Sample Volume

Total Tar in Solution

0.0769 g * 25 mL - =0
150 0.128 g

Total Tar in Solution
Weight Starting Isoquinoline

% Weight Tar

0.128 g

2.172 g * 100 5.9%

To determine the amount of CH2012 insolubles in the ter residue fdmed
during the heé.ting, the ta;r residue was .extracted with CH2012 and then
filtered. The insoluble residue was then weighed.

Water solution was ana;lyzed for ammonia using the Ionalyzer which was
é_alibrated according to the procedure given in the operation manual (16).

A sample was prepared by diluting 1.0 mL of reaction water to 100 mL.

-~ e
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The electrode was then placed in 50 mL of diluted sample and 0.5 mL of
10 M NaCH was added. The'concentration was read from the Ionalyzer.

The results of experiment IQ-36 are described as a sample calculation.

Water recovered: 7.2 mL Concentration NH3 in sample: 8.6 x 10'3M
Concentration NH3 in IQ-36: 8.6 x 10—3.M % 100 mL/1 mL = 8.6 x 10”1 M
1

Mole NH, produced in IQ-36: 8.6 x 107~ M x 0.0072 L = 6.19 x 1073 moles

3

Moles isoquinoline converted in IQ-36: .0168 moles x 59.5%/100 = .01000
Percent. NH; of nitrogen in products: .00619/.01000 x 100 = 62%

Qualitative analysis ﬁas done using mass spectrometry in only a
few experimenfs. Q-10 was used to determine the products formed by
quinoline. The organic material was separated from the aqueous layer
by extraction with CH2012. Any char or high molecular weight tars were
removed by washing the product through a short silica gel column with
CH2C12. The eluted material was then concentrated by blowing air over
the solution. This was done to remove the solvent while retaining the
mo?e volatile products. A'comparison of gas chromatdgrams before and
after evaporation showed that all the major products had been retained
plus the appearance of some additional minor pesks due to their inérease
in concentration. About a 3 ulL sample_of product was injected on the F
and M G.C. to establish the retention times of the products to be
analysed. A sample was then injected on to the G.C.-M.S. The column
cénditions were: (a) initial temperature 60°C, (b) program for hob/min,
end (c¢) final temperature 17S°C. Mass spectrometer sweeps of each peak
were made at several different parts of each peak. The ion pesaks of

each mass spectrum were measured and converted to relative heights with

the assistancé of the DEC-10 computer and the programs of MASSP.PRG and

N
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CHM;GPPLCC. The mass spectra were compared to mass spectra in the
literature for identification of the compounds (17). The identities of
the compounds‘ Qere then confirmed by spiking a reaction product with
known compounds. .

The procedure for calibrating the G.C. detector response is _
described using aniline. A typical aniline calibration standard solu-.
-tion was prepared by adding 0.5 mL‘ aniline along witth.OS mL toluene,
0.1 L ethylbenzene, 1.0 mL toluidene, and 0.5 mL 4-methylquinoline to
distilled CH2012 in a 25 mL volumetric flask. Mixtures of standards
were used to reduce the number of total‘ injections needed to calibrate
the instrument. Volumes of 0.05 mL or less were measured with a 50 uL
syringe, all other volumes were measured by pipet. Calibration sténd-
az;ds were prepared at 0.05, 0.1, 0.5, and 1.0 mL compound per 25 mL v
solution for each identified compound. Since quinoline and isoquinoline
wez;e found in‘_larger quantities in the reaction mixfure than 1.0 nL,
standard solutions using 1.5 and 2.0 mL were also prepared for these
compounds. - The total volume of added material for each solution was
1.5 to 3.0 mL. - A minimum of five 8 ulL samples were injected into the
F and M G.C. Cblumn conditions were the same as tho'sé used in analysing
the product mixture. The initial temperature was T0°C with a program
rate of 5°C/min. for 7 minutes. The program rate was then increased to
205c/minute until the final._ temperature ‘_of 250°¢C waé reached. 'I'he  tem-
perature was then held at 250°C until all the compounds has been eluted.

The peak areas were determined by multiplying the height of the |
peaks by the width at one-half the pesk height. The height was measured
in millimeters to *1.0 mm while the width was measured to 0.2 mm. To

reduce error due to the narrow peak width, the width was carefully

- -
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defined as the distance between the outside edges of the ink line. The
'méasured a.rea>wa.s then mul_tiplied by thé G.C. a.ttenﬁation to give the
attenuated area which was directly proportional to the compound's concen-
tration.
A program on the HP-85 called "CALIB&" (see Appendix E) was used
" to calculate the attenuated area per microliter of sample injected.
The calculation for aniline as an example:

Attenuated area for 8 yL 1.0 m L aniline/23 mL solution:
113 mm x 4.0 mm x 4 = 1808 mm

Attenuated area per microliter:
1808 m?/8 = 226 mm?/pL

Aversge asttenuated area/uL:
1 mL aniline/25 ml solution
+236+24L+232+
226+236+2kli+a3a+232 _ o) 2 /uL,

5

The final response facdtor was defined as the attenuated area/uL for 1.0
mL standard in 25 mL of solution. It was calculated by performing a
ieast squareo linear regression of all.the individuol response factors.
The slope of the linear regression was used as‘the response factor.

Quantitative analyses of products were accomplished as described
for the calibration experiments using an 8 ul sample of the products in
25 mL of solution. The mole percent okanown products formed as o per-
centage of the original amount of starting material and the amount of
starting material convertea were calculated using a program for the HP-85
called "%CONV5# (See Appendix E). Thoée products ﬁhich were not iden-
tified by mass spectrometer were recorded in terms of attenuated area/iiL.

A sample calculation using the results of the IQ-37 experiment and

in detail, the benzene determination is as follows:

e
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‘the G.C. The AlCl
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Sample size = 8.0 ulL
Initial isoquinoline = 0.0168 moles .= 2.172 g/129 15 g/mole
Propertles of benzene: density = 0.879; molecular we1ght 78.11
Conversion factor = 298 attenuated area/pl. sample

mL compound/25 mL solution

Attenuated area/ul, = height x width x attenuatlon/uL.
(51 mm x 2 mm x 1)/8.0uL = 12.73 mm2/uL

Moles compund = [(atten. area/ L / conversion factor) x den51ty]

Molecular weight: N
[(12. 78/298) x 0.879]/78.11 = 4.82 x 10~

Percent yield = moles compound/moles initial. isoquinoline x 100:
0.000482/0.0168 x 100 = 2.8%

Materials

The isoquinoline and quinoline were reagent grade which was vacuum
disﬁilled. Compounds used for calibrating the G.C. wére either ahalyti—
cal or spectral grade. In all cases the purity was high enough to show
only one peak when a 2 uL Sa@ple of straight compound was injected into

3 and ZnClg were off the shelf.
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Table 2

IQ-37 Averages for All‘Iaéntified‘Compounds

19

Compound Name % Yield % Reactant % Yield

' Recovered %‘Reaqtapt
Toluene : 11.0 - 1k.0
o-Xylene . 4.0 - 5.1
Ethylbenzene | 3.7 - . b7
‘Benzene | 3f6 - - L.6
Iéoquinoline - 2;.5. - .". L

. Total product recovered:

11.0 + 4.0+ 3.7 + 3.6 =

Total material recovered = total product + isoquinoline recovered:

22.3%

22.3 + 21.5 = 43, 8

Percent isoquinoline converted

100 - 21.5 = 78.

Percent of product identified = products recovered/isoquinoline
22.3/78.5 = 28.4%

Welght percent char = weight char/weight initial 1soqu1n011ne

0.239 g/2.172 g x 100 =

—-— s
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5%

converted:

11.1% .



CHAPTER III
RESULTS AND DISCUSSION
JIsoquinoline

‘The extent of reaction of isoquinoline at supertritical‘or near
supercritical water conditions, as shown in Table 3, was Significant in
producing alkylbenzenes, low volatility tar and char. The extent of
reaction was affected by time, temperatﬁre amd addition of a catalyst.
While the effects of pressure or water density and hydrogenation agents
were also studied, the results of those experiments were more ambiguous.
Thé amount of alkylbenzene products along with the aﬁmonia analysis
showed that significant nitrogen removal was possible using supercritical
water.

| The alkylﬁenzenes weré identified as o-xylene, ethylbenzene, and
toluene. Benzene was also found at hSOOC and above. The char was
defined as the solid, CH2012 insoluble material which coated the inside
wall of the reactor. An elemental analysis of a char sample (see Appendix
A; Table A2) produced in a réaction at 500°C gave an.atom ratio of
022_2 Hlo_5 00.6' This is a significantly lower nitrogen content than
the reactant. The tar was defined as the remaining bfganic materiél
aﬁd was charaéterized as a dark brown, C'HQCl2 soluble material, No
qualitative analysis was done on the tar except to remove the solvent
and inject a sample on the G.C. The reéult was a complex mixture of

compounds many of which had retention times greater than isoquinoline

20
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Table 3

Reaction of Water with Isoquinoline®

Temperature (c)
Pressure (psi)
Density (g/cc)
Time (hour)
Catalyst
(g)

IQ number
% converted.
% of Converted

Identified

350 '
2hoo 3640 36L0
0.170 0.170 0.170

T2 48 48
ZnC1 - ZnCl,
0.08 0.05

3L 20/21 33

33.8 24.3/13.5 5h.2

2.3 1k.3/23.0 20.8

Products (% of Converted Reactants)P

Benzene
Toluene
Ethylbenzene
o-Xylene
Ammonia

% Water Recovered

Char

0/0
4.0/7.3

koo ) )

3870 3870 3870 3870 3580 L4680
0.213 0.213 0.213 0.213 0.106 0.170
48 96 96  1hh L8 48

- - 2nClo - - -

0.05

23 .22 30 24 27/31 26
30.5. 49.9 S7.1 50.7 55.2/46.1 k2.2
36.3 38.0 39.6 L4h4.3 k2.8/24.3 5L.5
0 o 0.4 0 2.0/0.5 1.1
10.4 8.8 10.5 1k.1 20.5/12.1 23.6
12.8 15.3 13.0 16.5 13.8/6.0 16.7
13.0 14k.0 15.7 13.7 6.h;5.6 13.6
98.0 98.0 - 98.0 96.0/84.0 98.8
6.2 12.6 13.2 12.7 21.9/ - 12.6

, c héo. d
4680 4680~ L680
0.170 0.170 0.170

48
Tet
1.25
18
93.2
46.8

L8
DA
0.50
36
58.7
30.6

=0 b
©O _ oW m®

e o Ove e w
POoOWHW DO

4680
0.170
96 120
38 25/32

82.6 80.3/89.7

55.3 46.5/40.8

2.7 4.5/3.5
23.4 22.3/20.2
18.9 11.7/10.9
10.% T7.9/6.2

~ 98.8/67.5
15.7 18.0/13/4

5200
0.213
48

28

81.5
ko.9

500
k680 4680

0.128 0.128
24

37

78.
28.

5
4

48

39

61.3

h1.5

=
A\ Oy O\ &
=W oWV & &

8pn experiment run at 450 C for 48 hours with no water gave greater than 90% reactant recovered and no products

by GC or chér

b
Yields of compounds are given as mole %, char as weight %. The remainder of the sample is tar and a few minor products-
very small peaks which may be aniline and toluidene were found but not measured.

SThese experiments were with added tetralin and dihydroanthracene.

distributions are more uncertain because of consumption of hydrogen transfer agents.

da

material was accounted for,

© Elemental analysis of this tar gave the atom ratio C,, ,Hyo N 0p 6p-

The extents of reaction are believed reliable but product

An analysis of the tar gave 5.9%'isdquinoline free tar. When this was added to the rest of the products T6% of the converted

Te
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(or quinoline). There was also evidence that some of the material was
being retained at the beginning of the G.C. column in the glass'wéol
plug. No GfC;M.S analysis was done bécause the non;volatiles_coﬁld not
be removed sufficiently to make the sample acceptable for the G.C-M.S
instrument.

The effect of temperature was studied at constant pressure and at
constant density. At Loo°c, 0.170 g/ce H,0, 3640 psi and 48 hours, the
average degree of conversion was 18%. When the temperature was increased
to 450°C at the same density of 0.170, the degree of conversion was L42%,
When the temperature was raised to hSO C at a pressure of 3580 psi the
degree of conversion wes essentially the same at 50%. The relationship
between time and degfee of conversion is not yet clear. The degfee of
conversion increases with‘time at shorter reaction times but appears to
level off at about 96 hours. THe inconsistency in the degree of conver-
‘sion for the_two different times at 500°C cannot bé explained.

The effect of pressure is also not yet certain. In two cases, one
at 400°C with a pressure increase of 3640 to 3870 psi and one at 450°C
with a pressure increase of L4680 to 5200, the pressure increases caused
an increase in conversion.  However, ih one case at ﬁSOOC with a.pressure
increase of 3580 to h680‘the increase pressure caused a slight decrease
-in conversion.

The amount of benzené_and alkylbehzenes formed showed significant
nitrogen removal. It ranged from 15 to 55 mole % ofvisoquinoline con~
verted with an average of 38%. |

Addition of ZnCl2 as .a catalyst improved the degree of conversion

‘but did not appear to affect the selectivity toward the alkylbenzene

———
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produéts. The results from addition of the hydrogenation agent, tetralin,
produced a conversion of 93%. This wasbsignificantly higher than ﬁhe
'ké% conversioﬁ found in thé reaction without tetralin. The product dis-
tribution, however, could not be determined accurately for this reaction
because of interference by tetralin's decomposition products, toluene
and ethylbenzene. The 59% conversion produced by the addition of
9,10-dihydroanthracene was also an improﬁement. However, the selectivity
toward alkylbenzenes appeared to be slightly less.

Ammonia analyses of the water in tﬁp of the isoquinoline reacfions
sﬁowed 60 to 75 percent of‘the nitrogen from reacted isoquinoliné was
converted to ammonia.

An experiment at the sﬁbcritical conditions of 350°C and 2400 psi
‘using ZnCl, catalyst and having a reaction time of 72 hours converted
34% of the reactant with only 2.7% of the product found as alkylbenzenes.
In comparison a supercritical reaction at 400°C and 3640 psi using ZnCl,
and a reaction time of 48 hours consumed 54% of the reactant with'20.9%
converted to alkylbenzenes. This showed e marked increase in the amount
of alkylbenzenes produced at supercritical vs suberitical conditions.

One other experiment df importance‘was a thermal reaction run at
h50°C for 48 hours without water. In this reaction over 90 percent of
the isoquinoline was recovered and no prpducts were detected by G.C. or
as char. When water was introduced at the same temperature and reaction
time, the amount of conversion ranged from 42% at 4680 psi to 81% at
5200 psi.

Several duplicate experiments were done to determine the reproduci-

biiity of the extent of conversion and the distribution of products. In

——s on
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all three cases the difference between the two runs was about ten per-
éentage points. This.was fhe same regardless of th§ amount of convefsion.

_There was aléo significant variation in the amount of identified product
as a % of converted reactant. The most likely source for this variation
was the extraction procedure where small losses of the concentrated prod-

uct material could significantly affect the final results.
Quinoline

The results of the reéction of quinoline at sﬁpercritical water
conditions afe presented in Table 4. These results showed sevefal
differences between quinoline and isoquinoline. The quinoline is
significantly less reactive and requiréd a catalyst at temperatures of
less than 500°C for a large extent of reaction. Two catalysts were used,
AlCl3 and ZnCle. The ZnCl2 was found to be the better catalyst for
purposes of valuable product formation, since the A].Cl3 produced almost
twice as much char (13.3%) as the ZnCl, (5.9%).

The product distribution for quinoline was significantly different
than that from isoquinoline. The average yield of identifiable products
was much lowef at only 17% and inecluded large amounts of aniline and
toluidine. ©Small amounts of quinaldine were also found. There was also
significantly less o—xylene produced by quinoline than by isoquinoline.
An elemental analysis of one quinoline char gave an ato.: ratio of
012.3H5,3N100.5' While this char Vas lower in nitrogén thgn the original
quinoline, its,nitrogen content was higher than the char from the iso-
quinoline. Two ammonia analyses of reactions at‘hOOOC gave yields of 36

and 115%. These appear high considering the amount of char and tar

—
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Table b

Reaction of Water ﬁith Quinoline

Temperature (C) 400 ahSO 500
Pressure (psi) 3870 4664  L020 L4020 4680 L6880 5200 5200% 5200 5200 5200 52002 5650

Density (g/ce) 0.213 0.426 0.255 0.255 0.170 0.170 0.213 0.213 0.213 0.213 0.213 0.213 - 0.170

Time (hours) 48 - k48 18 48 L8 L8 2 48 48 48 L8 48 - L8
Catalyst Zn012 AlCl, ZnCl Zn012 ZnCl, ZnCl, ZnCl, ZnCl

(g) 0.05 0. 0§ 0. og 0.10 0.01 0.05 0.05 0.0 :
Q# - T 15 1 2 3 5 8 I 6 13 16
% Converted 22,k 27.2 60.0 53.2 28.2 81.0 14.8 9.2 5.2 T78.9 55.6 5k4.5 70.0
% of Converted 11.8 0.8 2,6 2,9  15.3 1h,2 21,0 48,8 36.4 13.% 17.3 18.1  23.2
Identified o S .
Products (% of Converted Reza.ctants)b
Benzene 0.0 0.8 0.0 0.0 0.0 0.8 0.0 0.0 0.0 0.9 0.k o.4 k.o
Toluene 0.9 0.0 0.0 0.0 3.5 2.5 2.7 8.6 11.3 2.5 2.5 1.5 5.5
Ethylbenzene 2.5 0.0 0.0 0.0 2.0 0.9 3.7 8.0 -10.6 0.9 1.3 1.4 1.8
o-Xylene 2.7 0.0 0.0 0.0 0.7 0.5 ) k.3 3.7 0.5 1.1 0.9 0.3
Aniline 2.4 0.0 1.4 1.5 3.8 6.0 5.4 23.6 0.0 6.2 8.3 9.2 8.3
Toluidene 3.3 0.0 1.2 1.4 5.3 3.4 5.0 4,1 10.6 2.4 3.7 .8 3.3
Ammonia = - 96 115 - - - - - - - - -
Char 7.2 13.6 13.3 5.9 0.0 6.1 0.0 0.0 0.0 - 16.6 - 27.0¢

®The normal charge of quinoline was halved to 1.0 mL in experiment.Q-5 and doubled in experiment'Qr13

bYlelds of compounds are given as mole %, char as weight %. The remainder of the sample is tar or minor products.
Quinaldine was found but not measured.

- Elemental analysis of this char gave the atom ratio 012 3H5 3N100 5°

G2
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produced in these reactions. This suggests a problem with the ammonia
analysis which will be studied in future work. In addition an elemental

analysis of the tar is needed to account for all the nitrogen.
Miscellaneous Compounds

Several other compounds were examined at supercritical water con-
ditions, the reéults of which are summarized in Table 5. Benzonitrile
and carbazole were reacted at supercritical conditions to study the
reactivity of a nitrile and a non-aromatic nitrogen bénded betweeh two
éromatic rings. Tetralin'aﬁd 9,10-dihydroanthracene,when used as hydro-
genating agents, were found to react and were therefore examined to deter-
mine their product distribﬁtion. Since aniline and éthylbenzene ﬁere
products of quinoline and isoquinoline're5pectively, these were reacted
to determine if»they produced secondary products.

The benzénitrile was the most reactive of the nitrogen compounds
producing only benzene in a yield of over 95%. This is a substantially
different product distribution from the polymer formation which would be
predicted if the reaction was only a pyrolysis. The product mixture
showed no aiscbloration indicating the nitrile was cieanly hydrolyzed
followed by decarboxylation. The carbézole was the least reactive with
no indicatién of reaction and no measurable products formed. The tetralin"
reacted completely, producing about 50% naphthalene and significant
amounts of alkylbenzenes. 'The dihydroanthracene was much less reaétive
producing anthracene and several other products in smaller amounts and
with retention times less than anthracene.

An experiment using aniline as the starting material gave uncertain

- oo
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Table 5
Reaction of Water with Other Compounds

Compound Benzonitrile Ethylbenzene Tetralin pAP Carbazole® Anilined
Temperature (C) %00 450 450 k50 450 1450 450 450
Pressure (psi) 36140 5200 5200 5200 5200 5200 5200 5200
Density (g/ce)  0.170 0.213 0.213 0.213 = 0.213 0.213 0.213  0.213
Time (hour) 24 48 48 48 48 48 48 48
. Catalyst ZnCl, ‘ ZnCl. ZnCl,
(g) 0.05 0.0 0.05
% Reacted 100 10 100 - 100 >50 <15 21 Th

Productsa 7
Benzene 95 22 1.5 1.5 0 0 5 5
Toluene - 78 10 7.0 0] 0] 0 0
Ethylbenzene - - 13 8.9 0 ) 0 0
Naphthalene - - - 52 45 0 0 0 0
Anthracene - - - - € 0] 0 0
Ammonia - - - - - - 66 59

Mole % of consumed reactant. No char found for any reactant.

Prhe dihydroanthracene .chromatogram showed about six products, all hé.ving longer retention times than
(The € symbol indicates

naphthalene but shorter than anthacene, which was by far the largest in size.
a large but unmeasured amount.)

d

product identified was in small amounts.

cCzau'bazole appeared close to zero% reacted.

a long retention time was found but not identified.

Due to chromatogram anomalies, the eXtehts of these reéctions are uncertain. VThe only significant organic
This indiates a small product peak. A second, large peak with

Le
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results. Two major peaks were found near the retention time of aniline.
These peé.ks, hoﬁever, could not be resbli_red on the G._C-M.S and th_efefore
i)ﬁsitive peai_: assignments éould not be ‘made. The aniline did show some
benzene present as. a product. The ethylbenzene was only slightly reac~
tive ‘and producbed a clean ‘_pfoduct solution containiﬁg only benzene and

toluene.

s oo e
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CHAPTER IV
‘CONCLUSIONS

The éignificant production of hydrocarbons and ammonia from nitrogen-
containing compounds shows that supercfitical water can be an effective
reactant in the removal of nitrogen from some types of organic compounds.

- The effectiveness of this removal varied with molecular structure and
 témperature. Acidic catalysts also increased reactivity, e.g., ZnCl,
was found to be effective. Based on the extent of réaction, the order
of reactivity was found to be behzonitrile > isoquinoline > quinoline >
carbazole. The reactivity of aniline could not be determined as accu-
rately as the.other compounds but it ciearly falls between the e#tremes
of benzonitrile and carbazole. One can conclude from these results that
the position and bonding of the nitrogen in a molecule has a majof effect
‘oh the ease of its removal.

While not enough information has been obtained to present a detailed
mechanism, Figures 3 and 4 show a general reaction pathway for the known
products. The carbon adjacent to the nitrogen appears to play a critical
role in nitrogen remqval. In every casé wherg nitrogen was removed, as
in the case of the nitrile or heterocyclic ring, one or more carbon atoms
external to the benzenoid aromatic ring were lost. This was true even
when the nitrogen was not'removed. The absence of such a carbon in carba-
zole and aniline may explain why carbazole is so unreactive and aniline

does not appear to decompose. to benzene and ammonia.

29

- =

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



30

+ C02 + NH
> Toluene + Benzene
@\/ e NH3

‘Figure 3. Isbquinoline-Wé.ter Reaction

v e
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' Toihidines + Toluene
Xylidines + Xylene

NH2
OJ

_(CH3)2 isomers

Figure 4. Quinoline-Water Reaction
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The selectivity of the ring rupture in isoquinoline showed no pre-
ference for the 1-2 bond versus the 2-3 bond, as shewm by the essentially
eQual molar amounts of ethylbenzene and §-xylene forﬁed, partiCularly at
the lowest temperature. In the case of quinoline the rupture of bonds .
favored the 1-2 bond over the 1-8a bond. Since nelther the 1-2 or 2-3
bbnd in isoquinoline nor the 1-2 bond in quinoline wés attached to the
homocyclic aromatic ring, their reactivity would be expected to be about‘
the same. However the 1-8a bond in quinoline was attached to the homo-
eyclic ring and therefore could account for the difference in reactivity
of quinoline and isoquinoliﬁe. |
Thé initial alkylbenzenes formed are also reactive under super-
critical conditions. The presence of tOIﬁene and benzene in the product
mixtures from'both the hetefocyclic comﬁounds and from ethylbenzene
demonstrated that carbons could be lost from the alkyl side chain until
only the benzene ring was left.
| In the case of quinoline, the presence of quinaldine, o-xylene, and
possibly some polysubstituted quinolines indicates that the carbon lost
from the alkyl side chain is a reactive species capeble of aromatic sub-
stitution reactions. The presence of a GC peak on the isoquinoline chrom-
atogram with an analogous retention timé to the quinaldine peak in the
quinoline chromatogram suggests that methyl substitution on the isoquino-
lipe ring mey also be occurring. The identity of this pesk, however,
éould not be confirmed by M.S. due to its low concentrations.
When the removal of nitrogen by SCW is. compared to HDN,‘one signifi-
cant dbservatipﬁ can be made. Neither method showed any evidence of the

homocyelic ring rupturing. However, HDN did require a substantial amount

-
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of the homoecyelic rings to 59 ‘hydrogené.ted before significant niﬁrpgen

- removal occurred. Since use of SCW is not a hydrogenation process, the
homocyclié ring.v is left ﬁnaffected. ’I'h:|.s enables the SCW method: 1;.:0 pro-

duce a product mixture with a higher degree of unsaturation.

e
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Experimental Data

" Table Al

Average Retention Timea

Khown Compounds - Retention Time (min)
Benzene 1.5 % 0.2b
Toluene _ 3.1 + 0.6

~ Ethylbenzene - : 5.5 + 0.6
o-Xylene v 6.3 £ 0.7
Aniline | , | 9 £ 2¢
Tolidine ' 10 + 2°

'_Quinoline . o iﬁvi 2¢

* 0.6

Isoquinoline - 13.0

Unknown Compounds
Isoquinoline experiments

' Unknown #1 ‘ 9.0 + 0.k

Unknown #2 10.0 = 0.k
‘Unknown #3 o 14,0 + 0.6

8Retention times were relative to the air peek and were for injections at
standard G.C. operating conditions.

YThe variation given in the retention time is one standard deviation.

CThe G.C. temperature program was adjusted slightly for some of the
quinoline experiments to maximize the separation of the more complex
mixture of unknowns found after o-xylene. These adjustments caused
a larger variation in the retention time of some of the higher retention
times. : :

35
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Table A2

36

‘Element ' . I_soqqipoline Quir;oline
Carbon 88.59 : ‘ o 84.09 |
Hydrogen 3.k9 P ] - 3.0k
Nitrogen L.62 ‘ S 8.0,
oxvgen s Y

e oy -
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Table A5

Reaction of Water With Other Compounds
Average Attenuated area/ulL (mm2/uL)

Compound Benzonitrile Ethylbenzene Tetralin ' DAZ Carba.zoleb : Aniline®
Temperature (C) 400 450 450 L50 450 450 k50 450
Pressure (psi) 36L0 5200 5200 5200 5200 5200 5200 5200
Density (g/ce) 0.170 0.213 0.213 0.213 0,213 0.213 0.213 0.213
Time {(hour) 2k 48 48 48 48 48 48 48
Catalyst - - - ZnClo - - ZnCl, - - ZnClp
(g) - - 0.05 - - 0.05 - - 0.05
Benzene 381 12 5 5 0 0 s s
Toluene , - 4 39 28 0 0 W] 0
Ethylbenzene ' - 470 54 37 0 0 0 0
Tetralin - - 0 0 - - - -
Aniline = - - - - - : 379 180
Naphthalene - - 31k 211 0 0 - -
9,10-dihydro-
anthracene - - - - a
Anthracene - - - - - e 0 £ - -
Carbazole - - - - - 1.7 g - -
Ammonla (moles x = - - - - - - 2.6 9.6
10-3) v '

-uoissiied INOYRM paygiyold uononposdal Jayung “Jaumo WbLAdod sy Jo uoissiuied yim paonpoiday

aThe chhydroanthracene chromatogram showed about six products, all having longer vetention tiwmes than naphthalene
but shorter than anthracene which was by far the largest.

Carbazole appearedvclose to zerof} reacted.

®Due to chromatogram anomalies, the extents of these reactions are more uncertain. The only significant

organic product identified was in small amounts.
was found but not identifed.

The s indicates small product peak.

A second, large peak

W

No quantitative measure of 9,10-dihydroanthracene was made. However, it can be stated with some certainty. ©
that over 50% reacted since the anthracene peak was greater than the 9,10-dihydroanthracene peask.
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- Steam Table

Table Bl

Steam Table®

06

Den51t§ (g/cc) 0.255 0.213 0.170 0.1
Vg /1b) 0.0621 0.0745 0.0932 0.1k490

Vhter volumeb (mL) 12.0 10.0 - 8.0 5.0
Temperature® ‘ ‘ ‘Pressgure '(psi)

382 3460 3400 3280 -

399 - hoz2o 3870 3640 0 0 -

416 _ - k560 4320 Looo 3200

432 - 5100 4760 43k 3390

Lhg 5640 5200 - k680 3580

L65 6170 5630 5010 3770

482 , - 6060 5300 3950

k99 - 6480 5650 4130

527 o - - 6180  bhh2o

554 - o - - 6700 4790

582 - - - 5000

610 - - - 5290

@This is a summary of the pressure values found in Ké_ena.n, J.H., F.G.
Keyes,. P.G. Hill & J.G. Moore, Thermodynamic Properties of Water
Including Steam Tables, New York: John Wiley & Sons, 1969.

b‘l‘he volume needed for an experiment was calculated using the following
formula: [density of steam]*46 mL/1.0 g/mL = [volume liquid water]

CThe temperatures are the centigrade equlva.lents of the fahrenhe:.t used
in the reference. ‘

k2
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‘Table Cl

Calibration Data

Response Factor at Given . Final Response

Compound Concentration of Standard Compoundb Fa.ctor®
0.05° 0.10 0.50 1.00 1.50 2.00
Benzene 12 - 140 - hé3 60k 298
Toluene 14 29 133 eorh L1l - 281
‘Ethylbenzene 1l 28 116 259 - - 262
o-Xylene 12 26 117 239 378 - 248
Aniline 15 26 15k 23h - - 2l
Toluidine 17 32 12k 306  hok - 298
Quinoline = = 31 158 306 - k30 585 29k
isoquinoline - 3L - - 430 625 301
Tetralin - - 158 - - - 316%

@The response factors are defined in units of attenuated area/pL per
mnl standard/ 25 mL solution and are calculated from the slopes of a
least square treatment of all the G.C. data for a particular compound,

b‘I’he response factors for each concentration are stated as the average
of all the G.C. data at a given concentration for a particular com-
pound. o

CThese concentrations are expressed as mL standard per 25 mL solution.

d‘I’he tetralin response factor was calculated from only the one concen-
tration of standard.

LY
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Error Analysis

The uncertainties in'the individual measuremenf‘s and their effect on

'the final results were analyzed in the following ways:

(1) The volume of the reactor, which was used to determine the
d_ensity, and ‘_from the density the pressﬁre for a given charge Qf water,
we.s determined by weighing the amount of dibutylphthaelate needed to fill
the rea.cf;or. The weight could be dete:mined to *0.1 g. However, an |
additional uhcerta.inty vas introduced by the small volume in the lid.
This volume was estimated at 1.0 mlL #* 0.5 mL. |

(2) The pipets were calibrated by averaging the weight of five
‘gamples measured with the pipet. The average devia.ti_on in Weights was
£0.009 g for both quinoline &nd isoquinoline.

(3) The amount of water was measured to *0.0l mL. The uncertainty

in water addition was therefore 12.0 mL * .08% at the highest density

end 5.0 £ 0.2% at the lowest density.

(4) The error in ‘the char had to be estimeted because the transfer

from the reactor was not quantitative. Based on the range of weights

.collected, the error was estimated at 10.05 mg.

(5) The uhcertainty in the a.mmonié. value was based on the error in
water recovered, sample dilution: and the meter reading. The water for

the example stated in the text was 7.2 t 0.1 mL. The sample of water

‘analyzed was 1.0 mL * .,00) and diluted to 100 mL * 0,1. The meter reading

was 8.6 £ 0.1. This gave an error of 62% * 2%.

(6) ‘The response faétor was calculated by taking the slope of the

1ine of average attenuated area versus ml of standard in 25 mL solution.

L6
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b7
The error was the 95% Confidence Limit of the slope of the line as
calculated by the DEC~10 computer program CHM;GPPLCC. The following

table lists the standard errors:

Compound Response 95% Confidence
‘ " Factor o Limdit
Benzene - 298 9
Toluene 281 8
Ethylbenzene ' 262 ' 8
o~Xylene 248 9
Aniline 24 ‘ 16
Toluidine 298 16
Quinoline 294 10
Isoquinoline 301 : 12
Tetralin 316 258
Naphthalene 318 _ 208

8The tetralin and naphthalene response factors were based on only
one calibration standard and therefore the error was calculated as the
95% confidence limit for the average of injections for the single con-
c_entra.tion.

(7) The error for the isoquinoline and quinoline results was Dbased
on the 95% confidence limit of the average attenuated ares/ulL for each

| reaction and carried through the calculations using standard error

analysis. The verror analysis of the benzene in IQ-37 is given as an

example (18):

Average attenuated area/ulL: o
(12.75 + 15.00 + 17,00 + 18.75 + 17.25)/5 = 15.55

Su? of (atten a.rea/uL - avg. atten area/BL)?:
-2.8)% + (1.45)2 + (-.55)2 + (3.2)2 + (1.7)2 + 23.38

Square root of [Sum/(total samples - 1)]:
Y23.38/4 = 2. h18

Square root * t—distribution/sguare of total samples:
2.418%2.571/5 0.25

Finel average and error:
15.55 + 0.25

Percent error::

0.25/15.55%100 = 1.6 %
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The only significant error associatéd with the conversion of the
attenuated area to percerit yield is the error associated with the response
- factor, |

Percent error of respdnse factor:
9/298%100 = 3.0%

Percent error: of moles isoquinoline:
0.009/2.175#100 = 0.4%

‘Total percent error for % yield:
1.6 + 3.0 + 0.4 = 5.0%

Error for % yield:
L.7%%5,0/100 = 0.2%
or 4.7 + 0.2%

e
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Computer Programs

nEELTEAn

o Ny Y LTIy

e Bl t i U

£323
"COMPOUND PEAK Nu. 2273
"1 =BENZENE 2.7
“3=ETHYLBENZEHNE 1=. -
"S=AMIL INE S=ToL T

“7=1SOQUINOLINE Z=0n. -
LINE"

DISF "3=METHYLQUINDLIHE 1&=1
THER®
DISP "GIVE COMPOUND MUMEER"
IMPUUT H
ON M GOTO 158,190,273 B;_.B,JI
B,358,330,430,470.,5108
A¥="BEMZENE"
=7V2.1t ! MOLECULAR WEIGHT
0=.2373 | DENSITY
GATO S389
A$="TOLUEME"
M=22.13 | MOLECULAR WEIGHT
=.3586 | DENSITY
GOTD 539 :
A$="ETHYLBENZENE"
M=1896 .16 ! MOLECULAR WEIGHT

0%
T

i S s Py
430D D DT
coypgooOg
H—“HﬁHl—l

D

o T~ 3 fix] -}

D B R R
ogoombD o
— — — —
oW 3 [5)] [0} .
TMmMT =0 U

-
o 0 1D
SN

DD DE

=D A0 0N T

FO P T =t 1= b s s

[L0]
£
Dogix g

2

250 0=.367 | DENSITY
266 GDTN S5&4

278 A$="0-<YLENE"
226 M=19c .16 ! MOLECULAR WEIGHT .
299 D=.23 | DENSITY
88 GOTO0 539
319 AF="ANILIME"

329 N 93.1:2

228 D=1.B22

T4€

i
B

GDTD S&o

290 A%="TOLUIDINE"
3608 M=187.15

278 D=.999

226 GO0TO S3a

320 H$—"ISDQUINOLINE"
4@8 M=129 15

419 D=1.vB31

429 GNTO 5306

477 AF="QUINOLINE"
44 - M=123 .15

454w D=1.935

468 GOTO 535@

479 Af="METHYLHUJINOLIME"
486 M=143 .13

436 [0=1.82s8

B G0TO S2e

519 QISP "COMPOUMD MAME"
S29 INPUT A%

53

X

TIE3P "MOLECULAR WEIGHT®

o
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py
al

IHPUT I

QIseP “DEN'ITV"

ITHPUT O

SOTD S24

DISP "NUMEBER OF DIFFEPENT o
MCETERTION 0OF “;A$

INPUT RI

FOR I=1 TO0 R1

CISP "CONC . #";1:% cpd.ml-29
MPUT € v

F £2>25 THEMN BEEP

F

15

enn N
SRS

005 T

o)
L

-
PO X

I

I

I E);5 THEN &19

0 "HHME AMD DARTE OF WIAL

an CnNC ";Ci" mL ";A%
IMPUT O3 o

Cl=C%DeMy 825 1 Cl=MOL COHEC

DIZP "INTERMNAL STANDARD 4% H
IMPUT YZ% ‘

IF Y2%="N" E®WOR v2%="%" THEH
719 ELSE &394

ODISP * MUMBER 0OF DIFFEREMT S

AMPLE SIZES AT";Ci"mi- 25SmL"
INPUT R2

OIM PL$L48]

OIM P2$%C491]

oDIM P3$C4903

DIM P4SC4B]

D P 0 Y0
DA B o | X
50050 S

[ Wy
15000

AT FFod

Sn
D

it |
[y
(X

PRINMT

FRINT * Rt=RETEMTION TIHE“
PRINT " H=HEIGHT mm"
FRINT * H=WIDTH mm"

FRINT - R=ARTTENMURTIOMN"
PRINT " Ar=AREA mm~2"
PRINT " AR=ATTENUATIOH"
PRINT "AA-vL=ATTEHUARTED RREA

DROUU Ty OO Rl R Rl BN I BN R |
£a ) PO = DD AN T ] G )

DDEE QDTN DDEDDDDE

4"_UL"
398 PRINT
68 PRINMT D#f
228 FOR =1 TO Rz v
296 DISF "SAMPLE SIZE #":J4:" IM
ul"
25 INPUT =
213 F2=9 ! IMITIALIZE F2
220 Z7=8
2720 =8
248 DISP "HUMBER 0OF RUNS RT":3;"
L "
259 INPUT R3 .
SE® PRINT
279 PRINMT Ci"mL":" ";H3
Qe FRITT QQOHCENTRHTIDH
" '. ':: .; " 1 )
293 FRINT "SAMPLE BI7E"5" ST
. UL 1] .
19068 PL1F="TH. A.B8%,2A"
{016 P2F="5. A, 3%, F. 38, R, 24, 2A 48
c 2R, SA"
1820 PZE="8¥, 20,99, 20 .04, 28"
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16739 P4$="30.%.0.0.,%,20,%,30,8%,
40,2K¥,3D.20" '
140 PRIMT USING P1$ ; "#","Rt"
124568 PRINT USING P2% ; "H","W".,"
Hll . IIHrll ) IIHH‘" ’ “HH/‘«‘L“

1260 FOR K=1 TO R3
178 DISP "RUMN #";K.,"HEIGHT., WKID
TH.ATTENUARTION"
- INPUT H.H.R

DISP "REMTENTIOQM TIME RUM#"
iK

INPUT TCKD?

IF ¥Y2%="N" THEM 1139

DISP "INMTERN. STRAND. PEAK H
EIGHT.ATTENUARTION"

INPUT H2.R2

Y2(K2=H2%A2

A=H¥W ! X=ARER

YEKY=X%XA ! ¥=ATTEN ARER
ZEK)=Y(K)/S | Z2=RTTEM HARER~
M .
Z9CKI=ZLK)~2

27=Z7+25CK> '
21=Z1+2CK) t SUM OF Z{K2>

IF ¥Y2%="N" THEN L1254
FI{KX=%Y(K)»¥Y2<K>» | Fi=1 .5 ~
CPD.ATTEN AREA
F2=F2+F1 (K>

IF K=R3 THEN F3=F2-K
ERIHT USING P3% ; K,L.T(K»:"m
ln" .
PRINT USING P4% ; H.W,A,Z.7
CKa, 20K

—
[

gt Pt i [l S -
P P o b Pk s Pt

MO 1) s s
DO IDIHIH OO PO R

. s g b s g

(R R R v

\é}' Nl WeDHnm dhdlhil e 0o
2

—
o

1278 IF Y2$="N" THEM 1319
1222 PRINT "INTERN. STAND. HEIGH
’ e

1298 PRINT “INTERN. STAND. ATTEN
‘-‘Ri—

179 PRINT "IMTERN. STAND./";fs%,
F1eKo

1719 PRINT

1720 HEXT K |

1370 Z2=21-R3_! AVG ATTEN/uL

1248 $5=8QR((27-21~2/R3)/(RI-1))

1358 N1=R2-1 | |

1368 ASSIGH# 1 TO "95tDI5"

1379 READ# 1.H1 ; T1

1320 C2=SS%T1/SAR(RIY

1390 08=C9/22%100

1490 23=22/C | AWG ATTEM/wL-nL

1418 24=.802/C+C3/10@ | .B@2=PIF

| ET ERROR

1420 25=24%18@ ! % ERROR AYS. ST
TEN AREA/wLsomL crd IH 25 wl
SH2CLZ |

1476 25=24%23 | ABSOLUTE ERROR

1448 F3=F2/R3

1455 PRINT "FOR “;R3;" RUNZ"

1468 FRINT "AYG. ATTEM AREA-cL”

L4TH FRTHT Ttowipeen oo

e
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19433 PRIMT 22;"+or=-":0C8;"%"
14328 PRINT

1598 [F v2%="M" THEN 1538

1516 PRIMT "AYG.IMTERN STAMD-" . A

$,F3 : )

1528 PRINT

153290 PRINT "AVYG RATTEN- oL~/ mlL"
1540 PRINT 23;"+0R-";25;"%"

1553 PRINT 23;"+0R-"; 25

1566 PRINT '

1578 MEXT J

1538 NEXT I

1990 DISP "LAST RUN COMPLTED DO

YOU WISH TO RUN ANOTHEFR C
OMPOUMOD? (Y~-N>' '

1683 BEEP :

118 INPUT C% '

1526 IF C¥$="yY" THEN &0

1879 ;E Cs="N" THEN 1648 ELZ: 195
1e4a DISP * EMD PROGRAM®

1659

EMD

Lo gntie
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