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ABSTRACT
—1—'—-—"—'.

The wet air‘oxidation proceee or Zimmermann prooeea'
is a method to remove'suepended eolide from waste watere by'
combining the waete etreem and air under eome auitable |
conditione 80 that liquid weter is preeent

Theoretically the waate organic ie oxidized to oarbon
dioxide and water .and tPua removed by convereion toa
harmleea gae, but practically there are some probleme with
incomplete oombuetion end tar formation ‘as in the caee of -
, volatile organic eubetancee Oe g. phenol)

~

' This project was undertaken to continue the study of

. ‘oxidation in liquid-phase, but with a non-volatile substance. -

Sodium nitrilotriaoetate(NTA) was choeen as the non-volatile
' eubetance in order to complete the inveetigation for both:

volatile and non-volatile componente. it Nas‘choeen becauee

1t is currently allowed in Canada -as a phoephate eubetitute;

in detergents, apd becauae of its interesting chemistry.

Thie etudy was cqrried out in a non-agitetad reactor
at temperaturee of 200 225,and 250 °c. Preeeure wag veried
from- 800 to 2200 psig, residence time from 0,25 to 2 hours,
and NTA concentration from 10}to loq_ppmﬂ Conversions of

-f 90§'were achieved at 250°C and. 1500 paig or higher.’ s

. - !' .
- * ) .
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NOMENCLATURE

R

bubble_aurrace per unit-yolume, cm /cm;

measured concentrdtion ineffluent,

g-mole/liter.;a%e page 69 )

inlet concbntration of NTA, g-m jle/liter

(for calculation), mg/liter (fo experi-
mcntal works) ’ |
true-reactor concentration of_NTﬁ,
g-mole/11ter (ror'calcnlation), mg/1iter

(for experimental worka)’

;oxjgen concentrationcin aolﬁtion,‘
_g-mole/liter |
'  oxygen concentration at aaturation in

solution, g-molc/liter, aee “equation (3)

Chemicai Oxygen Demand

.difruaivity, cm /aec '

activation energy, cal/g-mole .

Y

Henry's law constant atm-liten/mole, or

atm/mole- -fr
mass transfer coafficient, cm/hr L

reaction rate constant moles/hr-liter

' Arrhenius'equation conatant

liquid flow rate, 11ten/hr

-/

)
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IS ot

- ‘an exponent 1n equation (1)

an exponent in equation (1)

number of molea of air, moleq/hr
concentration of NTA, mg/liter, see page 6h o k g

water vapor pressure, atm or psia

-total presaure, atm or psia- .,

'lmg/liter

gas flow rate, ft?/hr
gas congtant, liter-atm/g-mole - %

',-stoichiometric ratio, moles. NTA/moles 02

" operating temperature, ¢ (ror ‘experimental) -

»

'°x (for'calculbtion) ' o i

reactor volume, liter "

" moles of water vapor, moles/hr, see page 69 -

l_amouht of liquid in gaa-phgae,-liter/hr

11quid density, g/ow’ 'ifi:)"

reactor reaidence ‘time, hr

. : ¢
liquid viscoaity, centipoise
hange'in concentfation, g-mole/liter
Reynolds number, dimenaionleas : ' ' e

aphmidt number, ‘dimenaionless, | : o
nitrilotr;acetiq_acid

tfisgdiuﬁ a;?t of NTA

ethylenedinitrilo tetraacetic¢ acid

" phenol, aeé-b;gure.lj
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I . INTRODUCTION

From the earliest days, pollution of the human environ;r
ment has meant many things 56 differenﬁ people. It is
cleanliness in ‘the envirenmengy it 1e an orderly and‘tidjj-
arrangement of the neighborhood4 or it is eomething that

\ban promote the epread of disease.

. In our modern world with a tremendoue growth of
population and 1nduetriee, man'e relation with his environ-

- ment w%ll become more and more 1mportant He will be arrected‘

- by many conditione. The contact: with air, water, end eoil g
can injure his health, cause economie losses, bring nuisance
and 1nconven1ence, and in general have a detrimental errect
on his well-being. Yet he oannot eecape theee contacte.__

. They are essential throughout hie existance. He therefore
must find the ways to control theee conditions so that he can
1ive unharmed and in comfort,

 Thus, the environment cannot be entirely free of
pollutants or other unneturel cenditions..The air cannot
be maintained free of ell obnoxious 1ngred1ents, nor can
water be of the same quality ae berore man 1nhab1ted the
earth. | ' '
Concerning only nater:pollution, 1t is clear that

‘the eeriouenese-o: this problem and 1ts impact on environ-
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'mental ::ilph is presently the focus of international
attenti Never was there a time in‘the hiatory'of‘
man when he waa so deeply concerned with the quality or

water. Much legislation has been passed and appropriations

: .have been made to reetore the quality of mants environment

The chemical 1nduatry, accused of ‘being a main contri-
butor to pollution, is undertakﬁng expeneive programs
\deeigned to 1imit emissions and improve dieposal of
industrial waetes as well ‘a8 to ensure fitness and appro- :
priatenesa in the_use of.industriel products. .

, Detergente are one of the maJor sources. of water i
pollution. About fifteen years ago, -the use -of synthetic
.detergente tegan tolsrou due to their superiority over
soaps-for washing'end cleaning. This caused difficultles
‘ in sewage treatment, and led to a new form of water
pollution, the main visible errect of which was the rorma-
tion of objectionable quantities of foam on rivers, lakes,

" and streams. This has since been cleaned .up by changing

. the formula of the detergent 80 that the 1ngredients .

break down=or,are'digeeted by biologlcal action. The
result is no'visible detergent effects on bodles of waters
but the hidden biologlical demage_called "eutrophication"”

is the eubJect'of.ﬁucn‘controyerey;_

" Most of the major detergent manufacturers have

»

1
l

e s i et Tt




been.uaing phoephatee;because they‘eerve.the follouing
.functione:_ ggfteﬁ/water by aequéetering hardneea.ione,_
-increase the efficiency of the aurface active agent
furniah necessary alkalinity for cleaning and provide _
reeietance to Jhange in alkalinity during washing, reduce
redepoaiticn of " dirt by keeping the dirt particlee in
euapeneion, and emulsify oil and greasy eoiln.1 However
because they haeten eutrophication which is the proceae
of fertilization of water when phoephoroue and other |
nutrienta accumulate in waterwaye the detergent manu-
facturers heve the goal of finding a eubctitLte ror

the phoephates.

A very promising aubetitute fcr the phoephatee in
';term of cleaning has been identified It is the sodlum
Balt of nitrilotriacetic acid N-(CH2CDON8)3,better Kknown
as QTA. NTA ie a gcod water sof tenery and can aleo function
to euapended soil. It contains three.carboxyl groups and_‘ri
a’ basic nitrogen in a relatively eimple eymmetrical
amolecule commercially produced frcm ammonia, formaldehyde
and hydrogen cyanide.. It was being conaidered as a’
_ component of detergente as long ago as 1967 When NTA
. became available in aufficient quality and at a low price,
it was- subetituted to eome extent for phosphate in- deter— )
'gents, for example Iever Brothers Combany switched a ]l. ’
' relativcly low-volume brand SUNLIGHT, to an all-NTA
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.formula and built an: advertieing oempaign eround thL
benefit "phosphate free".” But the complete eubetitution E
did not occur because not enough NTA was produced for )
.comp;ete eubetitution accordingly additional manuracturing .
plante were being built to 1ncreaee the eupply. Work
on these plante wee not completed beoauee it was foudﬂ“'
that NTA abeorbe moisture and hence the detergent would
_ lump in the box ir NTA oompletely replaced the phoaphatee, i
because. toxioity of meroury and. cadmium are coneiderably °
'1ncreaaed when they chelated with NTA-“ and because of
_the poseibility or cancer-caueing problem with NTA 1nves-.

~ tigated by Epetein and. Jonee. |

NTA as a eubstitute for phoephatee thus has been -
diecontinued in the U.S.A. until rurther teeting givee
evidence that 1t is eafe in the environme t. Since then, .
many studies have been carried out - Many have found that
NTA is biodegradable to natural products, and ‘that NTA
f'would be removed in. well-operated activated sludge waete-"
weter treatment plante.2 4 It was aleo :ound‘that NTd
- can be oxidized in the presence of c% Pd/C at pH 8.5
(90°C for 1o‘hours) to final forms of CO, and HpO.

The cbject of this ﬁroject;came about following
‘the fact that many organic compounds can be oxidized ‘;‘
readily when combined with eir at elevated temperaturee

N
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and preéﬁureé. This study came about following fhe'
1ntereat‘1n thé oxidatibn of a don-volafile pubetance:l
‘1ike NTA which combinea with our previous worklu on
a volatile- subatance (phenol) to give a complete .
_ 1nveat1gatioh of two kinds of organic substances

in a contiuous process in a non-agltated reactor at

elevated temperathrea and presaures.‘



II . LITERATURE-SURVEY

e

" 1. BACKOROUND OF WET AIR OXIDATION PROCESS .

The Wet Alr Omidetion process or Zimmer-
N mann process 18 a method of combustion in which, in a con-
tinuous Operation under preeaure, organlc matter is oxi-

-dized with alr while 1t is dissolved or sugpended in water.

L L Thie proceee was first discevered in 1944

' by Zimmermann6 but was not developed. unti; 1957 when he
carrled out this process in a pilot plant " He found that
many kinde of materials were oxldized eucceeefully ‘using _
WAO guch as paper mill errluente, sewage, elaughter house
effluent dairy wastes, and o1l rerinery waetee7 . He also
found that 80% of the total Chemioal Oxygen Demand (cop)
was removed from the eludge as long ae the reagtor pres-'

' Bure was 1200 peig. The degree'of COD removal was depen—

dent on the temperature at which the oxidation took place,

the residence time 1n the reactor, the concentretion of

oxidizable material in eludge, gnd the quantity of air, but

~

exceee air to the reactor was not’ necessary.

4

In 1960, 21mmermann8 discussed 1n more

detail the efrect of the temperature as he’ found that bet-
_ween 2=0°C and 330°C. a rise of 15 degreée 1n reactor tempe-

rature permitted at least twice the volume of feed liquor
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‘about pollution problems.

+

“to be oxidized in the. game time, 3But' 1t was also neces-

sary to ralse the reactor pressure when the temperature
-~

was increased in og%ér to maintain some water in the liquid

phase Some results from his worrhahowed that at 2=0 C and

- 1800 psig, the caD was reduced very much the same as at
s

"250% and 1200 psig’ even though the‘flow rate had been

increased, but at 280 e\\nd 1800 psig, the percentase of
COD reduction was higher (85% compared to 80%) than at- 1200 '

‘psilg even after the flow rate had been doubled. Therefore,

higher pressure could make ' the residence time 1n the reaotor‘c.

decrease, making the process equipment more,compact. |
9,10/

. I? other papers Nt Zimmermsnn~stressed

the potential industrial applications of his process as a

',means of pollution control It should be interesting also

to note that this proceaa has the capacity to produce steam

and electric energy to Operate the ‘process itself and thus

can solve today's problems “of energy'crisis while concerning
‘ - v x e

-

Ly

5. APPLICATIONS TO WET AIR OXTIDATION PROCESS

-

The removal of phenol in waste waters -

o using the Wet Air Oxidation ‘process was first attempted by

11 |

' Shmidt A batch-type, agitated reactor was used with a

temperature range from 1=o°c to 300°C, pressure from 107=




"psig to 227¢ psig, contact time rrom 30 minutes . to 2 hours,
.and feed concentration from 10 to 50 grams or phenol per
liter. Shmidt's results showed that there was a conside-
 rable increase 1in the cdnversion‘or_ohenol between isobc'
 and 22=°C put & relatively small increase for furthér tem-
perature incresse. This was in agreement with Zimmermann's
results, But the end product which contained carbon mono—
u_xide as well as carbon dioxide, formic acld, acetic acid, and
other fatty acids, was different from Zimmermann's, This‘
may have resulted rrom the limited supply of oxygen in
Shmidt's studies. |

. The purified water, he found was a trans-

parent, colorless (at 250-300°C) or dark (at 150-200 °c) 1i-
| quid with an odor of acetic acid but he didn't state the
| cause of this discoloration. He also determined the oxida-

tion of volatile acids by maklng some runs. .with acetic acid %by
'solution and found that it had a high resistance t oxldation,
'This agreed with Zimmermann's results that 1if the g(gactions i
were such that a considerable emount of phenol was converted
to acetilc acid, the acid would not. be oxidized to any sppre-:
ciable extent in this type of reactor so that further treat—,
" hent of the waste stream would be necessary.

. . . ‘ . ot , o '
- ;L .

Again in a batch-eype reactor, Stepanyan
12 '
et al  studied the liquid-phase oxidation of -phenol, methanol

-and formaldehyde as well as a. mixture of_the three under
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conditione of ho atm praesure, 200°c , and with contact

- time varied from 0 to 240 minutes. - In the oxidationof

phefiol eolution over a period of 90 minutes, 9k. 7% of CLe ‘cop f

was redueed with a feed concentration of 25 g of phenol “

.peg,liter. There_were no detalls of.the variou aidation é‘

-reactione but'the oxidation'bf more than one erz\hic com-
pound Bolution in water could be successful to a coneide-

N rable extent ag they found that 80% of reduction 1n COD was

" achieved for a solution of phenol, methanol and formal-

 dehyde 1n water which made the Wet Air Oxidation procesa'

‘more - promieing in the puriricatien of waste water. :

_ e  The Wet Atr Oxidation process was used in L
/EEEH?IQg the ‘kinetics of the oxidation of phenol with oxygen |
by Shibaeva and Metelitsal}L\ They. found that 1t was a func-
tion of hydrogen 1on concentration and the reaction order.

with respect to phenol was | : riést order at pH = ,.0 ~E,5 .

and zero-order at lower pH (2 0-0. 7) The mechanism for the N ‘
oxidation of phenol with oxygen waé aleo 1nvestigated so that the
_rate_eonstant of the réaction betreen phenol molecule and

eoxygen was calculated.

The oxidation of phenol was again studied

14

by - Eruden and Ferguson the WAO process in an conti-

temperatures of 200 and 250°C,

using
_nuous, non-agitated reactor at/

pressures of 800-2200 peig, anh residence timee of O. 2=-2 0. hrs.
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They
wate
Wet
tha

r at certain temperatures are not .8suitable for the

10

-

1 feed concentration was elther 1&00 or ,000 mg/l.
found that the pressure near the vapor pressure of
BN
i

Alr Oxidation plants as in the Zimmermann's case, and

t there was a trade-off between pressure and residence
A high percentage of

time in the high conversion range.
conversion ( ‘more than 90% ) was achieved for conditions
d

at the highest pressure and either temperature. However

for low concentrations of phenol (1ess than 1 mg/1) in thé
effluent the Wet Air Oxidation process may be undesirable'

" mean low Ct

——

or their type of reactor was not suitable, but this" confi
I

Shmidtts results that low phenol in the effluent did'not

' o , - pDay et al in-a study of the ox¥dation of
proplonic -acid solutions using the Wet Alr Oxidati n process

found that ‘the oxidation occured homogeneously in/ the 1liquid

phase and was kinetically controlled between 2327C and 288 c
and a pos-. .'

They also made investigations of surface effect
sible gas-phase reaction but statistical signi icance tests
on the oxi-

dation rate and 80 that the rat
%roceed in the

phase volume, thus the oxidaticn appeared to
|
I

1

liquid-phese as Zimmermann indicated.
i

i
1
-
- . |
. . )
il

The'gas-phase oxidation uas_studied again
186 -0n has N

indicated 8 negligible influence of the react
e was not affe ted by the gas-

[

-
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by Kramarenkol6, who studied the mechanism and the kinetics:
of the combustion process of substances suSpended or dis-
solved in water under condition of incomplete evaporation
in an agitated reactor of a constant volume at temperature
of 280- 3uo°c, pressure of 1097-2340 psig., One
d.of ‘their findings agreed with Zimmermann's in the oxidation.'

- in liquid-phase of non-volatile substances, soluble or non-
'.soluble in water, as they tested pyrogallic ‘acld (non-vola-
{tile and soluble) and charcoal (vdn-volatile and insoluble)

but the other study on the oxidation: of volatile substances
| indicated that the oxidetion was in the gas phase as they
.tested ethyl alcohol (volatile and soluble) and iso-octane

(volatile and’ non-soluble) This conolusion came about by the
-:fact that- there was an accumulation of. vapors of volstile subs-
tances at the moment when the temperature reaches the ignition
level and thaﬁ an increase in the rate of heeting of the
system also resulted in a decrease of the amount of substan-
ces subJected to low-tempersture oxidation in the ‘1iquid- -
phase. Based on‘these racts, they concluded that the. mechaT
nism and'kinetics of the combustion process ‘of substances
with air at certsin temperatures and pressures were dependent
. on. the solubility of the combustible msterial in water and
1its volatility. But the conclusions regarding the oxidation ‘
of volatile substance occuring in the ges-phase seems to be"
‘vague since the studies of shmiat™,” Shibaevala; and Pruden

et el;u on phenol (volatile substance) proved that it occured
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also in 1liquid-phase. ]

. ' o 4
A recent investigatlon of the Wet Oxida-

tion destruction of'ship%oard waste stheams by Schatzberg
3et al 17. reported that shipboard wasté streams including

'laundry, shower, galley, and sanitary waste (which are pollu-'

tants ‘not only because they lower ‘the oxygen content or water

containing marine ‘1ife but also hecause they are in various

stages of decay and carry disease-causing organism) can be

treated by wetb oxihation conditiona in 10 minutes. This.

was found to destroy all living organisms and convert a

' large percentage ‘of organic - naste to carbon dioxide and

water and a sm%ll percentage of inoffensive, soluble, easily

biodegradable, low molecular. weight organic compounds, They

concluded that an. eight -fold increase in reduction of per-

'cent COD was found between 1=0 to 260°C but a leveling—orr

. effect was observed above 260 c due to reduced partial pres-

sure of oxygen as a result of higher steam pressure, conse— o

!
quently the WAO was not pract sal above 260°%¢.. -This agreed

. ' 14
~with the findings ‘of -Zimmermann " Shmidtll, and Pruden as
~ discussed earlier. .. R >
\ N . . X |
- o a
4. tt_ 17 -
The effec of pH was also studied and it was

g

shown that no; advantage vas realized by reducing the initial

| pH. to 2, but the addition of catalyst appeared to- enhance <

the Wet Oxidatio pr ces 'since the main advantage of cata-
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lysts was to permit operation of the process at lower tem-
perature and hence lower preeeure. This could feeult in

" the use of{a lighter reaction preeeure veesel and air com-

\ppeeeor without.loae of effectiveneee, but th catalyst

1tself may be a pollutant when discharged if 1t were dis-
} ' . ‘ R "
eolved or suspended in aqueous . medium.

L L]
'Pcpel'8 when studying the Zimmermann'pro-
cess eleo ueed a combination of metal oxides as a catalyet
1n addition to elevated temperaturee and pressures to

achiege the oxidation. He found that the catalytlc proéees

‘uaa good.Ior a variety of organics euch as acetlc acid which

were not readily oxidized by the Zimmermann process but he did
not have any run without catalyst‘to prove that the cata-
‘1yt1c proceee was better then the Zimmermann procees end he
ignored the fact thet catalyst may be a pollutant when dis-
golved or suspended in the aqueoua solution.;

-

~" Ina ndve detailed study of the Wet Alr

Oxidatlion process with cost analysis by Predtlg, it was _
found that at 370%C nearly complete-oxidation ocoured for

most substances, He suggeeted that pure oxygen should be

jused rather than compreesed air since 1t would give lower

cost for the Wet Oxidation plant but still he did not men-

‘tion whether 1t should be convenient to handle in a. case of

continuous pfoceesﬁ;hd at high operating pressures. A flow

t
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. B . : 1‘ . \ .

sheet for a biotreatment facility which incorporated Wet
Oxidapion was proposed 3inoe dispoeai of waste activated
aludge-io perharpe the most difficult, expensive and frus-
trating aspect of blotreatment or‘induetrial wastes. |
S : ’
'Y .. The wet'nir oridation process thde appeare
"to be. very promising since the- 1ndustry trend to modify o
process deeign 80 as to dieoharge e amaller volume of more
highly concentrated waate will make Wet Alr Oxidation more

o

attractive. oL "f N g I
3, SOLUBILITY AND DIFFUSIVITY :

| The solubility and diffusivity data‘of
-loxygen in waste liquid at the high temperature and pressure
,;are required 1n order to atudy maea transfer in the reacting
system, - |

| Himmelblauao has studied the. solubility

of gases at high temperature and round that Henry's law
-conetant, H , for oxygen in water goee through a maxqmum

(H = 7x10h atq/mole -fr) at 94 C, with a value of llxlou

203% and 21%. | | '

h | St. Denis end'Fellal recently reported‘.
that the diffusivity, D , of ozjgen in water'appeare to be .
a 1linear temperature relationship up to 60° c, the. tempera- .
ture limit of the data as they plotted D versus nq; The

: difrueivity at 2‘0 C can be extrapolated using this method’
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1§
and 1t 1s obvious that, for temperature above SHOC, the\'
mass transfer coefficlent and driving force for the maee
"tranefer steadily increase with temperature. Thus, at
normal Wet Alr Oxidation conditiona, epecial design pre -
cautions ror high rate of mass transfer and the mechanical
mixing in a bubbling reactor may not be necessary.

4. ANALYSIS OF NTA S

There are aeveral methode to determine
.,nitrilotriacetic acid such as the polarograhic method,
colorimetric methods, potentiometric method, and gas chro—
matography method.- For each of these methods, there are
several approachea, newly invented or Just modifications
:'of each-other. The reason for having different,techniquea '
_iin'the determination of NTA are'due to the .convenience of

| equipment the eewage conditions and mainly the interference
of metala, naturally occuring chelating agente euch ae
aminoacide, and eynthetic chelating agents euch as EDTA

' and triphosphate. ' '

‘ ‘The'following-deacriptione are summarized
"from recently publiehed papers. These methods were stddied
‘" -in order to choee the moet errective NTA analseie for thia .

proqect. ‘
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" A. POLAROGRAPHIC METHOD

a,- Method of Afghan'aﬁd-couldenae (197l1

- This differential ﬁolarographic method
18 applicable to the determination of NTA in natural and
polluted waters and in sewage samplea in the range or NTA
concentrations of 0 01 to 3.0 mg/l. Higher concentrations o
can de determined by dilution of the'sample. This method

I "
" can be also used in the determination of NTA 1in detergents.'

It 1s based on the formdtion of bismuth-
 NTA complex at a pH of 3 which is analysed using differen—
tial cathode- ray polarography. It utilizes a two-cell
Operation in which the signals from the aample solution

‘and the blank solution are balanced, thus eliminating all
cell currents not of 1nterest in the analysis, Thererore,
full use of current 8ensit1vity of the instrument is made o

" to measure very Bmall quantities or NTA.

There are no known interferences from
aminopolycarboxylic acids, amino acids, and pyro- hexameta-,
'and tripoly phosphate.' Interference from a large excess of
_1ron III can be eliminated by adding hydroxylamin hydrochlo-
.:ride,or ascorbic acid -(vitamin C) in order to reduce iron III

t6 iron II.
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The coefficient of variation at 50 and
' 100. mg/1 NTA were + 3.8 and 8.9 respectively, but it
should be noted that the David Differentlal Cathode Ray
polarograph type A- 1660 ueed tn this method was very

_-expenaive and the,procedure was quite complex.

b. Method of HatermanEB-(1971)"

.
B This method is based on the conversion:
. of the triaodium'aalt of NTA to a polerographically-
'active complex with iron' III in 1M NaCl, 0.1 M acetlc
acid, and 0.1 M eodium acetate burfer. "Anion exchange
concentration and differential polarography were uied to
increase the seneitivity.‘ A cation exchange column pre-;
treatment was used as a precaution against interfering
..cations, and iaotope dilution analysia ‘with NTA-luC was
~used to determine ‘the variability of the concentration

step.

. The technique was evaluated ror NTA
'-aamplea from river water and aewage from O. 02=7 to 2.,7
‘ppm gith apiOn;exchange concentration. ‘

No eridence of- interference was detected‘
in distilled water aolution with a ten-fold molar ratio
‘aj.'of EDTA EHDP, citrate,)phoaphate, carbonate or aulphate

. %



to 2.57 ppm NaNTA. . o '
2. 1 NTA | o o

The relative standard derivation was

approximately 10% except for the lowest concentrations.

€, Method‘cr ﬂfghan, Goulden and Ryanzu :

| N I
This method is besed on the formation

of a Yismuth- NTA complex which 1s analyzed using a twin

- cell oscillographic nc polarograph It is an automated

nethod for the determination of NTA in natural water,

;detergente and sewage samples‘ It may be operated at the

o rate of 15 samples per hour and it can be used to detect

levels of NTA as low as 10 mg/l.

| There 18 no interference due to metal

ions like antimony, araenic, cadmium, chromidium 111,
~ cobalt, cOpper, iron II , nickel vanadium, zinc, and
indium, -Iron III may -interfere," €ut this can be elimi- .
nated by adding hydroxylamine hydrochloride to reduce iron !!
II which doea_not interfere. ' The coefficient of varia-
tion at 100 mg/1 was found to be 1.3%

' There were'severelother polarogrephic_
methods?6’27’28’29 bdt'cone,were editabie:and,efrective'

. . L ¥ ,
like those described above,

",
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B, COLORIMETRIC METHOD A

a. Methgh of Thompson and Duthieas (1968)
¢ : . _ ' ‘
This 18 a compleximetric, colorimetric
procednre involving‘the reaction of eeqneaterants with a
zinc-zincon reagent The minimum detectable concentration
‘fis 0. 2 mg/l NaBNTA, and the. maximum 'level measurable without
aample dilution is 10. mg/l NaBNTA

In this method, an ion eichange-etep 18
‘requirs& to remove interfering catione prior to the re-
action : Ca and ‘Mg are removed easlly and do not inter-
'fere, Co, Zn, Ni, and Pb have negligible interrerence at
up‘to mg/l injfhe original sample; Fe and Cu may inter -
rere at ¢ mg/l- color and turbidity which absorb at 620 my
' will be negative interrerencee if not removed in sample
'-fpreparation, but color*ie not normally aigniricant in la-
Aboratory samplee and turbidity can be removed by filtra-
tion prior to ion exehange, polyphOSphatea do not inter--
- “fere; fatty acids glve a slight positive interference,

In spite ‘of . eome positive and - negative
’interrerences, this method has. been quite aatiefactory for

. laboratory studies of NTA, eapecially at low concentrations.

e —— e e



20

;b.".Method of Vanwelssenaers and Chinckemaillaljo (1§71)

Thie method is based on the colorinetriq 8
measurement of the blue green color of the nickel NTA .
' chelate. It 1a automated by. the use of a technicon :
Auto-Analyzer and - can operate at a rate of 1§ samples
‘ . per hpur. |
S |
It was found thiat iron ITI! and copper II.
cauae no error in this method since their lejel in deter-
:genta 18 80 1low (=-20 ppm) ‘and hence the 1ntPrrerence of
, theae ions cannot be observed. Tha nickla-EDTAiaomplex ,
| absorbs at 600 mm and would therefore interfere with the

method but EDTA is not usually present in dntergents-

..:already containing NTA.

. ’ v

iThe standard deviation was 0.17% and the

relative standard deviation was. 0. 61% on an veraga-reau;t

of 28.61% NaBNTA

. c. Method of Longman, SEiff, and Gardindr’™ (1071) . |

€
-

' This 1s a modification of the zinc-zincon

method described by Thompson and Duthie_5 who| published a

, ‘modification of the original procedure of Rush and Yoe ?

(1954).



a

I
In this method, an lon exchange column .
with a cotton-wool plug was nped and .an aqueoos~slorry.or
.'Chex 100 resin was 1ntroducedzinto thls“column where tne
filtered Bamplee were eluted at the rate of 1 ml per min.,
- and the eluate was collected to be mixed with zinc- zincoh

_Jreagent for absorbance measurement .

- ¢ | , There was generallj'good egreement‘bet-
ween the amount of NTA added andlthe‘enonnt of NTA found
1n various semplee. The presence of iron had no effect

* upon NTA,reCOvery;‘ | ” ‘

)

Again, there were several other

. ' 2 u
methodeja’aa”"j' in the determination of NTA, but none

3nere suitable and effective as thoae‘described-above.

C.. TITRATION METHOD

" . The rollowing are two techniques 1n]

number of. 3tud1e836 37, 38’39 concerning the’ determination
of NTA based on.the titration method * - F

'a. Method of 011nckeoaille 196 . ‘ ;

This method 1a based on the titration of
NTA with copper II chloride in the present of chrome azurol
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"‘S'as indicator. The phoaphatea are removed by precipita-
'tion with tin II.' Chrome azurol S has previoualy been
uaed in the titration of copper II with EDTA '

f' ‘ -~ T4n II iona do not diaplace copper from
. the copper-NTA complexea and thus do not interfere. ‘No

interference on Calcium and Magnesium was found,

' It was calculated that the amount of NTnﬂ
;found was 98% of the theoretical naount or NTA. present
’The standard deviation calculated from the reaulta of 5
determinationa was 9.061 absolute on.an average value ot

9.31% NTA. -

b. Method of Rechnitz and Kenny>! (1970)

This method 18 based on the potentio-
metric titration of NTA wilth cOpper I1 uaing a solid mem-

- brance copper ion aelective electrode.

It was found that NTA can be'titratedf
in the preaence of triphosphate without prior separation.
The pcasibility of the determination of NTA in commercial -
detargent aamples containing phoaphatea and aulphonatea
was alao atudied '

It was shown that NTA may be titrated
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. . i
directly 1n’NH3-Na NO3 buffer (pH =9, 6) at concentrations

as low as =x10/ M but no precision and accuracy were recor-
. \ .

| -
i

N
|

D. GAS CHROMATOGRAPHIC METHOD

.

! - . ’ .o i

I : . o
a, Method of - Mur ay and Povoledo (19711 |

‘This’ method 1s based on the weil—knownl
chemical property of esterification of NTA to give a vo-
1at11e derivative that can be measured by gas chrofioto-

graghyusing methyl heptadecanoate as an 1nternal standard.

This method does not depend on chela-
fion prOperties, is free of 1nterference from substances
present in natural waters, and permits the measurement of

NTA in concentrations from 2= mg/1 upward with a goeffi-

n

cient of variation ot * H %

L -
- . -

S o m,
' b. Method of Lars Hudding  (1971)

_ NTA 1s first adsorbed on an lon exchange
yresin and 1s then eluted with hydrochloric acid. The HCl

| fsolution is evaporated and the NTA is esterified using a ‘ ‘

'solution of boron trifluoride in 2- chloroethane. The |
resulting NTA tri- (2 chloroethylester) is determined by

means of gas chromatography.



e
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—

_ factory preciaion._‘ ' ‘ V f

2l

It was found that there was no inter- |

ference from metal iona at the concentrations normally

' occuring in aewage. “The poaaible interference rrom

carbonatea was. avoided by bufrering the aample to pH Z. ‘ﬂ'

The reaulta have ahown that NTA added

to aewage could be recovered and determined with a eatia-

-

)

c. Method of Chan and Fox'e (1971)

This method 1s based %n the. ease’ of the
esterification or NTA with alcohol. The eaters formed
have sufficient volatility to permlt gaa chromatography

separation and determination. -The NTA ia]firat concen-'

' trated on an anion exchange resin, eluted with formio

acid and followed by propyl alcohol_eaterification.

This method is- aensitive, apecific, and_
free from the interferences ‘of metals and common fatty

/

aclds.

~ The sensitivity of the method 18 in the'_
order of 0 01 mg/l (inJected) under normal inatrument

| operation conditiona. i : _.y
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At the level of 20 mg/1, the standard

deviation calculated was 1.3 mg/l, coefficlent of vari-
ation ¥ 6,3 4. | o

‘d." Method of Longbottom'> (1972)

-exchange chromatograph to detect various amine derivatives.

Accordingly, ion exchange chromatography was investigated

5'as a way of separating NTA from other amino acid chelates.-

By this method NTA was measured over a wide range of sample

- pH values. Possible interferences from metallic ion were’

overcome ‘by converting all metal-NTA chelates to the ans—

lyzable ferric chelate. The’ method has-been applied to-

' the analysis of sewage samples and solutions of detergent

formulations with sensitivity of 1,0 mg/l

‘At the 1.0 mg/1 level, the deviation

- was ¥ 0, 02 mg/l, but at 0.2 mg/l the standard deviation ‘

was 0.05 mg/l

: " Many other gas chromatographic methodsq

b, 45, 46
" in the determinaticn of NTA ol

were found but these

were too complex to study.
D
_From the above description of four

-

This method uses a high efficiency ion ' 4;3‘
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o
principal methods in $he determination. of NTA, the colo-.
rimetric zinc zincon method of Thompson and Duthie25 was |
chosen as’ an unique method of NTA analyaie for this
‘proJect with the reaﬂons of ite simplicity and its sen~
'eitivity, and also because a good apectrophotometer was

F o
available.

Fd

\

_ | In spite of éome suffeping 'erom inter-‘
:'ferenoe with metals, notaqzy Fe 3 R which are more likely
than zinc to chelate with NTA dhd rrom the dndccuracy in
the presence of other chelateg or high chloride lon con-- "*.
-'centrations, the zinc-zincon method was Judged the most .
promising becauee of its eimplicity and its Bensitivity.

It ‘has been most widely used for the analysie of NTA in ©
31 -~

‘ “lake-and river ‘waters .
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III. THEORY

In order for the roaction to ocour, - oxygcn from the

gaa bubbles has to aiffuse through a gas 1nterraceL then a
liquid interface to the bulk liquid whare it reactq with
NTA. Theae obstaclea can be referred to as the sas\phace

resictance, the liquid phase resistance, and chemical reac-

tion. But earliers workerau7 have shown that the gas phase o

resistance can be neglected, so‘xhat the problem can be

formulated in term of the other tuo.

" The rato for chemical reaction is expressed in

| _"power lavc/rorm:- ‘ S . . R
L . | !
. | 7 dc o ' B

S NTA  g-moles . n ‘m, -

rate = = -k C.1t¢C -m23 (1) -
ct, . hr-liter . - ' o

nuhere c°2 CNTA are the concentrations of oxygen and NTA

.reapectively in the 11qu1d phaae in g-moles/liter, RR is the

reaction rate constant, m1 and m2 are orders in oxygen

and ‘in NTA -

- Assuming f1rat-order 1n both oxygen and in NTA
i’
-

(1.e, m, = m, = 1), the chemical reaction rate becomes.

dCma . .
at 7 Mm Cop Bam . (2)
‘ o

Also, asauminé,that_maas,transrar,1c-much faster than

kY
4..
v
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: - S I
chemical reactlon,‘then coé = C02 , where 002 1; the
oxygen concentration at saturation.

o
Thus {2) becomes:

~ NTA_ o g C . Cpn Yy
at FR. 02 NTA- . . (3)

The ohem#cal reaction rate constant kg » 18 defined by

‘Arrhenius? equation as'

ko kRO e - - ()
' rere kR 13 Arrhenius!? equation constant E is. the activation
energy 1n 'cal/g-mole, R 1s the gas constant in. o |

'-11ter-atmvg-mole °k }nnd T 1s the absolute temperature in °k

The partial preasure of oxygen, P, -in atm, is defined
2 - o
.by Henry's 1aw H

« . : o '
P, = HEC ‘ - - (&)
"0 | o | -
';qheré H 18 Henry's law‘constant,,11ter+ath/5-mole.

During the period in which the air is 1n the reactor -
there 13 an amount of water vapor transferred into ‘the
'bubbles (bubble formation and rise) It was founduB that

the gas was nearly aaturated with water vapor on leaving
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‘thélveaael, therefpre the aaﬁuration concentration of oxy-

‘ .
"gen, C_, can be found from the equation :

02
. 0.21 ( Pp - Pouéo ) e
Cop —- (6)
C H
From (4) and (6), (3)_becomea;
(P PO o
E : = - kﬂ . — . CNTA. e
-dt . f | o D : S
or: .
aCypy . . POypa - ONmA, out © Onma, tn
.&t AL T - E | .
_ | o |
0.21 (Pp - By o) - E/RT
B — I . . . HE . CN'I‘A N e :
Ro " H " UNTA- |

-

:wherejb'ia-residenéé ﬁ;me, 1n hours;and ZSCNTA is the

éhange'1n.concentration'of NTA,';n'molea/liter. )

By rearranging: | o
0421 Ky SR

H

NTA

B.(rp - Poﬂéo).CNTA

The left-hand side of the above expression should be

constant with constant temperature, It follows that the:

 (7_) |
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right-hand .side term vwould be constant for differenﬁ runs .
1'or different pressure, - reside?ce time, and feed concentra- :

.tion ir the asaumptions were correct

A similar expression to (7) can be found for diffe- Qd

: ;rent order An oxygen and in NTA. But for thie project the

‘assumption of first-order in both components was suitable,
'and thia is the first theoretical basis for the experimen—
tal runs to be made in order to enaure that oxidation could

be carried out succesefully.

_If the reaction rate were'controlled ooly bj mass’ ;'f*_
'transfer of oxygen to the reaction slde (i e. 1f the chemi-'
~cal reaction is very fast), the] rate can be expressed ,
mathematically as : / : -

R T '
.rate = ky a8 ( Goé - 002) o : (8)

where'kL is mass transfer‘coefficient: a{‘is toe buoble adrface
per unit volume, cm /cm3 S 1s the stoichiometric ratio, moles ‘

A 1 : 0. .
NTA per moles ),

By meteriel_belance the rate can be expressed 88 :

L ZXC""“ [ O C U (e)

| rate =.._... NTA | | y . | |
) . R . . i .

where L 18 liquid flow rate, liter/hr Vh is reactor volume,

liter.. This equation can be used wité/equations (8) and (2)

; to obtain an equation where the effects of mass transfer

and chemical reaction must be - considered.
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Becauee the gas-holdup in the non-agitated reactor is

small (2%), the residence time,i? in the reactor 19.

'E‘n .
e T | (10)
- Eliminate Gy in (2) and (8); then 'combire with (9)
and (10)-£q-get;- o ' | '
&CL 1 ; I e
O? = — o ——— i - (12)
Ac R Cypa,  Kp 2 S

g L ﬂTA
B : - by
~ Which has been derived by Levensplel . '
The above simple. theory was used slnce there -18.'no
'1nformation avallable at the preeent time for the difrusivities
of NTA and oxygen in water at high temperature. No consi-
deration haa been made of reaction taking place in the inter- ‘

' face or very: amall amounts of reaction 1n the 1nterface as 1n

" the model in the follouing figures: -

small amount of
. ‘ _ -+ . " Jreaction in
. _ _ jyterface

| CCa | o o : o
o e L (W _,,-./—‘ CNra, bulk 11quid

02, bulk 1iquid-

= C e

>

note : Caa. ie C at interface .
(o 0g,1 38  Co, 8t ink )
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"IV, EXP NTAL

“\APPARATUS
A small-scale pilot;plant was designed based
on sketches in Zimmermann'e paper7 withrsome modifications.

1) suit the scale of Operation (Figure 1)

a. -MAIN EQUIPMENT .

1, Air compressor . was e‘two-etage; dia-

phragm type, model Qr07038 supplied by PPI (pressure
'Products Industries). Its maximum euction and discharge
pressures were 6= psig‘and 5000 psig respectively, with a -
| maximum flow rate or 2.09. SCFM. This'flow rate'was regu-
llated by a needle valve and a rotameter in the discharge

line.

Liquid pump  Wwas 2 pulsafeeder dla-

| phragm type metering pump, positive displacement, model

- CP=3, supplied by Interpace Corporation, Lapp Insulation
.division, Le Roy, New York. Its maximum capacity was O andf

| ahé 8 USGPH correspohdiug to output pressures .of 5000 and -
'=0 rsig respectively. The output was regulated from zero:

to maximum by adJusting the slave piston stroke-length.

3. Non-agitated reactor was made of 216

stainless steel, and. had & capacity.of 1 1liter. It was
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. outlet connecticns as shown- in Figure 2.,

allowed to flow counter-current to the process stream.

LI

.made to cUr specificationsaby PPI, Hatboro, Penn. Maximum .

_pressures and temperatures were to 7500, psig and 3£0°C

- respectively. It was designed ‘to run full of liquld with

1iquid and gas entering and 1eaving through top in'et and

The reactor in-

ternal temperature was maintained by 10 electrical Btrip,
heaters connected in series, snd measured by a thermccouple'

‘which was also placed through a top connection (see\F!g.a )

4. Condenser  was made by ‘the department°
‘machine shop. It ccntains a LP stalnless tube and a shell

of 4 inches ID copper pipe. Cold water in the shell was

L]

5. ' Separator was a stalnless stee1~cy11n=
der of 2‘ inches height .and 8 inches outside diameter. A

- thermocouple was installed to read the liquid temperature

in the bottom of the separator.,,
b. CONTROL DEVICES

1. Teggerature controller for reactor: was a.

Brown Pyr-o-vane, supplied by'cheyﬁeII'Control Limited,

uhich could contrcl up to 1400°F and had a manual pointer

to set the desired temperature. It was connected to a
geries of 10 electric strip heaters_which were model SE 1202,
& watts each, supplied by Canadian Chromalox Ldmited,Toronto
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2, Temperature indicator and recorder  was
\

an Electronik 16 multi-point strip\chart recorder, supplied

by Honeywell controls Ltd. It had a continuous-balance-
\

servo potentiopeter which automatically measured the tem-

’perature in up to 12 points. The temperature range of the

instrument was 0 - MOO.C.

3, Pressure control system was a basic

Pneunatik Tel—o-set control system, supplied by Honeywell

three’ units-[

.iControls Ltd.,.which consist

'_-, a transmidger measured the process

" variable and sent a prOportional air pressure to the re-

ceiver and‘the controller, 1t was a non-indicating type,
model 738 N 1H3, range 0-1&00 psig. | |
| - receiving control station re-'

corded or 1nd1cated the process variable, transmitted a set
point pressure to the controller, and 1ncorporated provi-.
sions for manual- automatic switching and manual regulation
of air-to-valve.pressure. 'It was a model 51311.(single pen).

' - - a controller ".conpared the process
variable signal with the qet point signal and positioned the
final control element to maintain. the process varilable at '
jtne.desired-set,point, It was a two-mode’ PI.controller,i
model 52201, -

4, Wet test meter was uged to check the air .

£low rate 1ndependent of the rotameter in the discharge line of
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\\the compressor. It was a ¥ Precision " type, No. 11-166-5,
capacity of 1/10 cuble foot, supplied by Fisher Scientific ()

Co. Ltd Ottawa, Ont.

_ 5. Hand pump  was used for hydraulic pres- .
sure testing of the system before operating. It was'agnodel fi

OH 100-15, supplied by PPI. .

6. 'Control valve -was a l/h in. Research

oontrol valve supplied with various trims with a c value

of 0.00012 t0-0.0013 . We used a trim with Co value of O. 0006.l

c. OTHER EQUIPMENT . B o
- : . ]

, b 1, Tubings;'valves, fittings were /4 in.
LP_(lou pressure) 316 stainless steel, supplied by PPI,
Hatﬁoro,'Penn.’- | ' -

Jff‘\\ 2. Feed tanks’ were polyethylene bottles

" of 13-gallon capacity with spigot No.’ 1’7=86 13, supplied
by Canadian Laboratory Supplles Ltd., Montreal. '

B. CHEMICALS ' | | o B

1, Nitrilo-triacetic acid (trisodium salt)

supplied by Sigma chemical Company,
3E00 Dekalb St st. Louis, Miss. USA

.\s-.; o '2._-Dowex ﬁOW—XB resin ]20-50'mesh[ supplied-

.-
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by Alchem Ltd., Burlington, Ont

: . . 3. Zinc BUIphate (cryetal), boric acid (crxstal)

‘Potassium chloride”(crystal) ieupplied‘hy .
by J.T.Baker Chemical Co. Phinipsburg, N.J.
L, Sodium hydroxide eolution (10 N), 21ncon |

reagent hydrochloric ecid‘solution (2N)

_'eupplied by Fisher Scientific Co., Ottawa, Ont

&. Sodium hydroxide (1N} supplied by BDH
.Chemicele, Montreal. -

i
bl
"
3

C. EQUIPMENT FOR ANALYSIS °*

1. Spectrcphotometer . was a| B&L Precision

SpectrOphotometer, model No. 1&-38=-680 with 14-38=—621
digital readout accessory. . The unit was complete with
light source and power supply; quatz iodine, deuterium,
and mercury lamps; 1 set or 10 mm square eilica cuvets,‘
'duet cover, and: reference manual. ‘The range ewitch\could
be selected from these photometric ranges: - 10% and
_ 100% tranemittance and 0.0 to 2.0, 0.% to 2.5, and 1 0
to 3 0 absorbance at full ecale valuee Two lamps covered

the whole 190 ny to 700 np wavelength range.‘

p meter = was a Pisher Accumet pH meter,
mode 220, model 13-637- 20.

3, 'Stirrer wae‘a magnetic stirrer, model

3,,, Corning..Stirring range was 80-1400 rpm. i
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D. ASSEMBLY AND CALIBRATION .
1. Assembly  The assembly was done mainly

_hy thermachine shob staff._ A hand pump was used to check
' for leaks at high presaure. The whole system was aafa ir

- .
1t was Operated below =000 paig which ig the limit pressure

for both reactor and compressor.

2. COmpressor calibration " The compressor

was B-yeara old, and it broke down once due to failure of
the "O" ring seals in the high pressure chamber. Therefore
its" effectiveneas was differert than when 1t was new. .Also’
condensate in the compressor flowed out through the rota-
- meter which affected the rotameter calibration curve. The
* original curve for the compreasor‘calibration,'supplied by
Pfi ;as not used, and should not be used by future workers. |
The actual caiibration for each-run:uas done with a wet test .-
meter to ensure an accurate gaa flow rate, which could fluc-
tuate due to the change in atmospheric pressure and in daily
room temperature ‘change. A sample calculation of this cali-

bration can be seentin;detail in the-apaendix.r

i

_ Ty L Another problem when operating the comprea-
sor vas that it made too much noise. A plywood box with -
accesps door around the compressor was t/ys constructed and

"+ lined with fiber glass insulationrto solve this_problem.

" ‘There was also & fan in one wall of the box

N

e
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] . it
" -

"to cool off the compressor due to a long periodfof operation.

, 3, Pump calibration There waaﬂa;pumo cali-
bration curve supplied by Interpace dorporation, Lapp Insu-
-lator Division, IeRoy, ‘N,Y.; but 1t was checked and ahown
N somewhat dirferent bbcauee the pump \‘wae three—yeare old o '
-A new callbratgon curve was made and checked again from time - _)/
to time ror}ea%?run oy auowmg the reactor to fill'with -
‘11qu1d, then colleoting the effluent 11qu1d through the

separator while taking the time period

* 4, Temperature calibration The temperature
. ] . [
ingide the. reactor was recorded. through a,thermocouple.which

'_wae previously checked The température control was indirect
that 1s- the reactor skin temperature was. controlled to glve
, the oorrect internal temperature. Thie wae done to prevent

burn-out of the heatere during etartup, and to make the eyetem

g rai}safe. | ‘ = . B Lo
E. PROCEDURE S, :

-

The heaters were turned on and left on at all

'time to avoid any 1eeka 1n the Teflon seal ring caused by
alternate heating and cooling. The Operation procedure was

as followe. . - o ¢ ‘_-' -

1. The NTA solution wae prepared.reince NTA con:‘—///////

‘centrations ueed 1n thie etudy were small (10 -100 ppm), care
L e | : ..
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was taken in weighing and diluting. For example, in order
to have 50 litere of 20 ppm NTA concentration solution, 1 g
.norvNTA\powder wae vwelghed in a emall beaker (50 ml), dieeol-'
ved iﬁ distilled water; tranererred with rinsing to e volu-
metric flaek and diluted to-1 1ter. This was then trane-
ferred to the NTA feed tank and "another h9 liters of die-
tilled water were added ueing the same flaek Thie eample
concentration was checked by analysis to eneure that 1t was
'20 ppm as desired.
-, The 1iquid feed rate was selected and distilled

water was allowed to flow in the reactor firet to avoid tar
depoeite in the reector which could ocecur, since the reactor i
: mr——
was hot and the first water entering the reactor was. vapo-

rized.

3. ‘The deslreleperating presédre was seﬁ ueing.

the manual switch of the preeeure controller then the com-
' preeeor was: started with all the air diecharged ﬁhrough the
bleed rotemeter. Thie was continued for 10 or 15 minutee,
'then the diecharge valve was Opened to let the alr go through

the reactor,and the air flow rete was adjusted‘from the bleed
-evalve. The bypass velve 1n diagram 1 was closed et'thiei
peint; ‘ } |

hd

4, 'After'the“deeired pressure was reached, the
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pressure control was switched back to "automatie".>In

S~

N

order t0'reach' the constent deelred'presaure or the sj8—3
Vtem the pressure controller or bleed valve was adjusted
if . necessary. While doing'this, the air flow rate might
be changed requiring adjustments to the presnure control-
;1er and bleed valve again, and also measurement of the alr

flow rate with the wet test meter until steady state was

2

5. While doing the above part, the desired tempe—

reached.
.-{‘

rature was set and adJusted

6. When the deeired temperaturerand pressure vere

' reached, the NTA feed was started.

7.-Arfer five or.six‘reaidence times, the effluent
© 1iquid was collected for enal&sis. This was repeaxed one

ié.

or two residence timea_thereErteru | . F

‘8. The feed’'was switched back to distilled water
at high rnte to clean the reactor for the next run and‘to_
avoid any NTA charring'on_the'reactor walls when depres- :

a -
suring the reactor..

9. The whole sys%em was finally shut off as follows:

- 1iquid pump pbwer was turned off. .
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-~ bypass valve waS'Opened”to depressure the feqctor.

- preasure éoptfollér ﬂas slowly set to zeré-pressure
mark. . ‘ | |

- bléed'valve was opened, discﬁarge valve was G}OBed.

- compressor was allowed to run 10 minutes before

power was turned off.
 F. ANALYSIS

. The zinc-zincoﬁ method=> wéslused for NTA analysia.
A detalled procedure is given iﬁ the Appendix, .The.depafture
: from the published analysis method was to have a calibra-
tion gurve of NTA concentration versus absorbance as in
Figure 34, then each sample concentratton could be ‘read

.directly from this curve according to itas absorbance;



NTA CONCENTRATION, PPM
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7.8

- ,
| ;
4
01 2 P | o ’ .5 .8
ABSORBANCE AT 620 mpk -
Figure 3A: Calibration curve for the determination

of NTA
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e RESULTS AND DISCUSSION

1a_r«_AL._Y§1.s_

qu determination of NTA was an 1mportant

: first problem for this project since 1t 18 hard to rind

a reliable method which is simple, eaax_to work with, and'
which does not requiré eXpeneive equipment Buﬁfshould

| give good reaults even at low concentrationa of NTA., The

method of Thompson and Duthie 2> was found to be auitable

for our requirement because of its simplicity and aensi-

tiyity,'and the availability of‘a good spectrophotometeﬁ.

The determination of NTA by Thompaon and -

Duthie'a method was studied for NTA in both. the acid and
'sodium rorm. '

[N

a. Analysis of NTA in acid form, ri(c:uz,com)3

The data of NTA concentrations versﬁs

absorbance in Table 6‘weré obtained using the Thompson

. and Duthie procedure on tripllcate samples, and were

‘plotted in Figure 3B, Curve A. The curve is not linear,

. even in the range of low concentrations, O - 10 ppm, which
is unexpected since there should be a 116ear'relat16nship

betueen‘concentration and ebsorbance,'
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PPM

NTA -CONCENTRATIONS,

18

16

14

12

10

[J CURVE A  : NTA In the scid form

O'CURVE B : NTA In the sodium ‘torm

' T ,287
A CURVEC :CURVE A X =37~

e A a &

01‘ ’ 2 ‘ '.3 :' . 4 .5
ABSORBANCE AT 620 mp . - |

Figure 3B: Calibration ‘c_uriru'lor the determination of NTA
. . R ) . ’ ,',.5 . ’
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. ' " . ‘ '
‘The formula given by Thompson and Duthie,

Blank abs. - sample abs.

sample conc. =

\n

Blank abs., - abs. of 5 mg/1 NTA

to caloulte NTA concnntnaﬁibnwiﬁhbut direct reading from
a calibration curve was found to be éomewhatninnccunate 80
. that 1t was not applied to any further‘determination of NTA
concentratinn, and direct_rending from-the calibration

curve ('Figure'BB)' was used instead.

b. Analysis of NTA in sodium form, N(CHpCOONa)s

| The same routine of Thompson and‘Duth;é's
. method was repeated in the determination of NTA in sodium
form. The data in Table 7 were élso-obtéined using the

~ zinec-zincon procedure with triplicate samples to minimize

the error in absorbance reading, and. were plotted in Figure 3B

Curve B. It 15 evident that there was a linear rela 1on-
- ahip between NTA concentration and. absorbance as Thompaon

-;’-and Duthié indicated: - . - "
P , - o . ,

s : -
c. Relationship of Curve A and Curve B in Figure 3B

// : The different of Curve A and Curve B in the
determination of NTA 1n acid form and in sodium form using

the same buffer aolution and. zinc-zincon reagent was rirst

.
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assumed %o be due to the different molecular welghts of
NTA in aciid form ( molecular weight = 19i ) and in sodidm
form.( molecular weight = 2857 ).' Therefore Curve C was

. plotted fr m Curve A with a corfgction rgctor of %E;%.

The plot of Curve C in.Figure 3B showed that the difference
l‘éf,Curve-A nd Curve B was not only because of different

. molecular we ghts but might be also in the difrereht chemis-

‘try and physical properties of NTA in both forms.

.. EXPERIMENTAL RUNS

of air. The con raion in these runs was zero as expected..

The'next €0 runs were made at dirferent tem-
‘peratures, pressur 8, residence times, and with an air flow

rate of 0.,_‘t3/hr at conditiona) Lﬂki‘hs‘:::)irffeed rate was

chosen .on the basis f studies in a simildr bubbling reactor
at atm03pher1c pressure, and ‘because the preaence of a large

amount or excess OXYygen was desired

Runs at 2009C and 250°C with feed concentra-
tion of°20 ppﬁ at different preasures,andlresidence times

-are,summarized'ih Figures 4 and 5. It can be seen from these
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TEMP; 200°C
AiR : 0.5 FT/HR
FEED : 20 PPM

1. £ 5 2.00 HuR
2. &

<. 3, 2 = 0,33 HR

0.50 HR

4. 8 = 0.25 HR

2 2 g P "

800

‘1200 1800 ° 2000 ' 2400

P RESSURE ,Psi'g‘.

Figure 4: Conversion Qirlua proituu for 200"{.‘. and 20 ppm fo:ud
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figures that the percentage of NTA reacted 1s higher at
higher temperaturé. The temperature of 250°C is more! |

effective for the wet air oxidation process.

| . Jf}, It is.pbvious from‘these runs that pres-
;surefis an impoﬁtant pafgmeter. 'Inuofdér to hévé gn:
understanding about the effect of préspure in this process,
- equations (6) éﬁqA(li).ﬁn the theory section can be regalled.

as followa:

«  0.21 ( Pp - PO
Co. = 1 ( Pp - Ppo (6)
7 H
. B .
| | c 1. - |
Cypn  kp 2 S Kz Cnra

by substituting (6) into (11) :

' '6;21 (P, - P2 ) 1 ‘
Lx T HaO) ¢ —=— (12)

ACe, H . kS . KgCwma
‘or the corversion term,ilcNTA , can be'derived-from'(la) :
: L 0 - : .
Cxra
' o . pO
0.21 & (Pp PHEQ)
AC o ) : S
. NTA - HEC _
. o_ = . t NTA . (13) ,
CNTA’ _ Sy -. . oy

| kas . g Cm
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where CNTA “and cNTd are the inlet concentration and true
,concentration of NTA in the reactor respectively (see
detailed calculation of CN s in appendix : they‘are
different-because some water is vaporized in the reactor,
increasing the reactor concentration over the outlet :
~ concentration}. |
. , .

Assuming that kL-in'equetion (13)'is.con-
stant by keeplng the air- rlow rate the same for all runs
at one temperature with different pressures and residence

time (this can be maintalned since the volumetric air
flow rate of 0., ftj/hr provided a iarge ‘excess of oxygen
and good 1iquid mixing), the effect of pressure decrease
will be 1arge when total pressure, PT » approaches the

: o
water ‘vapor pressure, PH o’ (this makes the numerator in
2

'equation (13) go to zero)- and the efrect of NTA concentra-

tion, CNTA » will increase as CNTA approaches zero this
makes the term (1/kRCNTA + l/kLa S) go to 1nfinity no
matter what value of k, & S.

Figures 6 and 7 show the effect of residence
.time. ‘The vapor pressure of water at 200 C and 250 c is

22% and £76 psia (Table 5) respectively. It 15 clear that
the wet air ‘oxidation process is not efrective when the

.,syetem pressure approaches the vapor pqessure of water at

system conditions, especially at temperatures below 200°c.

c N
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50

200 °
FEED : 20 PPM
AiR 0.5 FT3/HR
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RESIDENCE TIME ,HR
Figure -8: Conversion versus residence time with

pressure
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| . Also from \(gu\re 7 4t 250°C and above 1500 psig, the NTA
_/;/‘f“ . conversion is almdst constant over the resideuce time .
-of 0.5‘hour or higher, while at lower pressure, the con-
| version drops eharply ee residence tiue decreases. This
~ ehewe the‘the reactien'occure more rapidly at higher pres-
- sure ‘and that the reaidenee time could likely be reduced
to Just a few minutee without experiencing a aignifioant
drqn,in conversion. '
. ; o | »

c .
From theae runs, Aa plot of 02 versus
SN ACNTA ,
1. 4in equatfdn (11) for three difrerent temperaturee
c ,
.“TA ' of 200, 208, and 250°C 18 truly a straight line

(Figuree 9, 10, and 11 respectihely) and this .agrees with
the aaaumption of constant kg, and first. order in both NTA

and- oxygen.

[y
. ¥
[}

Note that the NTA concentration in the

reactor, c for Flgures 8 9, and 10 was computed from !

the efflueﬂzneoneentration aeeuming that the exit gas vas
saturated with uater vapor, and that NTA vapor in the, exit

gae waa in equilibrium with the NTA liquid concentration in _-
tpe reactor. A least square ritting or data gave three .
values of the chemical\rate constant kR for three temperatures,
and a- plot of 1n kh versua-%?in.?igure 11 1s a straight :
4 1ine which-ehowe that. the data are consistent with the

Arrheniua equation for variation with temperature. From .

1
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- the slope of this line, an activation energy of 13000

cal/mole was calculated, which 1s reésonable-for this

. ' [~
type of reactionug.- Ploos Van Amstel =0 found that the
'_activetion energy of the oxigation of both activated |

and primary sludges was 2300 cal/mole. Shibaeva et al 17
found that the aotivation energy for oxidation of phenol
was 25000 cal/mole while in the same study of oxidation
of phenol Pruden and Fergueonlu only got .a ‘value of 10800
oal/mole but this 18 more’ reasonable acoording to

bg .
Ievenapiel 9 . The high value of .the activation energy

.obtained in this project was- consistent with the model

aesumption that the reaction 1is not controlled by mass

transfer through the air-water 1nterrace as diacnesed

‘earlier in theo(i‘jjijion.

In the theory aeotion, it is obvious that

" there was no proof of the first order reaction in both NTA |
-_land 02 , only that the model works: for the ooncentration
range (10 - 100 ppm) and 1s consistent with rirst order.
;.Thie can be true, however, since the mass transfer rates
were much higher than required to aupply the needed oxygen '
.. when compared with the previous work on phenol by Pruden and
.Fergisonlu. Their data were plotted in Pigure 12 eccordins

'to the rate equation (neglecting mass tranerer), and proved

to be first order.  In addition to this certainly many b

other previous workera proved that the reaction behaved
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o 14 |
Figure 12 : Plot? of squation 3 to detemine mass transfer °

‘ !
2
1o
l-u of
d
o.s |
. ' 0
AR ;081 nr
K a8 :471hr
liter
_ . . _ 3148 00
02 F y KR. : hr.mole
- t :
R . _
o B j 2 -
| 1, 1673 LiTER
E c - . ? TMOLE
Ph . o

product and rate constant at 200°%

\



62

Iike.firet order; Ploos.Van Amstel-C , studying the oxida-

tioc or-glpcoee solutions and real sludges, found that the

rate of oxidation was first order in botﬁ'oxygen'and sub- -

etahce oxidized;. Weygendﬁ5; found also that the rate was

o first order in an organic compound and in oxygen as he

' oxidized primary, secondary, and tertiary alcohols, Shibaeva
et all3 confirmed that the rate of oxldation of phenol was

~ first order in both oxygen and phenol, arnid so did Pruden

: 14
. and Fergusonh . .

The variation of kt a S values with tempe-

k., 22s% - k. , 2s0% . o
) K - L _ :
rature ( ‘ 5 = 1,15 ; __.....___.._-6-— = 1,32 ) obtainedl
kL, 200°C o kL ’ 200 C

by leaet square . fitting of the data are quite coneistent

when compared with_the_theqretical values which were cai-

:cuiated from Sherwood's eqﬂatiohsl combined with Stokes-
' g [ - ' _
Einstein'e-equation’z‘ k., 2280¢ : k. » 25000 .
. L . _L . :
A : — = 1.136 ; = = 1:27)
k, , 200°%¢ . k ., 200°C

‘This again ensures that the experimental data were good.

Pigurel3 1s a plot of additional ——

. new air rate (1. 0 ftz/hr at conditions) at 250 °. Using
least square fitting of the data, the value of kLa S at 2=0%¢
. was calculated to be 6.13 hr -1 which ie higher than that of
h.?}\hr “1 at the same temperature and 1ower air rate (0., ft3

per hodr)‘as expected.: 5 v
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3. EQUIPMENT *~ L | T

. . There were a few'problems“for the process eduip-
| ment. One.of them was the leaks from the reactor “0" riog_
which failed ‘due to the sudden changes of the Atemperature.-
To. avoid this problem, the heater was kept on at all times
and the-presspre was changed gradually.

| ‘Another problem was the failure &f the "o" ring
seal in the-high pressure chamber of the”compressor. This
forced the oll 1n the oil side out throuSh a safty valve’
and--no air was compressed to the system even at high pressure.
This was overcome and avoided by chsnging”the compressor
P conditions graduallj, and by allowing the coopressor to run
”%';' for 20 minutes with no load while making sure that the oll
,1 ran contfnuously in both chambers berore'compressins the.

) .
air to the reactor. These equipMent problems are mentioned

i

in this section because they were the maJor problems which® \\\_\_‘;

were overcome,’



VI . CONCLUSIONS

1. - The Wet Afr Owidaticn proceaa uaing a aimple '
non-agitated reactor has . been applied to the’ continuoua'
oxidation of NTA in dilute solution and- hac‘been shown |
‘to be effective in converting up to 90 % of 'NTA, mostly
lto Cob and water at temperature of 250 C and preaaure of i

1500 paig or higher.

2. The effects of preaaure,'temperature, and
. residence time on the reaction have been shown but the

f,complex reaction mechaniam was not‘inveatigated-deeply.

3.  The effects of mass transfer and chemical
redction also have been atudieguaing mathematical models .
and plota on theae-modela. K | |

4,  The expression involving 1/kp a.s and 1/kg -Copa
shows that the mass transfer controlled at high concentra-
“tion of NTA and 1/kR CNTA can be neglected, and that
chemlcal reaction controlled at low concentration, ao
that i/k a.S can be neglected. This supports the earlier
thesis that "'na mixer may be required" with the qualifi-
' cation that the reaction concentration, determined by
pressure, temperature, and reaidence time be aufficiently

iow.
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5. The true concentration was estimated to be about

10% highér than that of the effluent.

. 6., _.' The applicaticn to the process in a ccctinuou33
flow syetem 15 both reaeible and workable based on the re-.
sults of thte wcrk. It 1s therefore possible for 1nduetries
to reduce the cohcentrations of effluent organic'pollutante'
by using this. process iﬁ_eeriee to meet the requirement of

goyerment'due to the_ﬁresent pollution problems,

7. Various determinatione‘of NTA were studied and
" the cinc-zincod method:of Thompson a’nd.Duthie25 was proved
to be suitabie,-eepecially fof labocatcry'worke, but ecme

'improvements were made and recommended for further studiee

in NTA as follows : S : ﬁ

- P Care must be taken in the preparation of
_the buffer solution and the zlnc-zincon reagent, and these
'_'muet be made up ‘once a week to avold any change in color.
~due to the-iight.and-temperature changes of the surrounding .
which cause the color to rade with time (red color of zinc- * .
zincon reagent will change 1nto light yellow if kept over |

a few weeks).

’

b. Standard solutions or eamble solutions'shculd
be triplicated 1n preparing and reading their absorbances,

“and an average value 1e calculated The spectrophctometer_

-QS;



- ehould be standardized with a blank aolution (distilled

water) before reading other solutions.

" C. A calibration curve ahould be made and”
repeated every week to determine the NTA concentration

4

‘instead of the calculation formula given by Thompson
l: , .
and Duthie ’.‘_-‘
d, NTA aamplea ahould be analyzed as soon as
poaaible within a week or kept in the dark ‘at all timee.

For beat results and convenience, samples ahould be col-

lected and analyzed at the end of the week."

e; Samples with concentration higher than 10 .
ppm should be diluted to 10 ppm.or lower before making

analyaia._ N

8. It was found also that the acid .form of NTA
could not be determined accurately by the zinc-zincon . - '1_5;___-
method since the concentration did not behave 1inear1y
with absorbance (eee Figure 3B) as expected and thus this
. method is only good for the sodium rorm of NTA
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1. TABULATED DATA <

-~ Al experimental runsg are tabulated 1n Tables

. ’3, ‘and U,

Vapor preseure of water and partial pressure of .

oxygen versus temperatures ere tabulated in Table £,

NTA coneentrations 1n'the'ac1d form and id'thew

sodium form versus absorbance at 620 qﬂ are tabulated
\

11n Tables 6 and 7 reepectively. : I - J;f" )
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TABIE 5

. ' ¥
TEMPERATURE-

VAPOR PRESSURE OF WATER .
. 0 ‘

c - (psia)

s 200 | o aes
225 . . 366 .
250" 576" I

PARTIAL PRESSURE OF OXYGEN (psia)

Poy = 0.21( Pyoray - By,o)

'-(r;- ;

124
94
50 .

. o ' 208
: - . 178
134

‘200 | - | »ézl
| . a2l
250 . |, - 197

o 2000 .| - gég
- o2 - |.
2200 250 | 34
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3 o
b=
W

-1h

NTA CONCENTRATION . ppm : ABSORBANCE AT 620 mp
(acid form) | ‘
\\
0 | 0.530
1 0.570
2 0.430
3 0,385 -
[ D.350
g . 0.325
.6 0.28%
g _ 0.262//
' 0.24¢"
9. 0,210 °
10 0.190"
.18 0.110 .
20 0.090
. D
o TABLE -

NTA CONCENTRATION , ppm
(aOd;um' form)

ABSCRBANCE AT 620 mp

0.0 ‘30
2.5 . 0575
£,0 0.420
7.5 0.360
10,0 0.310 . :
:-’»" - !
» ‘I . w
Y\ '
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a, Calculation of theoretical o_ygen demand for complete ;
oxidation of NTA

The balanced oquation for the complete oxidation of .

trisodium nitrilotriacétate (NTA) 18: * - .
-, N (‘cnaqoooNa); + 602. —> 6 coa+33>gQ03+Na

The molecular weig t of NTA ia 287, If concentration

™

of NTA were n’ mg/l t e theoretical oxygen ‘demand q%uld be:
S \ , R 7 /
dll =-EL‘ | =™ | .'-ué - T
oxygen emcnd. Fe7 X 6 x 32 9.7h7”g ‘1'

4

‘b. Calculation of‘air'requircmént for.comslete reaction

The following is a sample calculation of Eﬂr require-

-

' ment for RUN u8 which has the conditions below : - .

v T
NTA feed concentration = 100 mg/l o o :
.- ILiquid flow rate b liten/hr o ' S
"« Temperature =~ . .200° ¢ ' o, S

Pressure 1500 psé
Air flow rate N /hr

Other information :

- Adr contains 23, 17% 0@, 76 83% N, (by weight)
Room temperature: 14,7 pB1 .
Density of air at room temperatur 27Q0141 g/cn’

"5 . .




Ca

o 0., fta/hr at conditions-

~ Oxygen requirement for given liquid flow rate

79 o

. From b., theoretical oxygen demaﬁdla 0.747 x 100 = T&.?-mg/l

- =747#4-2988mg/hr,

. .
<A1r flow rate required = _ggig 1289 6 mg/hr =1, 2896 g/hr

or - %T%%%gfgéaﬁr - 9;4,61,0m3/hr = 0.03226-HF2 at,room'temp;_

L]

Actual air supplied was ° 0.5 x n23 - 32,45 rt3/hr.'

Thus, there was a large amount of exceas alr present'

|

AdJustment of air flow rate

Suppose that 1t is required to have an air Tlow rate of
A >

' Temperature = 2oo°c . : -
Preseure = 1600 psig : : o

'It 18 neoessary to know exactly the room temperature and‘
‘atmospheric pressure at the time when the. .Bystem is‘in.

'operation.' For‘example, they were read to be:.

Room temperature = 23°C =.2969K - o '
- Atmospheric preeaure = T45 mﬂﬂg = 14,4 pBiB.-

Using 1dea1 gas law, we, have:

BV NP
T]_ T2 :
Py T ' v,
. 2 T | -
V, = V,.—. S o :
1 R, L
- 0.5 x 1528.4 296

HH? b3
32 912 rt3/hr - 0f55‘ft:/m1n

- L]

..' * - 3 R L. . ’
. | - - ..
. ‘ o - . . .

’ : ' . ~
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F .
Thus, we adJuBted ‘the air flow rate so that the wet teet

,meter indicated 0.t8 ft/ per minute or more accurately

/

2.74 rt’ per'?:gihutes.( o L f

.The Zinc- Zinecon method for NTA analysis

-

R

A manual procedure for the zinc-zincon method " of NTA analysis

- 18 summarized as-fo¥Tows>

Step 1 Preparation of ion exchanger
y S

Welgh 100 gram of Dowex SO0W- XB resin (100 200 meah)
Add 40 'ml of 6N NaCH and =0 ml distilled water.x-

Mix well with a magnetic stirrer for 10 min.aDecant
_the aupernatant liquid Add 25 ml of NaOH and. 50 ml
distilled water Mix again for 10 min. Decant the
aqueoua<layer.-Wash the resin with distilled water f}

‘ until the pH of this aqueous layer is 7.0 - 7.5.

Filter the resin through & BJEhner-funnel and air-  ‘

. dry the resin on the_funnel for 20 minutes.

Step 2. Preparation of buffer -

Steg'z-'lPreparetion‘oftzine. i N

/

_‘Dieeolve.Bllg borlc eoid'andijf.g potassium chloridgr
in:BOO'ml_distilled water, Addust pH of this solu-
tion to 9.2 with 6N NaGH. Dilute to 1 liter with
d1stilled uaa;;. ' | | |



o4

‘Stép 4 .

‘81°

Dissolve 0.44 g ZnSO0y.7H,0 in 100 ml of 2N HCI.

Dilute to 1 liter with distilled water,

' Preparation of standards

Preporation of zinc-zincon reagent - 3.

Dissolée 0.13 g zincon powder in 2 ml of 1N'NaOH.?

Add 300 m1 bufrer (from step 2) and 15 ml zine -
aolution (from step 3). Dilute to 1 liter with

distilled water, Thio reagent should be prepared '

every week and stored in the dark.

N e

2

| Prepafe NTA sténdard'aolutiono of the'following-

concentrations : 2. 5, 5.0, 7.5, 10 mg/1 with dis-

.t11led water. Pipette 25 ml of each soYution and

" 25ml of distilled water (blank) into five 50 ml

-beakers.

.Step 6

+ the absorbance of these coloured solutions!fgwdqat a

: - f '*N\\\; ; ‘5\
Final step C g : _ _

I : SR

. Add 2.5 g resin and a: atirring bar to each beaker.

Cover with uatch glasa and stir on magnetio:}t!; for
15 minutes Pilter throngh Whatman No. hO filter
paper into a second beaker.‘ Pipette 1€ ml of f11-
trate into a third 50 ml beaker and add 3= ml of

zino-zincon reagent (from.step #J by pipette, Read

.
A

water blank at 620 m}t

o ) \."‘V

>



' .e. Calculation of true concantration in reactor

’ 82

. A typlcsT%alibration curve of absorbance versus

'-concentrétion‘is shown

rd

Figure 3A
! ¢ - |
Step 7 - Preparation of sample solutions

¢ ..

For each bampie; pipette 25 ml»br'each éaﬁple'into'

| Eﬂ' .a :?7m1 beaker and follow step 6 in”order to read
- hel a

!

t bsorbance of this Bample. Once, its absorbance

(figure}A) For example, ir sample absorbance w

Y

0. ho 1ts concentration wouldrbe 6.0 pﬁﬁi

more' than 3 or

- . be made agaif, It

‘.reagent is made . For better results, repeat all

-

steps over_every week.- . s e

T -7\ Ao " -

ould be renewed‘hiso when new

'is obtained from spectrophotometery 1ts concentra-'

tion can be raed directly from- calibration curv?[b
er

e

" 1 LY . . - ’ .- . o.“ . ‘(-

The yrue‘concentratidn for a non-volatile c¢mpon in a\ﬁ;
fol ouing with

-

' high-temperqtﬁre ¥eactor can be computed

two assumptions:

3., Oas 1s saturated when leaving reactor at T and P -’
. | _ % A . .

»

roo . h;- Only e portion of the gas.is reacted -

N

Afpeg storing zincfzincon reagent'in'thg dark for -

ys, a néw calibTation,curve shoild



C.¢
r-¢
o -Condenser.
. eactor " ;
o L at C :
. ",* m ‘
L “ - ’ ‘ .
. NOMENCLATURE | |
| T : reactor .temperature, °k - a
; P : ‘reactor pressure (total pressure), atm
" . CR' : . true reactor concentration, mole/liter T
CR : measured concentration in ‘effluent, mole/liter "
L" : 1iquid flow rate, liter/hr . .
Q : 'gas flow. rdte at conditipn, TtR/hr __»
PO '+ water vapor pressure at T = - _
x : moles of water wapor ertering condensor/hr
y : amount of liquid in gas phase, liter/hr -
n ': moles of air/hr . : - o
' . *' . 'Mass balance on condensor with basis of 1 hour'; 7
e (L-73) = T, (B)
or: R R " _ .
| | c. = € —— .
but! x - p°

e



oy

A
. . . 'W . - )
Ideal gas.law gives: -

PV P . Q. 28,316 oL ls R
T ' : 1 rt> = 28, \
W ooms maEm) o T oo ten)

'*. ‘ g
‘ T . . Q ’ 28.316 P : Po |
. then X x X
o - 0.08206 T+273 P - P°
"Also, we have: ' gm 1liter
. ‘ y = x . 18 a . - ‘
. 1000 mole gm
: ' 'L
thus: - C, =

Q 28, 316 P PO.. 18
0.08206 T + 273 p—p° 1000

Note that ihé ratio. inside the pare théaes of the above

‘-'expresalon 15 the correction factor f the true reactor

concentrations. = s 17

'Aﬂaample calculation of .this cbrfbction'ractor.wiphéthe '
following conditions 1s:

Iiquid flow rate : L=2 11 ten/hr. L -\
Gas flow rate : Q=0.5°¢ :
‘Reactor pressure ': P = 800 psig (45L§ ﬁm)
i Reactor temperature: = 200 © R )
atm

Vapor pressure at T. P°= 22= paia (1,.3

F

- Correction factor =

o.sx 25,316 xﬁ? 12 1i.2 5 |
0.0 10 c ;

= 1. 07&6

‘and aimilarily, we can get the following table for this

'-correction factor.

T -,



- Thus, 'the true reactor concentrations are about loﬁlhigher‘.‘

. Arphenius' equation :- kR kR e

s

Q- T L P Correction
££7/hr % .| Ynhr | psig factor
| 800 " 1,0746
s 1200 - 1.0657

: N 1500 - °  1,0627 -
4 200 | 2200 -~ 1.0592°
| B Boo | . . 1.0485
3 1200 | 1.0429
1500 - 1.0410

| 2200 | 1,0390 °
- .
0.5 4 . BOO | . 1.3600
3 1200+ 1.1130
. 1500 o 1,1430
250 | L2200 | 11170
' 800 . 1.2&10
'y : - leoc ). 15,1240
i 1500 . | 1.1030
ﬂ 2200 1,080

‘than that of the effluent.

A

‘Caleulation of activation energy

-e/RT

Taking In “both sides K 1n kR = 1n kR' - (E/R).JL'"

. Therefore, the plot of 1n ky versus A should be a straight

T
line which has slope of = E/R , and 1ntercept of ‘1n kR

1

" Pigure 12 1s a plot of-ln»kR‘versuak—-fOr different three
. . - [ ]

, T
temperature. .

]
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. X ,. . l.' ' - 1
The slope is this 1llne 13 - 6562.5 °K .
Thus, the activati‘on‘ energy 18 = . 6562'.91 x. 1,98 ‘-“ 12000

_ T - by
cal/mole which is reasonable value for this type of ‘reaotion.

 g. Comparison of mass transfer coefficients

’
< It

' The theoretical values of mass transfer coefficlent can be

estimated from Sherwood!'s equ&miom52

k ok D e Re®* . §c0+2 I

or - kLot D —_—

Lor T T

R ' L . v ‘ — ”" .: . .
but, the Stokes-Einstein's equation™ gives :

i T
DR
| o TO.@T"‘ an.l’i’
. ‘thus! N - G —
R S 0.8

1

. at T=225%"

k;, at T=200°%C ;. = &

kg, at T=250°C

‘and . | s— = 1,270
k; ab T=200 C o

'The éxperiniéntéi values of mass tfangfer c'oeffi.cients can

be estimated from intercepts ‘of the stralght lines in

L



‘ F}gures 8 9, aﬁd'10'=

. : : N
Figure 8, at 200°Cc  Intercept = ~— = 0.28064

L]

‘?1gure 9, at 225°%  Intercept -

'

- Figure 10,.at'

Thus: -

-

End'

Theée results co

-.kL a8
‘ kr.a,s ;=‘3;566

= 0,2428

k' as =4.10
L..

. o A
250°c  Intercept = ———— = 0.211517

a s
k 8as
B
. 'k, a8 = h.7227
kg at 225% (4.0
| = T O = " '. B1.15 '
kL’iE;E9b C - ~3.566

..__/".- - .

ky at 2s0%’  b.T2TT L T

- kL_at'200°c‘f 3,566

LI

mpare fa#orébly with those estimated theoretica

1ly.

ta

<
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