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venaol 15 baeically a one litre silvered Dewar.x A metal 1id
”,fitted with ueveral porte is olampod onto the top of the ,fgf»ﬂ

st

._Dewar.‘ The ports are<uaed to houee vl) temperature quguring
"gdevices, 2) a meohanioal stirrer, 3) a heater, and one Port

jserVes aa the enhrance into the calorimeter veesel;

'w'entire system ﬁy\immersed in a thermostated bath L SRR

“r‘l_gperation.. I SR &
. A A

I{ mhis tﬁpe of calOrimeter utilizes the method of

,comparative measurements to determine the enthalpy change

"7;1n‘the(proceesgun L thi :
»'¢‘study i% exothermlc, the experiment is perfoxmsd in81de the

E;Dewar and the temperature-rise detected An electrical

'"talibratlon 1ﬂtdone next and the temperatdgg rlse recorded

s

flﬁAfter applying several"corrections, maxn%y‘EOr heat leakage,
“‘the | heat released 1n the reactlon 1s\ﬂetermined by. comparing

%, oww,-

*the two lncreases 1n temperature, and by,_,\luatlons based on

&

the known amount of electrlcal energy supplied.f;.gki:}‘l»:y,“em:

Thls calorimeter could,bexoperated 1n‘two modes,d{




"-of solvent (water), L

Operation. More hoat exohangﬁ tﬂk‘\ﬂ 'f“

compared to (a). and 1arger oorrootions are nodded. but the Q‘,;ﬂ

.

“actual operation is aimpler. e

-

Isoperiol calorimetara of the uamu banio
32

' have been used by, Vanderzee anleutter
° ned igye .

’ Vanderzee W
| _Rode urg,», anq%;anderzoo and Gier ; to measure 3 heat of
‘“:solution of gase B hydrogen chloridu, hydrogon‘flu- :

‘;hydrogen ioaide in water,-at is‘c. In e

11terature, the work otj

_only material found beaf&ng a esemblunco to the wor_'
Jenvisloned here. The significant differehce between all

“9Uwerk in the literature, and this work as/planned' W&S”the fact

.

'that the heats of solutlon reported in the literature were
-always done at 1nfini;e dilutron. In other words a smell
o 3

. amount of solute (e §. HCl) was diss&'.bd in a large amount .“

N :
: o . L R *

o o
Tk

The dlfferentlal heat of solutiOn 1s a function
- lt\"m N

.fof compg$1tion, and for this reasoﬁféata are reported at

’.nlnfinite dilution._ One of the prime objectrves Qf- this .if?'f”

‘study was to meesure the differentia” heat °f,5°1“t1°n-':f;f??ff
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.ameter'wee;not reebmﬁendedlfof eny,pfe$5u:esegreetep;thepﬂjb_

' kPa f" s , ’ ; U .A ? "'f,/ n: . 1":‘

oy the 11&.. The funct:.on ofﬁ achg rt awas ( folloﬁs.

,' »‘o

a) Port 'l served a duai “purpose foa: entry and \

}'A plece of léﬁ 1nch O D. stainless

11qq1d’samp1e removaly
\steel tublqgﬁapproxlmately 4 1nches 1n length extended frqm
the top gf the lld 1nto the &alorlnu‘b_ter through port 1 . A §
70=-100 m:.cron frltted glass cyl:.nder was connected to the

end of the tublng (1n the calor:.g;e—éer) thh a\short

Tygon tublng.; Stainless steel frltted cyllnders éf

. .—.‘A-.




.. “.:io‘d'.,\’ﬁn_ ; . \ ) ‘ \ ‘ e . . o ‘ ‘ .‘I' K a . .v o | . . l.

N

v - I
.uthermlstors were not located diametrlcally opp051te to each‘]
¥other, one was placed 1—1/2 1nches and the other 1 1nch '
_(alonq the dlameter) from the*centre of the llg respectlvely.ﬁ
:ygThe former extended to a depth of 3-1/2 1nches and the fi‘},’d"

-1atter 4 lnches from the bottom of the 11d lnto the calorl—-.“

s%conflgunatiOn e

' meter., The twodthermletors were used 1nhth1

' ,to detect the avera'e temperature of the calorlmeter contents.;lf

Electrlcal detalls concernxng the thermrstors are. presented_,>;»‘

"later on in thxs chapter,ﬁfffﬂ;_f:.‘,.gjg ;firi*”"

i

el d) StalnleSS s:eel tublng of 1/8 1nch O D.fand

6w
“e¥s

*extendlng 1/2 1nch 1nto the canrlmeter was connepted to

ports 6 and 7.- Port 6 was the Vent llne from the calorlmeter‘

,,,,,, ce

f.,and nltrogen used 1n forcxng llquld“samp“
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The heatlng COll yas then covered with a sillcon"
) A
heat sxnk compound and 1nserted lnto a: 2 foot length of

‘ 1/§z;nch.0,D. sta 1ess steel tdblng welded shutfat one end.l-.

the 1ead w1res out of the calorlmeter and‘out ofathe

o bat'l-;. s \ :f."' 1._’ _ _ s o -
S - : : 2{‘-/‘5: NPT o ﬂ

In the earlle stages of thls_work the heater was

bullt by w1nd1ng the heat;ng w1f@ onto a Mlcarta (plastlc ‘]:f f

_;,.1mpregnated fabrlc) cyllndrlcal shell l lnch long*bywl/2'§9W7

1nch oux51de diameter. :The CompOSlte shell was then cbvered
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'~,caLogimeter heater) eﬁi esfshi

‘dlgit display. Figure 4 showd he circuit diagram for the
f,heatereiﬂif”“efm

‘1ess than 5 microns. f;

'-the calorimeter.,";}fﬁzxm

measured by a timer eqcurate to 0 1 aec, in conjunc_ion with

a” Hewlett—éackard model 3450 multi function mater with a six~

n'the circuit was dasigned to~j‘l

'ﬁactivate ‘the. timer the instaﬁ% pdwer was supplied to the

4. A thermocouple vachm gaugq$was uséd to read the vacuum 7~

in’ the sta;nless steel Dewar (o£1 h@&h)- The vacuum was’ fnf

o
I

..
<

;35¢f A mercury manqmeter was used to&monitor the pressure 1n

—— s

. .

':6 For 1ndicataon aﬁ& approxlmate measurement of gas flow‘

;rate to the calorxmeter,

: -';entered the presaturator. : kf»ﬁ‘%,e;;',_ A -L»wa@ff _;

Cn
- ii')
! 111)



(

into’ the calorlmeter.‘ The Nzisupply was

-Wf"cross for safety xeasan"




»oﬁ the calcrimeter contents,: 

v?gorrected tempdrature rise




’Iiiaydt;m wal thon
tobk‘l‘z ta 1 hour,“,

L
.l




s electrical mea;

. the time-temperature

- S




-

. v

the voltage drop Vg é'requiredfto produce

.ln tlme t ;i'Qf‘
R C 2

’ | | . ;f
In thlS 1llustratlon subscrlpts e, and e;1 refer to the‘{

%

o prev1ous electrical measurement made and subscrlpt c referspg~»

;to the chemlcal measurement to be dupllcated.

-

¢

Therefgre before d01ng the equlvalent electrlcal

5measurements the voltage was preset on the power supply(

9

“f}before the heater was turned on. Wlth thls approxlmate

<

‘ settlng 1t was p0551ble to dupllcate the temperature rlse:f

r

-?;32, Chemlcal Measurements

B equlvalent eleqtrlcal measurement., At the\end'hf each fj;,w:{

3 s
and tlme span w1th1n 5% or less of those encountered 1n the p'

/ : .
maln perlod of the chemlcal run 1n questlon&j Once the
heater was sw1tched on,_the same procedure descrlbed above
was used ln rgeprdlng the maln and flnal perlods of the n,»fJ

B LI v
electrlcal measurement, after the solutlon was cooled to the\

- bath temperature, a’ llquld sample was removed u81ng thei"

“a

method descrlbed later on 1n thls chapter..

The first chemacal measurement was done after thef}g

ﬁ.r .

heat capac1ty of the unloaded amlne solutlon was deteéplned.»
To perform a chemlcal measurement the flow path of the COZ

or st was opened ln the followxng order*-"

e




1) . the shut—off valve for~the\gas supply was opened .
and the dellvery pressure set at 40 p51g,_vff,ljh
,f2).q‘the valve on the vent llne was opened, _f

ﬁj-3va'the three—way ball valve 0n the 11d of the calor1~ _'

o -
s . ” . PR T e

w

~p3;~ '«1"-meter was pOSLtrgied for gas flow 1nto the calorl—t-ﬁ

f_met%F and _
1L47‘»~the valve between the rotameter and the presaturator
SRR ) s k .

~' was opened last.
ffThe multl functlon meter was p051tloned to monltor thef

”battery voI%age. Gas flow to the calorlmeter commenced R )
. . ,./ ; \ R

'tby openlng the meterlng valve of the rotameter.. At the same f»

PR i

‘%jtlme a separate timer was started manually to record the

[

";duratlon of gas fﬁpw to the calorlmeter.} As the temperature

.,Q

‘fp;lngreased 1n the calorrmeter the battery voltage was restored
:» @ o

"etd”l 00&00 + 0. 00015V.. To termlnate the flow of gas after

vithe temperature of the solut;on had lncreased byaapprox;—

mately 3 C the~.follow1ng procedure was used-“

Jgme

l) the three-way ball valve was placed{fq}the closed
p051tlon and at the same tJ.me the manual tlmer was
i”jg stopped ~; ﬁ%:f. » »» h SN o
e 2)¢the meterlng valVe of the rotameterawas clbsed and

.o. I

flnally,

3) the valve between thé presattrator and the rotameter .

- was closed and the tlme clocked by the tlmer was PO
h . 3 . N R vD. »yv R e - b .

Thls sequehke was used to av01d the back forcxng of llqu1d ;,f

'p'

S




from the calorlmeter 1nto the gas,p\}l, as’' a’ result of h»[ S i
pressure bumld— p 1h the calorlmeter.f Some of the scatter | d
“‘ln the heat capaclty data collected 1h thj’early.stages of jixlj
hlS work (1 e. 25 C) Was due to small amounts of llqu;d i

belng forced lnto the gas c011.

The duratlon of the flnal perlod for the chemlcalmg_h:

,measurements was not the same as 1t was for the electr1ca1

o

,yeasurements (25 to 30 mlnutes)., The shape of - the trme—*'”
’ L

2
wa,

temperature curve for the flnal perlod chahged from chemlcal g..

° -

';Qmeasurement l to chemlcal measuxement 2 etc., as the -
”tsolutlon became 1ncreasrng1y saturated.* For 1ow values-of
approx1mately 0 to 0 3 for COz and 0 to 0 4 for st, the‘
.temperature of the solutlon 1ncreased slowly as the small
fquantlty of gas above the solutlon 1n the calorlmeter'

i . -

:hcontlnued tg react, even though the gas flow_to-f

e calor1¥7

Fy

",meter had stogped.. On completlonﬁof the gea”. the«tlﬂe—f‘

'temperature curve conformed to thos‘“seen~1n the edectrlcalf o

) S ; - L s 0 ,_',« X e -

Tw'measurements. P Sl a;v._t,L-_;‘ff’jQ:ﬁ;cgj; ‘
Wlth hlgher Values of a the solub;laty of “the. gas;k"i

x»*ln the solutlon progre551vely decreased.: Eventually the

'»'tlme—temperature curve took on a negative slope

‘fgflow was stopped The crlterlon usef



<

-check was performed;after every chemlcal measurementAby

‘._ » "

opt the vent w;thout react1ngv< With thls lncrease in flow'
é/w1th

l_rate abQut 70% of the chemlcal measurements were mad

8 « o T

the 3°C temperature rlse ocgurrlﬁg 1n 3 to 5 mlnutes. At the.:

u&per 11m1t Qf 2 0 11tres/m1nute the tlme needed approached ;r

A
3
b

ll mlnutes_ At th1s poant the solutlon was saturated at

‘Q:atmdspherlc pressure and any attempt to further d&ssolve

,gas resulted 1n the gas desorblng ﬁgmedlately after the gas

flow was termrnated Desorpgéon was monitored by c1051ng

. the vent valve an wobserV1ng the manometer., In fact, thlS

temperatures, namely, 25°C,.50°C and’ 55C*



the calonmeter,

-‘Ic \.. ."‘ ,._;j' Cn

s

.:., A

'I‘h "corrected temperature_-nse" ohtained




"“;jfTo complete thenprooe‘S}

e[vented from the calorlmeter._ The valve On the sample lmne

- e . o
*;'was ppened and the small amount of'~squ1d left in the llne

‘4-

”.was blown doWn 1nto the calorlmeter w1th nitrogen from a

Jeseparate source. The sample Llne va1 e and‘the three—way

'.flask\ Thls was done for the 2‘0
1ffam1ne Solutlons used~i& th

i densi'ey of the loaded;:‘ ff’""



To flll the calorimeter the valve on Ehe vent 1ine.gf“

| was opened.M The other end of the tublng‘waé 1nserted 1nto a: egg

fllllng bottle.‘ Amlne solutiOnf(or-cleaning liquld) was ﬂ¢fh; 

. forcea into the calo"' ;"“ylngf z pfﬁssure above 1;ﬁ'"

:fthe llquid ey thehfiyling“bottl . | e
| "‘ _' In emptyrn@ the calorimeter the same set-up was’
('used but now the vent valve was closed and Nz pressure was‘.
-;applled above the llquld 1n the calorlmeter.l In thls case the‘
'hxdlscharged solutlon was collected 1n‘the fllllng bottle;&.;‘d
| _ For cleanlng of the Calorlmeter dlStllled water was
'jpushed lntd the calorlmeter u51ng the techhlque descrlbed ‘
f{;for fllllng}_ Nz was bubbled through\the frltted glass ;_;ﬁf°”
icyllnder to ensure proper rlnSLng 1n81de the calorlmeter and

'fthe llquld was removed uslng the pr'*

‘I

‘efthen rlnsed out with acetone._ After
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S ’cte fox: ,the am1ne solutlons contalning HzS N2 e

9

was bubbled through the solutlon for several hours to desorb

o

the st before dlscharging the llquld from the calorlmeter.‘

_6@‘ Liquld Analy51s

In this work only direct tltration methods were:

o

| uséd for the chemlcal analys1s of the ac1d gases.f Methodsf”

whlch rehy on the evolutlon of coz and st werexnot trled
\
because these methods are known22 to be unrellable when the

N

' sample ‘size is small as 1t 1s here (10 ml) As there'were;v
"V1rtually ‘no experlmental data on the heat of solutlonq
‘;or the heat capacrty of the 1oaded solutlons avallable 1n

‘the 11terature, the tltratlon methods could not be checked
. by the common method of reproduC1ng avaldable data.f Most
{\of the tltratlon methods were tested by Na51r2?-and the
t_ones used by Na51r22 were employed in thlS work

o o

Several mlnor modlflcatldns to the procedures

e

'~were necessary as. the concentratlo;'of ac;d gasrln thls work

Was larger than that encountered /by Nas:.r&

- of the ana1y51s are’ presented below. ‘-ﬁ;r;v;‘jdf";

' a) 002 Determlnatlon

5"' COZ by prec1p1tation as, aCOégﬁ

‘sﬂ.;.7t The C02 in an ailquov ortlon of the sample was e

‘precxpltated as barlum carbonate (Baco3) ‘in the presence g "

?v Y

. of excess barxum chlorlde (BaClz) The solutlon was ‘
l;flltered and the BaCO3 preclpltate Was tltrated w1th 0 l N
.hydrochlorlc ac;d u31ng modlfled methyl orange (Methyl

TJOrahge *LXylene Cyanol solutlon) ind1cator.~ ‘j
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Procedure~' About 30 ml of distiiled water Was heated in a

“

| 250 ml Erlenmeyer flask.: Once the water had started‘B&illng

o approx;mately 10 g of solid BaCLz was added. The flask was,fﬁ
swlrled to dissolve the BaClg..‘ e

| T At this point two alternatrves were avqilable

,dependrng on the J!&ue of ai For the BaC03 to precxpitate

the medlum must be ba31c.f If o was- app&oxlmately 0 3 or less,‘

' 4a 1 -ml sample of the solutlon was added slowly to the BaClz

Asolutlon w1th a 1 ml syringe. The DEA in the sample wasi'
'sufflclent base for the precxpltatlon to: take place.v 4

| If a was greater than about 0 3,a few drops of
710 ‘N~ DEA were added to the BaClz solutlon to make 1t basl s
' »before 1n3ect1ng the 1 ml sample.\ If this was not déne‘ -
'Coznwas lost by evolutlon from the sample as it contacted -

"the BaC12 solutlon._ Wlth a greater than 0 3 the DEA 1n
7the sample was not. enough to provxde the ba51c1ty needed
ffor the preclpltatlon ‘to. oocur; . ‘ . B ‘
In elther case, once‘the sample was added and the?

‘I

To

'-f-prec1p1tate formed the fldSk Was stoppened, cooled under %;".
¢ N ‘v._;—i

cold tap wate; and left overnlght for the pre01p1tate to :; o
A"tle. Next day the prec1pltate was flltered by grav:Lty

uuSLng a,?o qp fllterlng funnel and one 12 5 Cm No. 42

':'Whatman ashless fllter paper4 The flask contalnlng the‘“J“
prec1p1tate was washed w1th dlstllled water. The wash water:

was transferred to the fllter paper._i;“'j*_bia

o .

The prec1p1tate and fllter paper were washed untlltu

:the flltrate was . no longer ba51c as 1nd1cated by<pH péfer.,;w

. - " . . . L R [ . N ‘ /
S, [ ST - 3 Co



”The filtrate was then discarded.s During the early stagesdpfx,

transferred to the Erlenmeyer flask which had the-“

P . . . . B o . ' ' ¢ ’ . . AN
Lot ., . o , : ' . ' ¥ . ' ’ s Celts 6. '
T o e v e 36,
S . s o . o : '
. P R . A Lt § . ’ R oL "
- e e S A
": Qx“ ® o @“" _ ,]ﬂ‘ : i ‘de

this work sOme precipitate was noticed in the filtrate. ﬁka;

_Whis ‘was investigated and found to be caused by'the coz in

o,

the air, so it was ignored thereafter.,:q

a£~ The*filter paper with the washed precipitate was o
B I .. "‘ .

'preCipitate preViously and about 50 ml of distilled water

e

was added to it.‘ The contents of the flask were Serled

Wlth a magnetic stirrer until the filteripaper was pulverized._‘

wAbout 5 drops of modified methyl orange indicator (Methyl
~ Orange - Xylene Cyanol solution) were added to the flask

and the mixture titrated With approx1nately 0 l N hydro-'.d

chloric aCid. The mixture was titrated to a’ grey end pOlnt.‘f

. l

Any barium carbonate preCipitate sticking to the Sides of ‘the.

4

'.flask Was washed down With distilled water and the titration _l

‘)—.

_‘_;.,

i continued to the same grey end pOint.,'s: hdfifﬁ'j ;.,ﬁf;;-

, b) st Determination'

o - SRR e v,/’

The method is. that outlined by severa1 authorszi?5}

5and used by GarSt & Lawsonk . An aliquot sample was put into7

Excess iodine was back titrated

using staﬁ‘erd‘sodium thiosulphate solution._ Garst and

:Laws0n1;’recommended 18 moles of sten'per~mole of DEA for

ythe ac1dification of the iodine.'ﬂaegause of the higher a

o,

-values encountered in- this work an inVestigation was under—

’taken and»it was found that 18 equivalents of HZSOQ per mole O

:dof DEA gave more conSistent results 0ver this range of a s,

"?namely 0 tO 0. go.ﬁhy?htpgfrj-;h{' gvf:fﬂf]fffﬁ[fﬁ“

- ’\\

RN



below o oz N. , The methpd utilizes the

/

HgB o+ Iya"

with Solutlons more concentrated than about o 02 1
prec1p1tated sulphur encloses a‘;ertion of the iodine;”and
- thlS escapes the subsequent titration with the sodium:ff
'.thlosulphate solutlon. The conceq;ration was kept below

0 02 N%by lncreasing the vu&hme of- the acidified lodine w1th
"dlstllled waﬁer. ,"'jf‘ R ‘:‘ : § -
- Procedure-- Flrst of all a guess of the value of o must be.

:: madé._ ThlS was easxly done by simply notlng the tlme for o

; whlch HZS was bubbled for that partxcular sampf

»dlfferent quantlties of 0 l
,dependlng on, the value of a

- 0. 20, 20 ml were used for u between 0 2 and 6, 

'Vused and for o greater than'o 7, 100‘m1 were (sed.«(Note for

all values of a encountered 100 ml of lodine would have”i"°"’

sufflced but exce531ve amounts of 1od1ne and thlosulphate

n._would be used up).‘sdf{:;she;}:”ui f;ef”gi'

'_ The requlred volume of iodlne solutlon was";

50~m1 were |

'plpetted into a 500 ml Erlenmeyer flask1 The proper excess

fof sulphurlc a01d for the s1ie of amlne sample allquot was QQ

added.w The ratxd*bf;sulﬁhurlc acld was JS equlvalents of

‘*stoq per mole of DEA.__"”e” on the estlmate of a,'
dlstilléﬁ wate ! :

that th@«final conoe X



‘thiosulphaté‘bolution to a Iiﬁh, low colaur.;_kbout 5 ml

o

0. 2 percent stareh;$*§i¢ator solutié% added and ‘the L
='t1tratmon continu%§/<; the changeff;om'blue—black to a wat&r—ﬂ"

.whlte GOLOur.‘, - "1fg f;* , \;“ﬁ: :f; fv o

1S T S . ey

"ﬂ 9)3 Amlne Determlnation.sv;f Y“'f”'ﬂ.gi:~'*' L o

o FU The amine concentfatlon 1n thg\}lquid was determr-fi
”ined by tltratlfnfof an: alxquot o:ﬁthe samplelw1th about N

: i s PR v AT
‘.0 1. N sulphurlc acid solut&on u 1ng mgthyl red as’ an R
i.lndlcator.vﬂf ' i : Y : En | ;~ 




ffwthe “Cerectea Temgeratute Riae

;“‘, In 1sope£ibol calgrime&ryp,the temperature change

‘ ’\.

S

’ﬂy by the hmpunt of heht W

ss under xnvestigatlon, ~w“f¢

: ue to heat exchange with e
o of stlrring,,Joule hegh}ng,
The'term‘“corrected

v'ab“ence qf thgse pertnbations {neglectan:'”-

'florimeberggth%'effECt Of - éﬁich ls mlnimized,by the

G SRR :'

’1n the,
“ 'L' : -' : NS T 6

"'method of comparat%?g#measureménts ) This tetm, 1tip11ed

L;i7};by the en&rgy equx&h hq éf the calquﬁetex, givazfthe amoun
o v-z, ; .

L "33& f *';‘Bickiggon7
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'perlod are extrapolated to a deflned tlme such that the
"dlfference of ‘their values at %gat Flme 1s equal to the
. . . %
: 'corrected temperature rlse., Thls *extﬁgpélatlon tlme" 1s
,”-determlned from graphlcal 1ntegratloﬂ“of the tlme te@perature "

E ’ R -"»- . . - i . E
. R . ; By . L . L. @

curve durlng the maln perlod.;

e o .. 3' The Va;ldlty of the "corrected te@perature rlse“

'fas a means of comparlng two experlments depends on. certaln

’o'characterlstlcs of the de51gn of the calorlmeter and of the

o o=

experlme?z— Theee 1nclude partlcularly the requlrements :4/u<

a'.

'that temperature gradlents w1th1n the calorlmeter durlng

the 1n1t1a1 and flnal perlods be suff1c1ently 51m11arfdur1ng

s

“the two experlments, and that the measurlng 1nstruments,

C . O S i

‘measure a temperature whlch glves a valld measure of the .
heat exchange\WLth the env1ronment durlng the maln perlod,

"at least on a relatlve ba51s for the two experlments,,

SRR S »General\DerivatiOnsi.ﬁ R ' ;,I_E"

.{Temperature;‘

N IR e
-1 Ferlod ‘Maln‘Perlod-'rFlnal ?erlo:

~ial.

',FIGuREHS.. Typlcal Tlme-Temperature Curve for‘a*Calorimetrlc ,_f

N ; o o : e PR i S /



. ‘.Q [ . f' N .
,Ytemperatures of the calor'meter durlng the lnltlal, maan, VA

‘ and fanal perlods be d lgnated by Tl’ .'I.‘2 and T respect—“?

. 1ve1y.. Subscrlpts l and 3 are also used to denote extra- ‘
polatlons 1nt0\the maln perlod of the equations describlng
: T for the lnltlal and flgal perlode., The rate of change 7“5 -
' of the temperature d&rlng the~1n1t1a1 and flnal perlods 1s |
‘: R e
‘ assumed to be descr;bed by Newton“s law,;,f"-;,' IR }\

Here p 1s the sum ;of all constant thermal powers 1n the.

‘calorlmeter @Que to stlrrlng, evaporatlon, etc.,Ae lS the fji
energy equlvalent of the calorlmeter and 1ts contents,,k 1s
A k]

*;f”?l the thermal leakage modulus, and TJ 1s the effectlve jacket f

tempe’eture. A convergence temperature Tm: whlch T approachesi

creaSLng tlme, may be obtalned by settlng dT/dt 0

i

R

4y

\ .
LN ¢ A

3"‘,’#

"T

where Tb and y/ are the




S e e, e S e T R T
) . DA O - . - B o R e - fl” v N 'y;.. " . : - : n42 .

. o ¢ R PR '< B g . v T 1t R4 .
N . o s, e e A B R
L. : ] . . . - < e R .
. | o . ) - .' :
) L . o s : w B L ~ ‘e ' u--.

In the ensulng treatment ) 1€ w;ll be assumed that T

‘o B
" o

‘u; k‘and TJ -are: constant.. In ptactice thlS aSSumptlon is’
"ol ' o 0
o almost always madé and although 1t is- never strlctly true,

B

W
R the net effect of the devaatlons from/it can be made verf/ﬁ

small 1f SLmllar condltlpns are use@ for the two expermments.

e oE T R o

"v;u"..’ That component oﬁ the temperature change durlng

i

;? the maln perlod Wthh is due to heét exchange w1th the

. Y IR SN e e L
o . . , . ,

'” env1ronmeht and to the constant thermal powers p w1thin thevo

‘“7.caﬂor1meter is also descrlbedLQy»Equatlon (S)m Hence the

- corrected temperature rlse ATcorr is- glven by ffﬂ;°u13”.vlj“

4

- 5T~.r :‘.

;fkajr{(mpcgzydt - ‘i mg S, jﬂ'“V .{(g)
B . : ! = y - O E . Bt - . = R RN . "'n"‘ N
E ,The thermal leakage modulus can be obtalned from

| k,= (g gf)/w -y ,),c, l S an
[BF

wh1ch~ls derlved from Equatlon g and gf ar@’the

R ey values of dT/dt at- the mean temperatures T and Tf_of the.,l‘”
Asﬂ‘

1n1t1al and f1na1 perlods._ The convergence tempefature can

4




*;*v'v i
L AP can be evaluated.w_

| v .,-:;5.‘”. o , . “‘l"\\ . . p e ...‘- .» : o )
handle. It 1s still easxer and aommon practlcé however, to
flt the tlme—temperature curVe of the 1n1t1g1 andzflnal .

'perlods to stralght llnes,- .;’ﬂ?% B - '?fﬁ'

, aphically{_' e ! ﬂtpﬁmeraturé r}ee;(linear)"'isegﬂ-,

‘ ¢hen Qefined as: . |
.-3;%'“-‘ RN R )

s g .AT*fu_~j‘;é*1 e;§ff's * f‘“:f _; Te 'éx,f”‘
o . - .co-rr -— B e\‘)--Tb - T o " s el ° . : (' \)‘

|

A
®
ol

**ﬂ)*ﬁi"

:_(9 gf) /(T T )

wo f‘”‘:<
13

i3
fi

- f f/k - m et

°..

~eoxrr. ,
th "1ntegratlon method“ uf

‘;,be con51dered'

Ner i
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FIGURE 6.
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chklnson Extrapolatlon Method Applled
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" DBickinson’

|

Typlcal mlme—Temperature CurVes

.”‘ X J 5‘

R

a- ' e

‘selected so that - .

toiTwp*




4+ e
2 R N

5jﬂproof is as follows.ﬂ Splitting the Lntegral of'Equatxon (gf,f;”4
.1nto four: equlvalent components gi&%s‘: . “;\]/o‘;fn,

T i e e T
ﬁA?Copr<ff¢e-T -k .fjr- (T —Tb)dt - Jﬁ (?Qf?b)dyﬁj,

R e [rmeagde [omemtddng B8

ABut upon substltutlon of (15) 1nto (16), the second and fourthf-

' 'ln%egrals cancel,'ellmlnatlng T Performlng the remalnlngr

A ;lntegratlons glves-fl AWTJWV _‘{,i] R

chbr;e-;ﬁw -;rb—k (T Tb’ ‘Txa‘tb’

7But gtom Equatlon CS)

e

ey T k(xT ) asy

e

oo”Substltutlon (18) and (19) 1nto Equation (17) glves _3:”’“

‘»r
-éTcorr\, %

Jrff{IIZ)E




3. Modified Dickinson Method

| —— ——— — —— —

NE

- %’m

.‘EiGURE<7,- Modlfled chklnsqn Extrapolatlbn Method Appiled -

to Two Typzcal Tlme-Temperature Curves
IR AR _ - : e
‘;,_ Guﬁn slz modlflcatlon to chklnson s method gives AT corri; #ﬁ

B

rgther than ATcorr from

*A_,'-r corx. '?3xb~ TTixb L el e,

where from (6 ) and (7 ),




EEERVI IR | Exp Xpoo
T gy = T T TR (T -y )dt | L (TymTpae

R
o o

that is, so that areas A and B

proof 15 as follows. Splitting the 1ntegral of Equatiog (9 )

lnto fohr components glvesA<“ e

T
t:

o e i o Fell s

' T -

g - .a . . . )

S On substltutlng (24) lnto (25) the second and fourth lntegrals

e
cancel, ellmlnatlon T2 Performlng the remalnlng 1ntegratlons :

[3

glves - '“4 l » ___f.i - e s ,“

AT, corr .: f?h °k (T Ti)<txb tb)
“:Il'k ‘(s —tf)(t--t ) 26)

‘l".v b

’:’ . o o, « ‘. ‘,v . | ‘f"”‘q ‘_ .... K -',b\n- A . ”

» From Equation (11.) v T e -

ylsubstltuting of (27) and (28) 1nto Equatlon (26) glves
_ 3

N

Csexale e

9.”

“

L e

.;p-

Substltutlng (22) and (23) lnto (29) glves (21"

Thls method requires only extrapolatlon of the 11near f“'

Equatlons (6 ) and (7 ).,'!
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’ ﬁ'vq.' Appllcatlon of the Modlfied chkanOn Method

@

©

Throughout thls work Equatlon (29) was used to

)

determlne ‘the’ "corrected temperature rlse ' For most of the

/measurements made,”‘ (that is the slope of - the tlme tem -

3 o,

>erature curve at the mean temperature of the 1n1t1al perlod)

was.practically‘zero. So Equatxon (29) reduced to

BT = T + gf (t Tty )

N ", g .
" - RER
‘COII“ b . (30)

.

N Because of the nature of the chemlcal reactlons 1nVOIVed and

‘23 the range of temperatureswand normallties 1nvest1gated the

7t1me te perature curves of the chemlcal measurements took on

e

a varle y of shapes.: On the contrary all the electrlcal

f*measurements produced time- temperature curves wlth the same.h

o

"]relatlve shape. 'In order to be con51stent in applylng ' SN

‘ quuatlon (30) fEu/ oth txpeS‘ofameasurements,ithe follow1ng

T

procedure was adopted.'h'“ e

©a)

.b)“

'ftlme emperature curve, -

tlme txb was found graphlcally such»that the areas
A and B wer? equal w1th1n 2%, ' L

T the temperature at the end of the ma1n perlod f

dwas taken to be the max1mum value achleved on the

' f the meah temperature of the flnal perlod was the'

E gp01nt at whlch the tlme—temperature curve changed

’fdfrom a: curve to a stralght llne. _The straight 11ne

d);gf the slope of the tlme—temperature curve at the

:fportlon per31sted for ‘a. perlod of 10 to 15 mlnutes.'

.1,mean,temperature of the flnal perzod (1 e.~ f) was

"f;%ff



49
the“slopeiof‘thepetraight'line portioh mentidned in
\d e)_T; the temperature at the end of the inltial period,-
- was essentlally constant and taken as the value -
before the calorlmeter heater or the gas flow were‘""

' ‘turned on.

-'Wlth thls conventlon‘lt.was posslble toeezﬁpuate the
"corrected température rLSe for all th ectrical and the
majorxty of. the chemical measurements. As mentloned 1n .
AchagterII a small percentage of the chemlcal measurements : ,h o
'need an addltlonal correctlon to - the “corrected temperature
‘rise". . , f' - o _ :

| . Wlth all the electrlcal measurements and the
;'chemrcal meaSurements in which . the reaction was not quenched,
‘1f the temperature 1ncrements durlng the main perlod were"

'approx1mately equal (1 e. 3°C) then gf for all these measuree
: ments were. also approxlmately equal._ For the chemlcal T gl e
| measurements exhlbltlng re51dual reactlon after the tlme— | h _
. temperature ‘curve had a negatlve slope, gf was lower,.evén *‘\;

though the 1ncrement 1n temperature durlag the maln perlod

"?was‘also 3°C. The heat released gradually by the re51dual

"reactlon offSet the rate of heatloss from the .alorlmeter

:to the bath. The net result was a smal¥ gf'cqmpared‘to the,l :

values in the other measurements.v - \_

.

o The corrected temperature rlse AT cl¥r for“these o

cases was evaluated 1n thé same fashlon ub;ngﬁ@qyatlon (30)

':‘and the low value of qf obtaxned from the time-temperature

o A PR L N B : . o L : i B .
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curve. Two correctlons-c1 "and C2 were added to AT corr

"to obtain AT corx whldh was then used in’ the subsequent v

'calculatlons for the‘heat of solution. .Ci corrected for the
low value ‘of " gf. C_2 corrected for the fact that the effect

of the small amount of heat from the residual reactlon waé/
*not reflected in AT : but ‘the small amount of gas causmng :

.corx’
/
6lt was show1ng up ‘in the analysis. The correctlons were as

v

fonows. e A ,
- ) ** . *. , A o . | B . 32 L
. C'_2 —,1 (gf < gf) (tt‘ te) ', | A R D, ( ) .’
an AT‘ corr = AT corr:+ Cl,f.CZ R o (33)
where ® | ; , : \ :
'~g;fA¥'the value of dT /dt at Tf for the qulvalent

‘electrlcal measurement made after the

~_chem1cal measurement in questlon,.

' andht£°-ﬂt"‘ =f_the tlme~d1fference between t%'and the

f»instant.the reactlcn is, quenced. f%ote thls

'°_' '1 o tlme 18 avallable from the recorder chart)

‘?-' R S : Lh"ek-- %9

_The assumptlon belng made Hbre ls that gf would have been the e

3

‘value of dT /dt at Tf 1f there Were no re51dual reactloh
occurrlng once the tlme-temperature curve had a negat1ve slope.

* e P
‘(C ) accounted for 10%. or 1ess of A? corr.e‘ﬂ




B. hermodxn i!gg‘ 1;;19“ o o o _‘fL‘
the raw data into the differential hest of solution dstaQEre

-two steps. .Step 1l represents the different1a1 mlxing of

, the fresh amlne 501ution (i e. ‘a’= 0}, thh the flrst incre—'

_ mentai amount of ac1d gas Wthh changes the composltlon of

.. temperature&T' Jh }"@7:-' _1_~~-'~f3~‘-j R f_ g

solutlon (subscrlpt 2).

P

s,

- The thermodynamic relationships needed to reduce

developed in this section. The development is: broken into

mental amount of aeid gas; the flnal composition of the

solutlon being l‘ In this step the temperature of the w;‘

‘solution. changes from T' the bath temperature, to some AR

’value T" whlch is larger than T

Step 2 depldts the addltlon of the second 1ncre—A

-

the solutlon from “l to “2 The temperature of the solution:
‘Alncreases from T' the bath temperature, to T" Note T":for
':,Step 2 ‘is- assumed to be the same a8’ T" 1n Step l for the sake

- of 51mpllclty.j‘lg the development of the equatlons, it. makes

B

-,no dlfference what the flnal temperature is’ after mlxlng,'
'.becauSP 1) the equations are general and 2) correctlons are

h.applled to refer/alL,quantities back to the lnltlal

_3- : , : . _
The‘flnal equatlons derived are used to calculate

©

' l)AH the heat of solutlon at T' i d 2) h,. the spec1f1c

T enthalpy of solution, which can then be used to prepare

s
”

centhalpy—COncentratlon charts.pn“,.g‘” - .3:-" o ﬁ'féx

g o RN . R . e Lt
- C e . _
B . - oS

‘~"' ) " ot

V tep Addxtxon of acid gas_(subScrrpt 1) to fresh amlne fj”h




' Correctlon of the enthalpy of the mixture h“ﬂﬁ'

'(§1+32)h: (n1+n2)h =v(§1+n2):/r Cp dT

i

Qqantity ‘nlh‘
Temperature: T

; Quqntity 2
‘1 ” Temperdture: T'

Acid Gas . o "T~ Q-O‘ R Amﬁne Solution  ,¢mj

»
.
>

'specific “]#. , Composition: a-o ;
' : ‘ o e
“Enthalpy; hy ol - specific ..
; ‘ " Enthalpy h2
N g Lo A‘ K
. (\"~ " g .' \"v A X - " . ( ~,
. ' t.a‘;“m - ”

3 : b 1 .2: . “ ‘l/ ’
| Temperature? T"‘ _
‘_“."F" o Composition. ay . I
o ' ' Specific o s S
Enthaipy ha1‘ e R

.

T
.

‘EIGURE,B.. Differential Mixihg“Repxesehgation~6f_Sﬁekaé.
“ . ; . ‘ . o ‘ C ‘ .- Y e ° ’ I . ' ' \ ‘:’ o
| ) e ‘_'K :t "

_ .Appllcatlon of the first law of. thermpdynam;cs éo the Bysﬁeﬁ,
‘ "ylelds - L . .'.‘-.., . SR “ﬁ‘,.f‘ W

i, . . -

- S " - - . ,
f '_‘» h 1 (nl+n2) nlhl .nzhi

L]
. Q ". ,

y&.'at Trgis achieVed through the fbllowinq;
. . - T» o .

'o

Coa
v A




L2

e, .
bt N

(n +n2) f gp d'I‘

fox aaal, then an electx:icax calihtation after mixing'f‘is
"f’SUEfiCJ.ent to determine Ql' More specificallyl,t* '

(ny*n, )h&l" - nmlh1 + nzhz)- ui'1+n2) ‘e dn‘ L an

AN N T' 04‘(,-."'

For the conservatiom of energy, thg heat released on mixing

at 'I" must _19e ] ‘\ o " S S

Heat Released] : . : , A
: = s v o , ‘ S

Step A | ‘“ +“2)hu1 _?Iﬁl_. nphy v (39

. : ) J'~'

: The . qua,ntz.ty on the right hand s,i.;ie of Equatlon (40) is the :

';energy requlred to :aise the temperature of the solutn.on

from T to o Call thi’sl

o,

quantity '—'01»." (i e. 'Ql el

'If :Lt J.S assumed that. the 'heat capagty of the solution J.s

BN TR

7
f-,
5

’ it ' . .
LZaN e . .. e b n. ' '«, "-"' ’ ‘
# , ; ‘ ., K :‘ . ‘ . . F
ST Ly T « " '
Rearranging Equation: {35) gives . ’ . "
O - . I | o : ! . Cor L
‘e por O - - ‘o . _ T e - ‘m o oy
'_i“ y N . ' ; . RN " ! ]“_. v 0 . .. . . v: P ' ‘a
) (nlfn:;’)‘hdl: ; ‘_ml*’nz?‘half | '$°nl+n2) J; 6C\:: ar A : (‘36) -
- v" ‘ . ‘ 4 [ - oh . .4."‘, © v - | e l .
' From Equ‘ati;org_(ﬂ) o g e
. ' o ; - . i}“ - . 7 . " a.’, . . .. \ ,‘. ( ) - . '
B2 (hfhna)h" "-;' ny "h"o,+» .nzhé I X ¥ 3 I :
» ) "V ’ . ‘ e » ‘
Substitu:tidn o£ (37) i»m:o (3§ﬂigi.vas | _‘
i v . . ey ., T" | ﬁ":

e A .‘. v" b . . .
. L ‘a ¢ -
Subst:.tut:.on of Equatn.on (38) 3.{11:0 (39) leads to
Heat Released T SR R
step 1 | 7 -(n +n, f Cp ‘ar | . (40)

| -:app::oximatelytﬁ tﬁ same, over the range 0-0 to uﬂml, as it xs




! N ’ v FFQ‘. .
o v 't R

-\ - . L : . l ‘ o g

Ly -

a temperature rise. AT ’for the chem1ca1 run, and Q causes-
a temperature rlse AT kwherp AT ==AT ) for the electrlcal ;jf
e Q; """‘“ s _— e <41) L

In other words, Ql the""chem;cal“ heat released on mixlng h

T —

at T':lS obtalned vxa the metched electrlcal run.

L]

Y

Yt

‘gﬁéSubstitutioh 6f,(40).£n;q?&ss} gives_fév?mfif'

(n +n2)h 1 . (nlhl f:nihgl;‘f,leo;tf':h’_’fA&42)=

. : e \ Cme :‘Qf
for h;l; the enthalpy of the solutlon per "unlt of mlxture ié*“‘

T - S : ‘,‘:.a-/

SCREE TR (n + nyhy) T
o | ., 1 )t Q.

e E i e : ’ R » e ; ,,' €

. N : e .
f_*‘ The enthaIpy of the solutlon per unlt of compgnent/{/ 1:A:r RIS
o < PR S : A e ST
. equal tO w‘. . ‘ N ' ,-1' S . : - g [T : ) ‘.1 : ‘/ ¢ R

el

(n +n2)h -':fff (nyh) +nghy) =0y 7 e
= et e o-(84)
'fnlk-':,f' LRy e T R

"?.;-;‘ B - i \ > . . 5 ‘ v..‘? " . s e N S L . - . o
L Equatlons (40) and (41) are used ln determinlng the dlffer—‘ U

'entlal heat of solutlon as explalned 1n Sectlon C of thls
Chapter. Equations (43) and (44) are utlllzed ln pr@?arlng
an enthalpy —'concentratlon dlagram whlch 1s presented ln t
Chapter iv. gziﬁ@i'i‘:'Vz? : by S |

'e»__~2_gi Addltion of acxd gas to the loaded amine solution

after a quantity "a?'(l.e. lquld sample used for analys;ﬂ)fgﬂ
- , R LR SR

Sl
2 -

havaeen removed.-

-

T . EEh RN




[as}

. ((nl 1+n2 a)h »f°thif&¥lhif92h2xf

% .

Quantltyyml

. Temperature: r'r- ‘

Specgflc ;
. Enthalpy h'

l .

 Enthalpy h
“Mixture. "f'f.»fa_“*»';-- é‘_.i e
%,.;Quantltyf (n1+m +n,, a) e | : ‘
o Temperature o _5 f;i Vﬂv;*¢ﬁil .
;a,»7f f'_" U»CQmp051tlon.,ﬁ2’ “f’-g~~ _ﬂf.:fL[ ‘ Aﬁf
R Specafic Enthalpy- hey (R
"giFIGUREIQ.‘,Diﬁfe:entiaxpMixinggRgpresentation@ofAStepgz; :

,;J (ni+m +n2-a)h""3 [m h1+('i;n a)h' 1 % 6;v3.  ::>-‘ib;;ééx,f

“~ ’4\(.,

-
e,

L3
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-‘The quantlty on the rlght hand s1de of Equitlon (49) ms theg t°

">energy requlred to- raise the temperature of the solutxon 75f;f

‘;f:qm;Ty-gq_T“ : Call this quantlty Q2 '~f1»f1fyf'ifﬁfﬁ
Ceeumsemans of Sxvion () siws
T N G T O
i ‘ B IR s |= = - NS W ol . S e
ERI (nytogy+ny: a)hl, = (nytmy+h, T,:-_ax)hmz Q. (50)

. R . e - . E : ».{ris»;" S S

Suhsgiputicn1cffnq§§>iéﬁ_(48f'iﬁt6'(50) leads:to 

. (nl+m1+n2_a)h&2= 'l i. -t-(n 1 + n h ) - Ql';&ah 1 - -_Q-:Z" r(\il;' g

e
: .._

: 'For-'t"h-é-coriserym@;n.,-sia_f-,;.einergy.:-x-.'ne»'-'_hef"é?c celoabad o mintng ©

Ty

s atMTf'must*beﬁ>'\~

[Heat Releaseé] s e R  “}.ff :7,A"-f:,: f,f?,‘@
RE : (n +m a)h —.m (n'+h”éa)hV (52)

-___‘ X . : Q

ubstltutlon of Equatzon (Sl) 1n§p (52) glves ;1 ;75~}Q;*

| o i [Beat Re leased]

Step 2




e

.,nevversus the moles of ac1d gas reacted he dlfferential

. . Do L R Y
o - ios - . o . ‘ - ,c " A. IR . . . K A

%

\
From Equatlon (51) the enthalpy of the solutlon per "Uhit:'

hY

’tf'nf mlxture" is gﬁven by "

SO :’,
‘ T l L2

o , = ,’“ R o
*The enthalpy pf the solutlon per\unlt of eomponent'l 15,

(55,

S

-eq“al to '-“¥‘575"573§17-fv1,-"”*:‘7'f“_uff R, 't_‘},:ﬁ
(n . a)njl SR R 3

1ty t 2 ) . R

R (n1+ml) - --[ml l+(n +n h T Ql Gl e

e ]/(nf!-m ) s ,' (‘5‘:6;’)‘";"

iE

viEquatlon (54) 1n c0njunctlon W1th Equatlons (40) and (41)

i

o ) 7.
';are used to prepare a plot of the cumﬁlatlve heat released

“heat of solutlon LS then obtalned from thlssélot by

p?dlfferentlatlon.' Equatlons (55) and (55) 1n conjunctlon' ,: .

t

'centratlon chart already mentloned.ahi;5fif'ﬂl.v,fﬂ-ﬁ

'; If the development of the equations‘ls done fer T

tfgiven by

3 [m h'+p1h‘ +(n h



r

b
B
N

. ﬁ’év‘ﬁt

where
* K

leObVlOUS gg%W‘Equatlons (43), (553 and (57).,;

ﬂ;n preparlng the enthalpy - concentratlon chart

(55); (56).

o}

. {b

o

(“ﬁ‘Step 2,

fchemical heat geleased at T' Ln Step 3.-vfi“

[m +plh' +(n hi+n 5 Q1 eh'

-; S -;,40 o K bh' 5 = Q3]/(n +m, +pl . (58) ,
oo AR = o
Py

’incremental amount of acid gas d;ssolved in t

4 ."(,

,quantity of sample removed for analysxs after

IR

| - P
1 - .‘::

The form of the equatlons for the addltioﬁai stepse;'

t DEAwsolutlon)a_ With thls referenCe state hi and h' are both;‘

:thls lepds to smmpllficatxons of Equations (43), (44)[

(5 7) ;. and (58)

"i'{entha:pies of the pure oomponents at the respectlve temp-'f;"

e *fﬁerature are needed.. For the acid gases;the speciflc

>% quatlon.

. '\""" .

DR "{0’6 . L

The speciflc enthalpy h2 ofkthe freshVDEA




‘- Ce Method of Slopef'l 'm]_* SR S ';, ¢

.‘.“

There are two standard methods avallable to cal—’-

culate the differential he i ‘y solutlon.. The methods arelf""’"

‘l) the method of slope and 2) the method of tangentlal

intercept

;_In thls work the method of slope was used to 7
calculate the dlfferential heat of solutlon. ' '
. In thls method the heat released Q lS plotted

against the\mole ratio-: l/n2 (whlch ls o 1n thls work), then

)

JRRN . _S%QPQ ‘[3T§I7EET]‘N-f:92 (3Ei)i"7 e T (59) 0

Where(g‘g‘) . "i".",s";thé 'di"fiferé_riti;al‘h‘e‘atf Qf_'sol_uij:ioh.f ,‘"With L
thls method,at any value of nl/n the slope d1v1ded by n, : B
'Ils equal to the dlfferentlal heat of solutlon._ ) ;F

In this work n the moles of DEA were not constant

.

because a small amount was removed-each time a llquld sample o

was taken.; Therefore Q was not plotted versus nl/n ' 5f;”h~.$kf
Instead, the gumulative heat released (chm) was plotted

versus éﬁe cumulatlve moles of gas reacted {n um) The Slﬂpefjj;l

Of'thls plot at each nl/nz(or u) was subsequently plotted

Ca

agalnst e. 'This gave a relatlon for the differentlal heat

e
s LR e

~ of. 501Ut10n.AH as a function of a.hfl7ﬁff}'

T ”ﬁ5‘~ﬂ; To obtaxn Q } the heat released after each step’ﬁfv_:[




) entiatldh of

“ “ e .
S i ‘ 600.) -
coe L (- . _
Qcﬁm versus ncuﬁ’ “the’ data were fitted with a least squares o

polynomla; fit with the ald of a computér program Differ— o

nesulting equation gave AH values which

‘ffset‘pf daté arm'presented in Chaptqr TV._3i‘,';jifﬁffofF;f7

a . ‘ . Vo : R
. . B RN R , e
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[\ NS

" obtained in thls work.;ﬁd

'measurement of the heatﬂ«of solution of 002 and HZS in.

'.Sectlon B, between th‘" xperlmentally determlned AH f@glues
i3

A.; Experlmental Results

.jthe addltion of the'presaturator to the equlpment.:

PV o
B¢ IR * : L
. e - CHAPTER v

EXPERIMENTAL RESULTS AND DISCUSSION o R g

In this chaptery‘the experimental results are

e

'“fpresented. The material ls presented in a cqmbinatlon of

'graphigal and tabular forms.

;\% Sectlon A deals,mainly thh the experlmental data

‘l'

°

Athis is the flrst documented

dlethanolamlne solut@ons, no experlmental data were avall—‘ :

°able for comparlson.,.However, comparlsons are made ln_\,

h
2

_and the calculated AH data avallable ln the llterature.j:“

Vlrtually all the data in the 1iterature were obtalned v1a

. the solublllty data.v The 11m1tatlons of the calCulated data

'are brought out-in the comparlsons. : i;,o~f .

Aty

: l) COQ-DEA System at 25 C.g
_ d Four sets of data were collected at a bath temp-
erature of 25° C.. Measurements were made w1th 2 0 N 3. 5 N o

_,and 5 0 N DEA solutlons. Two sets of data were collected :

~for 3 5 N DEA at 25 C. to check the reproduclblllty.:a

) the early stages of thls work the flrst three sets ‘of - data,f

i e., 2 0 N, 3.5 N and 5 0 N at 25 C, were collected before

"-the presaturator was lnstalled.' The remalnder of the data ir

Jf;including data set 2 for 3 5 N DEA ét ZS‘C were made thh o




62.
Figure lO shows the two sets of d‘ta obtalned .
»w1th the 3 5 N DEA The analogous quantitles Q and.ncum

,-for the 2 0N and 5. 0 N DEA solutlons,'are tabulated in.

Appendix 4. On reductlon of the 25 c data, llﬂear equatlonsw'

best represented the dependence of the cumulatn‘e heat ?
evolved Q um on' the moles of C02 reacted, ncuﬁ' hThé |
llnear relatlonshlps were observed for all three normalxtles.
»investlgated at 25 C. The dlfferential heats of solutlon
at 25° C, obtalned from the linear eqUatlons,'are presented
.:1n,Table . R ‘.h,~' ;' * - PR P 7.””
. TABLE I _
B DIFFERENTIAL HEAT OF SOLUTION OF coz IN DEA
\ :  SOLUTIONS AT 25°C | - .= . .
Normallty Of,' e T AHg o A& . Conditions ’
'~ 'DEA o  kJ/mol CO, . : e .
f2.0N . T1.0 ' ALl values valid.
© 3.5 N 1st st  7L.9 . " . for.maximum a
5.0N : . .79 - - - " achieved in the
’3;5 N 2nd set  74.6 - - .“hmeasurements, g%@J

. i.e. o« =0.55. °

;.-] , o

'dlfferentlal heat of solutlon at 25 C. Asashown in Table I,

: w1th the exceptlon of data set 2 for 3 5 N“DEA, the

Tt R : .
. = . E : " e -



]

0T

g .

Lo

Sa .m:oﬂﬂom YITN '€ UITA
mm .Nou ma.nuommm uo 2, mm 3 panToAd Jesy m>.332§o,,
. Eau s
o /@31OV3¥ 0D SIOW e
9L 3:. A SRR | AR 1/

oo

0

*01 MNOIA

.°”
S - T

-

_ _ T T T B
T 27135 viva D.r....n_ |
- 1,135 Viva O=——0 :
) u.mu 2 zo:Bom <m_o zmm g
i I/ , ¢ * i

1)

o

4

A4

4

1'QINOAT LVIH "D



I ‘
S
oy
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dlfferential heat of sorutlon is 71 to. 72 kJ/mol C02 up to .

‘a solutlon loading of 0 .55 moles Coz/mole DEA.. _“'J~~m o
~e - The difference of 3. 8 ‘per oent between data’ set e

l and data set 2 for the 3.5 N DEA solution, was mainly

due to reduced heat losses resulting from the use ot the pre-"

saturator. The value of 74 6 kJ/mol coz for. data set 2 is

more accurate, and the rest of the values in Table/I_are

.er 'probably low: by a maximum of 4 per cent. Keeping in mind

" that the major portlon of the 3 '8 per cent was revated to .
la change ln the equlpment, the reproducxblllty was con31dered’

' qulte good.

- - The ‘heat capac;ty data collected at 25 o2 areyo,
presented 1n Flgure 11'; For all the work done at 25 C
"dupllcate electr1cal measuremeﬂts were made at each a to
'check the reproduc1bllity of the heat capaclty data."An‘l
addltlonal electrlcal measurement was made after the llquld
-sample was removed. Thls prov1ded two values.of the heat
”capac1ty at any particular a, one before and one after rf'“f
vremoval of the llquld sample. The . data for the 5. O N DEA
solutlon exhlbiteg more. scatter than the 2 (] N and 3 5 N
'\\,° fUDEA solutions. This was partly due to stirring problems
_enconntered w1th the hxghly viscous 5. 0 N DEAnsolutlon.

~ The heat capacitl"';of the uncarbonated amine solutions

_obtained in thls work are wlthln 3 per cent of those glven -

by Unlon Carblde 29

2y COz-DEA System at 50°c and 75~c.,_

'Tigure 1.2 shows the data obtainéd for the _’ "‘
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‘bumplative heat evolvuhhwuraus the n‘ha- Qf ¢Oz ruactqd with
| ithe 3.5 N DEA solut@an at SO‘C.: The ana}ogous quantition “f@er
7 Qg 24 By fo82.0 i DEA at. 40°C and" 3.5 N DEA at 7s~c
;:ara trbulagda in Appendix f:f ngdggtic equat#anc,bnpt A
‘ffrhpraaentna the" dtta coxx-ueqa de,sa-c and ‘75" ‘

T

‘:i:!oiutiOn loading'u,;i

{valup- genexatod by ditfbrentiation of the quadrahsc” RIORT
>.equaﬁions wexe plctted ggainat a £or each sat of ddta.j Tha '
reaulting equatiqns for ‘the: differentggl heat of aoluti&n
' ‘as aofunCtion of a ara prenented 1n Table II..gﬁg’ ’ .
S sg N »,f L QmaLB II '\p“h;gj“?~ﬂ;{ :t“"'§ R
a"%'_;nxﬁrnntuwfﬁn nnam op sonurxou .;ﬁcoz IN DEA
PR T %OLUTLONS AT 50°c AND 759c
SRR S - ey "
B L A A

"«JTgmpeerﬁ:e it‘ Normaizty N *Aﬂg NI “'ZfConQiﬁiOﬁg‘ *

kdﬁmol cczjiiau B e
. Al (; . - . ; o I
. s ? SR
sqigs 56 81 a . -Maximum &' of 0.42
61.97-43.05 « '*‘Maximum o of o so-vﬂ
‘34“93.48795338wq ,,Maximum a of 0. 45 {3”

"‘ 's'n

1ﬁ Dﬁhtéolntions % hartunction’ff the normality and the

From Tablea I and II it can be seen ;;_“

- thatféﬂ ia alao a iuncticn cf temperatura., The 50°C
'}gggresnlts for 2 0 N ;nd 3 5 N DEA solutionp indicate that the

o

'-i‘dapendence of Aaé on no:nality is not au great as the e

?'f.dapendenee on tempe:ggu ‘3iﬁw‘f;;rf~7,ﬁ"7f.‘ '?ﬁ 3G1;¢ ‘:-G_j~



;v"“‘\_

oapacxty data for the ona:normality (i e.‘3 5 N) investi—‘i.:

.. “and’ the héat capacity data at hand it was pQSSlble to perform

3 compare with the values of Dow

- The. megsurements were made with 3'5 N DEA at 25°C;ﬂ

s i

e ~The heat capacity data for 2 0N and 3. 5 N DEA
i R

'sélutions at 30 C are shown in Figure 13. Duplicate points Q{‘

i rwere not collected at 50°C ahd 75°Cs The analogous heat

pgated at 75°C’are tahtlatec;fn Appendix 4. Figure 14 ; > %
’ ]{presents the(smoothed heat capacity data for the-3 .5- N DEA o
‘ eolution between 25 anq 75°C H'Tf;*w”a@‘ ‘_',Vl" ;f‘vﬁlea;'ff
: 3) Other Data coa—DEA System‘ o A : |
L j Enthalpy!. An enthalpy—concentration chart shown
l‘fsin Figure 15, was prepared for the COz 3 5 N DEA system |
;{fu51ng quptions g44) and (56) etc. Wlth the enthalpy data A

'l"loop checks to evaluate the 1nternal cons1stency of the - ff
vﬁdata.é The location of the lobps are shown in Figure 15 and

“the results’of the loop checks are presented 1n Appendix z..,fg

~

o

Den31ty ’ As mentio ed 1n Chapter II density dataf,?ﬂ
ere collected at 25 (o for thC three normalities 2 0 N,.”;':
3 5 N and 5 0 N investigated._ The density data are presentedi?
dn Figure 16. The densities for the uncarbonated solutions |

lqpand Union Carbide2

within 'w.é ‘;_,

l pex. cent but the overall reliability of the densityﬂdata o

e

'ed/here is .5 per cent or less j,fﬂ‘f{f;fﬁlﬁ‘ir'ﬂ

4) azs DEA System a*& 25°c

N 4 RIS - - ne

':_f ‘\ Only one set Qf measurements were made with Hgs~ f%.?

A e

quantitiea Q and nc
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Carbonated DEA 801mtibns';;:d-

f; bBétween 25°C ann 75 c. ;  v ’”"”:”'




; ﬁG Lo ATUM
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B

CENTHALPY KI/MOLE DEA. ~

35N DEA SOLUTION

0 amel Q;Q'OS 05 06 O7f,03
| *”" . MOLE RATIO C02 /DEA
-biFrGUREals Enthalpy—Concentratlon Dlagram for the

C02-3 5:N DEA System..(Note. A to I deflne
'15: loops for loopchecks presented in~Append;x 2)

e

' PURE CO, GAS anp |
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r . ‘ ‘ | oy, * ’3'_‘“
;at 25° C was of the followmng form : ft.‘b;f‘ e
) = —AH - 39 40 * 12 280 . i fh'.-'(:,66‘> -
kJ/mol azs B - . S S T

o
BRI

?up to a maxlmum a of 0. 85‘1 o In other words. the heat“of "?? ’

»solutlon J.ncreased slightfy with u.= '°‘ o T " B v

‘Q..

,..,

'I‘he heat capacity data are tabulated in_Appendix

'4. Densxtles were not cdilected for the: 3.,“

i;oaded w1th Hgs.': e

- Q i " -
‘tB Compar‘!on of Measure-

'o3doouménted'\_";@"j‘tai»data~onfthe heat'of
solutlon of oz or. stlln _ 7oﬁ$‘diethaholamine eolutlons
’.erq found 1n the llterature,_ ,‘A‘H values 1n the llterature

‘;were obtalned Gla the solublllty data,vu51ng the analyt;cal .
3,21 ’ '

' methods explalned below. Some »of the values;h ailable Ce

'1n ‘the. llterature were presented'Wm out any exPlanatloh
: |

‘as to the method used Ln obtainlng them.; The»analytlcal TRAPARI
methods and the data found in the 11terature are’ dlscussed
ﬁsxw L

O

COz-DEA SYStem'-’ﬁ'K-Lf];igfy;«y}vff‘

e

" ' R~ T
1) Lee et al.}ﬁ employed the follown.ng equata.on to. generate .

approxlmate valuw of AH




74‘- . W a

. .
LR N

° At

solutlans ranglng from 0. 5 Noto 8 0 N. Kﬂs

lncrements of @ equal to’ 0 2 were calculated for%each o
‘ e S wn '
f,normalrty ';7 , ",}m,7f‘-‘
: ow : ’ o C N .
The glots of lnP Versus é were\linear w1th1n the

'.\
L

accuracy of the data for all solutlons xcept that of 0 5 N.

IBy uslng stralght lineg the ffe t of temperature on Aﬂg*was

”“averaged-out" The valuef‘ 'Kh obtained from Equatlon

(61) are appllcable over “the range of- temperature, 0°C to”

1nP versus

}140°C, used 1n preparlng the Plots o:

1 :
T‘ . . " .
! 16 .

. In order to compare the ' 'I&es of Lee et alr

G
qﬂith the experlmental values obtaanegrin thlS work, average
values of AH over the range 25°C to 7 °C were'calculated

from Tables I and II.v The coMparlsom was done for the 3 ? N

DEA solutlon..‘ﬁ; each aaln questlon, the.arith c”

»$

”:.averape of the values of AH Cat: 25°C, 50°C and 75°C was
evaluated The results of the comparxson are shown in

5.

Table III

e o e



AR Q3.?, TABLE 111

COMPARISON OF MEASURED AH VALUES WITH THE o R

CALCULATED VALUES OF LEE ET AL.‘:t:';'

fcoz IN A 3 5 N DEA SOLUTION, ".f .-

e AH kJ/mol coa TR ‘
) Y R LA R
‘ .o. o ‘ - v . . i .“ o ﬂ

‘rhis Work . Lee of al. ~ .o .
Aver3ge Value . Average Value Difference
-‘75‘6 - 0 c- ~140°C S
74.1 oL . 3%
BT Y0 B RN 13 IR
. Hfﬁ : ’:ﬂbﬁ.; o - . L

.2) Crynes and Maddox5 derlved an equatLon for calculatlng 'A,a

--3 .0% -
”k-l*b%wf‘* o

from part!al pressure data.' The equation 1s ba51cally
‘the same as Equation (61) rn lntegrated form :_They started

. W1th the follow1ng equétlon,

: . : o
. f.dlaka,‘*yAHs
‘aT ¢ RT? -

i, e T o : C o - v L L
e o B ~. T - N . . . e R ‘o X . . .

(62)

_ T Tl S T

By agnorlng the change in ratio of amine salt to amine rd""t
solutlon w1th temperature, the;equillbrium conatant Wasﬂa {§_

it

related to the partlal pressure to obtaln the final equationin
« S , , . : o _gei. o




Ty, - ‘ ‘76,
' ?:I . L. . ¥ . .

¥ To- evaluate ‘the heat of solution at anyl solution loading a

‘and temperature T, temperatures T and T ‘on gither side of
i
T. were chosen.' The corresponding values of Py and Pl were

then substituted 1nto ‘Equation (64) and AH evaluated The
evaluations done by Crynes and Maddox were fdx stﬁin mono-
ethanolaminﬂ SMEA) solutions. o . ,; BT
i Tb 2:na¢ate AH Vvalues using Equation (64)vﬁthe;‘:

- ‘.". h smoothed d&%a of Lee et’ al.17 were employed here. AH at.,

e ¢

: *’75 ¢ ﬁur‘ &’ Qﬁ? 6 N DEA were evaluated by choosing T, and
y kL

‘ﬁugw‘ Ti‘equal tQ 50 Cc and 100 C respectively.b The values of AH

s gwu-é : . . . :
“. o 1,‘« ~ b 'e drawback inth methods employing partial Rressurt

data is”the-subject1VLty which may be invoived in application

;f:_ ’ of - the method.. In other words the blas 1ntroduced by each

BN

'author in. evaluaéing tTe slope of the 1nP versus %{curves._
. : .
X

Ty

3) Murzin and’ LElt652 calculated values of AH from the

. P
..' l\i . f.q

partial pressure data also. The exact procedure was not {d
s S

mentioned. They indicated that AH was independent of a

in the range 0 - O 2 at 20°C to 90 c. They showed AH

a decrea51ng function ‘with xncreasing normality for. the ‘
»range of a and temperature already mentioned. From thelr
‘ plot of AH versus normality values of —65 5,1-71 6 and

'L74 6 kJ/mol of co2 were obtalned for 2N, 3.5 N and 5.0 N

<.

- DEA solutions respectively.~ They mention that AH decreased
‘0_ . .,.3’

'h.with values of . larger than 0 2. as“iﬁ?°’

. C LT
Tt Y ST



e .o

T L ' ' - : ¥ b \

i " . )
4) One of the earliest referances to the heat of solution of
Cco, | in aqueous diethanolamine was dbtained from the work of

‘Bottoms3. The value given by Bottoms (as reiterated by

Kohl and Riessnfeld ) is 653 Btu/lb of Coz. This ‘
;corr“?onds‘to 66 SHRJVmol coz.” Neither the normallty,‘
-temperature nor the method used 1n arrlving at th%f value was‘

'mentlened,.‘

o -

H,S-DEA Systém:

Seelng that only one set: of/measurements wex;e made
with H,S, only "rough" comparlsons can be made because of

the non-unlformlty of apndltlons such as normallty and

temperature.‘ The approxxmate values glven by Lee et al,l8

are average values for 2. 0 N DEA and 3. 5 N DEA solutlons,»

¥
it

and apply over the range of temperature 25 C. to 120 C. The’

.t

‘pPlots of lnvP versus. % were llnear within the accgracy of

.the data. Table IV shows the measured values for 3. 5 N DEA

at 25°C obtalned from Equatlon (60) compared w1th the values

_of Lee et al 18 _ PV %}

P71
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4 S ¢ S L
o o o |
TABLE IV e PR

COMPARISON 'OF MEASURED AH VALUES Wﬁ;ﬁTTﬂE CALCULATED

' VALUES OF LEE;E@_AL.;a,FORUHZS IN DEA SOLUTIONS

- ”-xgns,\ka/mol}nzs
o | 18 ‘
This Work: B ‘-Lee et al.' SRR R
a 3.5 N DEA oo Average e value of:  Difference
- 25%°C. .2 Nand 3.5N .
| _28°%c to 120°c  ____ -
0.2 o418 .- BT R A S UL U
O 443 S 43.5 T e2s
. 0.6 “a6,7 o . 40,0 T +14% |
‘0.8 . 49.7 - . 3109 o +36% -

I oo

.4 C ’ |
. . ;

2) Bott:oms‘3 glves a value of 511 Btu/lb

"Kohl and Rlsenfeld ), whlch corresponds to /mol st.‘

° 9 N - a o

No mentlon was made as to the ndrmallty, temperature nor ) &

‘the* method ‘used in arrlving at. thxs value. oo T e
. AT ' :



1)

- 2)

3

. .4) *

- 15)

‘on temperature than on normality.; ,.-..‘. - '\

i An enthalpy—toncentration diagram for the C02—3.5 N DEA

SUMMARY mp concws:ous v,

An adiabatic Dewar-type?ealorimeter for the direct

' determinationwof the differential heat of aolution(was
'aeqigned and built.v | ‘

. The differeﬁtial heat gf aolution of €O in agueous |
'nDEA aolutiono was determined experimentally at 25°C,‘M
T50°c and 75°c;

‘Qho normality of the UEX solutions

used were 2.0 N; 3 5 N And 5 0 N respectively.r E 2‘ 3
At 25PC, the difterantial heat of eolution was independ-

end of normality and solutiqn loading.‘ At 50°c and ) o

*.75 C the differential heat of solution was a fuhction RS

,

of normality and solutioh loading.‘ Alao, as. the ' ‘;f v

'ftemperature increased Eﬁ  showed a stronger dependence 3"\

-

The heat capaCities of the loeded amine solutions | y'

'were measured for all normalities and at all temperatu%

i | ,
used in this work g ,“;'?:",' ’7'ﬁ e | |
DenSity data at 25°C were determined for t%é.CQg DEA .

_system for norm;litiea of 2*0; 3. 5 and 5 .0 respectively.‘._

system was prepared ‘ififff;'iv ".g;ﬁ‘ 23 ‘f:7¢
: \ . . . R ;{ .
The st DEA system was inqjatvgated»at one set of

cbnditions only.. A 3 5 N,

soluﬁion aé 25 y was hse, T
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i
' v
! L4
Y
v

9y

waAH‘ vnluq- of’ ‘this woxk’ ‘and the calculat.d AH datg
:av;ilabl. in tho litafhture.  The comparisonl 1ndicate
”‘the dﬁawbackn inVOIVod in obtaining heat of noluu&pﬁ
t'daug by dit!erentiatign of. partiul preaaure qolubility»:
| aata.‘“,f' LA IR g T
 It appcars that 1! Eho difﬁqr-ntial heat Of/lo
wweie measured ‘at higher solution loadings than_ghose”
,achieved 1n thig work, it.would decrease rapidly amd , )
‘approach some fixed value asymptotica;ly. . f'_ 45..‘
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More mauurcmintl nhould bo qo “ua”wimﬁ?s - T
confirnu@hg yalﬁggty of thc -1nq10 data set collected.

herq. and to covor the\ ranqe of. aondj(v.cnl nncountoxed

-

in practico.‘ e . )

'

. Yy
.a-ﬂo» - "“f e

A mw thc:milt. bridgo lhohld b. bui.].t 80, thah Lt-bam :

battery voltagc doa& not havc to ba adjuﬂted d“ﬂ“g a - _;‘

2 o _ . ,°.,,

-
[N i A - v
PV . 'y ) . - N
. R
.

If poslib-le, a. method -hdui.d be develo;ged to quem-h o

»
-

P

the chemical reac't:ion immediately atxer the gas flow v o

be conﬁider

meter. S '

to thaa

—-~£or delivaring the g oalo" 3.— A

p” /ssiu:e should be

2
B \, .[’,_
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. h .
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. { - I Foreol CPor use by thies

: E

)

o e Coberoncoc fuhiction, bnddise

i sl dW e g devia b ion Taneet ran s

:.n_ \ v .\‘,E'/“- ,«_1‘,:,._»«"‘_ L . R s : o

. ’. ., . i - I - M
: 5 uetermined by : .

. L B T 1 -0

- . . ' . . : . - . " -
. . dt =‘09045 (e /100)(100 D (gre—=g - 1 .
; - i T . - T L e - . o

- (.t" ‘ ol

N

S et ot

4

}n"w\ LOfol.ClentS 1n the above relatlons were found by the

-‘,,orml\Research Counc1l u51ng flxed p01nt callbratlons

l” tr,lple p01nt of water, the steam or tln p01nt and the

Jm* DOlnt u51ng contlnuous thermometer currents oﬁ l and 2-

\

, ‘ et , R CLA e 2




E e A T N R A T
RS L GONG P o
. - .- ', . '
'.‘4 ’ B . Y. _.
. I . INL . . \ et
56°x 1071 s0 T, s 3. 985539 X 10 ‘
R }-3.8760'3, 10 . - -5 87773 % 10
R r\a.av-a 3280 X FOT e n 709460 % 100 ' ),
BN . U L . oo . Cos
'C4 = )070 X 10 A 204150 x 10 ™
CROENO 33 5169 ohms . . Gl s T
".- . - ”, : b
o - . e o R
‘ﬁ:- lllbrdthh of Calorlmeter and Thermlstors
P Hp"‘ ﬂhc alorlmeter and thermlstors were callbrated

'wgth dlStlllCd water as the standard reference materlal:

-

'fi 41tor was chosen for the follow1ng reasons- RN

R 1) its avallablllty in a pure state,
t2) numcrous measurements of its, heat.capacity arei
avallable ‘in the llterature, andwﬁ .
‘ "3y§1ts 51m11arlty in thermal propertles R ele) the ‘~$h\ -
¢ ¥ . . . v v ’ N )
: * 'dlethanolamlne solutrens.

‘.

L One lltre of dlStllled water was welghed and

charged to the calorlmeter. Known amounts of electrlcal u-“

N energy were supplled by means of the calorlmeter heater to'«’}'
ralse the temperature of the water ‘by approx1mately 1° C'L

) .2 o3 C 4 C and 5 C respectlvely. Values for the heat

©

=capac1ty of water Were obtalned from Perry25 and were uSed

A

to calculate the exact 1ncrease in. temperature. The “.wfﬂﬁ
. . - FOR R
'"corrected temperature rlses in. mllllVOltS were evaluated

.

[y

from the recorder chart, uSLng the modlfled chklnsoni

¥ ‘ - v
; . / . . . .
v A : : fo S e . . . E
. . PR . . . . .
v



. S 87.
‘%mCthéd,'cxpléined\in Ciapt@f II1. AV.valucsfin mill;volt%v
. ’ . LR

‘ (mV) were Lhon plotted verbub AT leuus ln dogrccq CLlSlug'

( C), and cquutlons woro genematod to reprosent the data

2. 'Data‘ ‘ S T
. - o~

VAN

A total of fou; callbratmons wele carrled out

LY

"Tho a]orlmot(r dnd thcrmxstors were callbrated at hﬂih

tcmpo aLuros of 2 C; JO3C,and 75 C reqpcétlvely Two
. . N 3
cal;brgtiphs‘wgrb,ddhe.atv25?C:, The second callbratlon‘

[+

. was done s¢yerhl'months af;er thc flrst thercfore 1t Was'

performéd gk%el data hud becn co&locted aL 50 C and 75

. . S
The SLLOHd ca]Lbratlon at 2) C. was GSSLntldlly Jdenthdl
- - - R A ' - R
S to tlua flgst. T L
Ca B T e SR N
~ The actual®data points’ are shown in Table V..
o ‘TABLE V v "' _ R

L

C/\] IBR]\TTON DI\TA FOR CRﬁU‘RU\JL'I} 1\ AND ’]I]I}\MI TO’RS

Bath ) . oo ?f'“ _ alculated
~Temp@raturg °C ‘_\,, . AV v - AT °C T
: 13.60 . 1.403 - ’
e 25 R _ 23.40 Y 2428
o Fllqt ca i brdtlon Tl 30205 {3 : ’ 37090 . o
- 21st galy,’ “1975 036,20 L3770 o
v 48250 0 4.997 . -
?59;_ T asler T 1762
: - S 1844~ - L 2.371
:%527106_ . %7 3.516 - )
S C . 34.64 v T 4.562
R 8 T S . . 5.562
- as. e alss 1,079t
e S - 8.84- o 2,003 ¢
o e 12097 St 2,999
. 17.07 - . . 3,982 e
. : 20.53 . " 4.839.°
“ P .



Bath v

Temperature °C: ¢

;:25

" Sccond calxln-onn

L 24 Novombel , 1975

., )
thd\ above -

oo 25°C -

i
i

¢, .. AT (°C) =

H

Tl * A,\rJ:\

I C)
" And wt U = 75°C
N . N N "‘ " \‘.

AT (2C) =

!

e

. 11, 65

‘ “'-.2& 90"

32035,
Tt 41,30,

' 49,65 .

'l‘he (hu,l are o<hown qr:xphlullLy 1n ]J(‘]L.J(‘ J7

o« .

nluL “ ihc; fo]]o\ an cquahono wor'

AV (mv)°
T 9.6364

R _AV(mV) - lO

7.3778
AVImVYy - 0.5
“4.1600

AV mvV

-7 0.1

- L] o %
£
“Calculated
AT oC
o 1.210 - ;
2.368
3.355 .
4,292
501700
- Prom. -
cstabl ly.“ih(;‘\’l.
(70)
( ‘
| (71).
L R
‘ (72)
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LOOP

CHECKS

of



- . ‘
. . '
; 91,
' R B (] * ¥ '
~ . ’ . ' - . . »
. ’,“ ' n v
. _ ; . LY /‘N -
A ThHe r‘\qudynmm < (_’(,)HS\I stoengy Checks o . ‘ ‘ .

. s ‘\'l‘fn,‘ speci ;&Q}"vnt halpy data h
cmoot hed hegt capacity data Op (Figurce 14 )f wore uscd to taest
\ . . * o v '

(}“ixurc“ 15) and the

f e Thitcrnallconsistoney of the experimental data.’” The’

Location of f the “loops is shown' is' Figure 15. ' TRhe .'c!nthii%’\f‘\___
! ' . ) . ’ Y . " ' o vi. -\f/ St
e alongs ditferent paths and the pérgent. deveaglign arg

- B - '."~~ -

e Tabloe Vb ’ ’ ) ‘ . . ) MQ

The formula bsed wn computing ‘tho percoent deviation | -

. ‘ oo ) - -~ o A
J1ouncd, a0 loop is the -following: . . T ¥

- . - ’ P /
0 . 5 Al *g . N
Percent Dewiation = -—————lfé--i ® 100 (73
-- ST gt —F
":_ N * ¢ i .
“TABLE VI ) )
CONP TSTENCY CHECKS ON THE €O, - 3.5 N DEA By¥sTEM
II.CS_(‘\E;‘:-}" o : V . ﬂf\h' e ’ o / A‘_.f‘\_hi‘ . vl’(BI}‘CC‘ﬁt
e . kJ/mol - kJ/mel . " Deviation
i —_— L T . —
v g :
] E=D=A : ' o o
T oA-b=i-D ) . 84.7 . oo =0.1 -
I)_(“‘F‘
$ i -n-n S e, L , - -
LeCsFeL : -0.6 _\ .. . . B2.6 e =07
D-E-H . 13.6
1H-G-D _ -12.2 . L _ S ,
 D-E-1=G o+ Dy ~ 87.8 +1.6
. - . o . i : - -
E-F-1 o +15.3 . g
I-H-E - -16.4 co -
E-F-I-® - - 1.1 . 82.5 ~-1.3
A-C<F ‘(:~ - 1.4 ) )

. F-D-A o + 0.5 : LT
A-C-FrBG ,~ 0.9 112.3 -0.8
D-F-I = . D +0.5 . . \
I-G-D. - - 0.5
D-F-1I-G, ~ - . 0...0 113.1 0.0



s X » N
ot inued, ..

. hoopy,

CA=B=1E

.I1~(.‘,~1,\ .
S TR Y o)

TETARS IR
f-H=1

e R
. .‘\;x"‘_l. .
CoeGeA

O T
kJd/mol

;+41.1,

~39.8 .
+ L3

42,2
©=43.9

- 1.7
L]

v27. 3

-28.0 .

- 0.7

Porocent

Qoviation

¢

=
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APPENDIX 3

- -

FORMULAE "AND’ SAMPLE CALCULATIONS

L]



» e, ) ) . o -
. L J ‘. ! - . a '3“
R ', * . ne % i - &
. 4
’ N M . Q A .?"u
+ f/ o " Vo 3
| b ] \ '
S A * : . ) ‘ v ? e
o . B FORMULAY=- : L v e
bl ' Y ’ -
., -’ ' ’ .
AL Liguid lhdsv Anadysls\ ¢ *
N N ) (.e ‘e, . , 4
“ s a a4 "‘ . Sots -
L, MmrmuIJty of Amine, N: | DI N ﬁ
: . v
Ku‘ A :
RV og H,&Q,. tsed x normality of Hn '::0‘ , 174 - o~
‘ LT ‘ m‘f of samplc usi"({ : o e ‘
~ - - * . .‘ ) D - -
. ‘ . . , 0,
- . - . (] l‘ .
- Modtesoob CO-oper mole of DEA, oot '
o . & _. i
- . . . " L " » o o
- ml of HCl used to o LT . . :
- . (Litratd BaCom pptoj> X normality bf HCL
el R P— : . o (75)
o 2 x N x ml of sample ysed, . ’
. : : [ . - . ’
¢ - N o R °
) ’ » ° ' . ’ . . o s D *
Modow om'F I S ‘pe.r mole of I?'EIA, ; Léi‘; . S < :
\ ‘ - (ml of 1. usgd x) o (mf af QMO;.X ,) . - .
,{L:;A:iqum;{;ty of I./ Normallty ‘of S. O P (76)
, _ o . 2'x N x ml of sample useﬁ . ) .
e = K ] . . s ) S . oo .
S A . * N .‘ ’ 7 .
Ce o . . ST ; ’ - >
% Electxic Energy from Heater : :
<. N - Toa . )
Q = IVt - . ; -’i??) .
- T . C e . R
Uni?é?Njoulé 9‘(ampere}(volt)(sepond) : R s
. . ’ .« C- R 1
where . ’ o Lo
T Voltage Drop Across 0.1 ohm Standard Registor .
SR A : T 0.1 ohm : ’
- © L“, : ’ ‘—: “ ° ) El .'
. - ~M.= Voltage Drop Acrosg- Heater .
. ¢° 't =.time clocked by timer,. = . eyt
. . Y . T
. 3 . . T ' N
f ., Since the° voltage d;ops across,the 0.1 ohm resistor
> ’ - X N S .

ST o © Ya s
and the heater were measured every - 30 seconds, tthe gquantity
' c'. e * o B ° ” N v H ]

e

; c - ) -



vt
bl

Cvery

e
tota

Waas

30 SVCdnds-(withft=3O)"'Thlq was rcpcated ﬁntll tho

‘romputed ds'fﬁlfows.' The product th WHe Ehléulatvd

f

A

[ time whs_obtained, (Notc the laGt lntorval may, bhe ‘fv ;

® o J.lew‘af‘LQSS than 30 secondQ.}"The values of IV% worv
thin ‘::.umme.(i to c;i.'ve Oy tho total energy supplled *ro th(“ ‘» -,4;,%"-
o by means bﬁ‘thu Calorlmeter hentdr T
_ ‘ : S o~ oo
oan Capacity T R e
e " R T ae
. - S !-‘ 5 . [
. : o0
B g e i J . ‘ i »
v. RE] *"‘“n—‘kq c E . - » - ‘,_‘ , .. ,,v -
CAMPLL LALCULATION"" - --~ﬂ'  e
P CThe sample uﬂlCUl&tl@n w1ll be donc for LO ih a ‘
¥ . ! ! . . , I
5 NobEATsolution at 257 ¢, data Sct 2. The oammc calculatjion.
J <o Lo ';—. ?
“kﬁ‘nyS@nth.in two sections. ,Section A qhows the’ alCulatf
e . B -
Lo *‘LviSdry tooqenerate values Eor heat capac1tleq and’
G lAff(rent 1al heat of solutlon; SectlonAB 1llustrates
.1:~Jat1ons nccessary tooproduce ad/enthalpy =
. RS | o
~.ccntration chart. o S - .
A."Heat‘Capacity and Heat of Solution mey ‘ o ‘ eh"
T léf;_ Step ‘ e S T
RUN 15@.'—'}’31ectrica'1‘Run, Fresh 3.5 N DEA ‘at 25°C.
L=0.000 ' - 0=13,227.J From.Eq. (77)
Mass: (of solutlon)—1036 4440g AT=33.43 mv=3.459°C From Eqg. (70)
Moles DEA 3. 500 . . . Cp=3. 690 kJ/kg C From Eq. (78)
Mass Of Sample Removed aéFér RUN 156= lO 4182g : .
' (for Ana%y51s andy Density’ Measurement) : Sl
! K T



e

“RUN 157 - Llcctrlcal Run,‘Dupllaate Lo Chcck Reprodqclblllty

, . o of Lp _ .
w=0.000 ‘ © p=12,663. 53 .
Mass=1036.4440-Sample R@movcd - T*32 32 mv=3. 344 C'

S F1036. 4440 12. 945J~102 .u98Jg §p~3 698" kJ/}q C )
- 102° 7gags - —
- RO =_$4 8
.Molcs DLA 3.5 X 35736 4440 e 2 | L
ProraLOd for MQlG of DFA rcmovcd \ ‘ 
Sin Sample u} d*tel RbNtlgG. _ , ; )
o - ‘_.‘ ‘ ' : :
RUN 158C - Ist Chemiéai Run e ’
: v R . T
v e . . L Gl i
Start of" Run ﬂ TR -7 End_of . Run 13* o -~
20,000 e ATE34.6) AT

olgs DEA=3, 4)8 . RSP a=0.05 Flom’Pq (75)-
Molcs‘cofmﬂuf“o]es‘DEAY%0.000t’ ‘MOles DUA=3.458- N7
T Mass=l023. 0985 e Molgs CO0,=0:057 X 3.358 o

e e DL S , =0.197 R

' . ‘7Mass CQZ—_(Molq< CO )(Molo—
@ - - . . ‘cular Wt..0f COy)-
. - ST 20(00197) (44501)
C T ) . = 8.6699%g | . '/
;‘;> v ...+ - Total Mass=1023.8985 4y
e . o 3 . 86689
sl . ’ - =032 )684g /ﬂ,
ot i o L T . Ly
RUN 159 - Electrical Eguivalent of RUN 158C . '/‘
«=02057 S v gmas, 697 73 'ﬂ'}/" .
‘Mass=1032. )684g : ‘ » , 'A$»35 15 mv=3. 637 c
‘Moles DEA=3.458 - S ’.f'Cp 3.647 kJ/kg c e

© Mass of Sample Removed After RUN 15§‘= l2>60059
- B N

“RUN 160 - ElectrLcal Run, Dupllcate to Check,‘

3’a oibnt ot - S © 0=12,209.93 [
Mass=1032.5684r 12.600521019.9679g  6T=31.79 mv=3.289°C
| _ L 1019.9679, _, 3,4 CP=3.640 kJ/Hy°C

~M°%¢$ DEN= 3’459  1032.5¢84 O .
/0 ) ' » ' .




o Loy

‘ u%cml ‘l;.f,'j_nj‘ - 2nd Ché‘n}ica‘l Run .

CStart.of Run-o

End of Run . |
=0.103 x .3: 410.

1n thl'

())7/- - ' \d . " AT=35:00 mv S
’ [V)]L: I)Ltv-j 416 =0.103 Tt
T I R 1019.9679 .. .ac Moles DLI\ 3.416 '
Molar w0l =0.197 X 1032.5684»’go'1959.Moles o’
, T . i ' : =0, 352,
! r\: Al ed FOI CO: - Moles CO, ad_ded
ronticpvesd L ample : . X
< 7 Run.="
%ﬂd Jlm;9079g - 0.352-0. 196=0.157
L SE . L =6.9095q
- , " Mass=1019.9679 + 6. 909r
“ '—1026 877)9 '

A“

p e ~
[EERRS 10 ‘_:Z

=YL N j
Magss |

_Wflc f[

.877)(1 e
=3.416 0

“aas of Sample

- Iloctrlcal Equ:Lvalent of RUN l61C

©=13,280.37 |
AT=34.59"mV=3.579°C
Cp=3.613kJ/kg°C

Removed .after RUN.162=12.7329g

Mass =

GF

1014 1446 q

L R

.~ Moles

) : 14 3~ rlectrical Run, Dupliéét‘e to. Check (,p
ERLT03 v =12,016.0J -
Mases1026. §775-12. 7329 nT 31.61 mv=3. z7o°c
e luidlladeg o . cp=3« 63& kl/kg c.
o i n e . 1014.1446 _ o aon
,€153,yLA,3.416 10365775 = 3.374 |
RUN "164C = 3rd Chemical Run ) ’/' %J
Start of Run ' < End of Run R
1”Au~o 103 . AT=33.50 mv
'?’Mo"les DEA= 3. 374 RS %=0.1t9 :
_ 1014.1446 > . Moles DEA=3.374 .
Moles. Ce2=0. 352 % - 1026.8775 ~ 0-348 Moles 02=0.159 x:3.374
o S #0.536 o~

Cdz added in thls
'0.536=0. 348 0 1088

Run =
= 8.2739g.

_"Mass 1014 l4461~8 2739

022, 4185g s



v o, .
coe)
3

RUN 165 - Flettrlpal Lqu1valcnt of RUN 164c

From ths pOlnt tho calculat:ong arc the'uamc ‘3\.~

o
4 : 1

The calculdtnonq Hre rcpcatod fof’all thc runs made, “TthQ

aLquatJQn“=chld hcat capaCLt}LC.‘ The ncxt stop 1]1ustruto

[

. the calculatlon ot the heat 'rcleancd in Lhc chem;chl runs f

‘o

 'dnd fJnally thc Qlffcrcntnal hOdt of sblutlon

Thc goncral formuia, qsqﬁ inh calcuratlng thc hoat

: i
rolcasrd in a chrmxgdl run 19 /'

L (R S o

S S ST T P eHem TP A ' AR

B Q i = Q o Xogar——r "t T e (79)
L Wchem _ glgg<_ ?lélcc S 0 .

‘wherc-Q.is?in'Joul&s‘and,AT-in”m;llivblts.a”

e
-
2nd JL”’D

L Lo ¢ : ; \ . . ;
“RUN lgdC jxlst Lhcmlcal Run ’,I‘%fv v »
' e Ay S P
L __lSFQ ="13,697.7 x|

Alysg

w
i
o
e}

S

W
(01
=
(]

13,483.43
RUN 161C - 2nd Chemical Ran. : . = .5, - - S
‘ 'YAT  ". o T . . ,? E o :§

LO1E - 13,280.8 % 32:00 < 13,437,790
AT »3.4. R .)'9.: - ' -

1624,3 B

it

leéz,X

Q61 ©

o . c, T e 48
RUN 164C."= 3rd~Chgmical Run_f‘ AT e s

Q64c = Q165,X“—‘Igg‘ = 12,129.2 x 32,18«7 12,626/
- e oI -/

i S RIS P B

RUN 167C - 4tthhemical,Rdﬁh

Sl . C e . 167C f , o :
S0 =0 Xggm o — . oo L
_l67C'° ;68. AT 168 . R L

. oo

o



At

T T e T R LN

x0T ’ o : S " T ke

. . . = . . . ~
a M . BN . S . . - . . -

Prom hcre on. the ealculntlons arp tho.aamc, and d

-

lndbfqru donx for all the chcm1ca1 run¢.“ A tablo of Lhn '

. enumulatxve‘molos of cow reacted and thé\Lumulatlve heat
‘ M : ‘ ‘ S
”Lelu&acd .S'then,complled. i

\RUN;NOH'f k TEisﬁRUhff' _; CumulatLVE 1fv:-;TT'\Cumulat1vo

@, T Moles COn‘ ‘ o H?at Rele@ﬁgd
K . . ",.‘ ) , \J’ 1.

i .‘w,m~ﬁ;;;:.rA C cum R cum'... o
Cyeeo 0 13,483.4° 0. 0. 197“'_ RO R B 4 X 4

[61Ce 0. '13.437.7 S o £ 26,921, 1.

Ve p4cs UL T12,62617 fﬁl‘ﬁ':o 336& :‘»;f".J““.39 547 8 d”

R : . Do,

L ~ . ..

Lo

Once thls table 15 completed the methodgpf

: ;lopce dcecrlbcd 1n Ghapter III is used to generatﬂ

'hoat of solutlon data. ‘fildg/f\!(

N ’ R T
. The sample calculatlons hown for RUNS 156 16r S

dro ll%tcd in the flrst 10 llnes and lln\é\3l to 30 of

) “ i - . . . ‘ PN
© raple XV¥n A pend;x'4.' BT .,ej f"'tﬁ”'*\\ o,
. X T LN
. . - : . , TN
& : ’ e . o '\'\l,\

” &~3 Enthalpy —‘Concentratlon Dlagram e . R
~. . K R . - E : A - A
S BN Reference Temperature 25 C R »' . ’

At 25 C, h"and h"are both set to zero and

e

vh~: 1s calculated from Equatlons (43), (44#,v(55) and (56),u

ol
etcflvel ‘ v-ﬁ_e'jL‘l>'.:.”l;.i;‘ﬂ' "j IR - }r.;.‘
?-RUN 158c~4’q?£ 0. 057"’

R ) 483 4 x 107
From Eq;o(44) ;hql « — 3. 458 -

(per mole > = . va A
DEA) .o

L= +3.900,kg/méi?gpA

‘3..

©- . w B . b

v



LT e oo

Lo . s % 1032.5694 .7 . vl
‘:flgxfe‘» (peb kq San) R T :: ’ R "ef“ jaﬂq”‘afel‘f'

"'ﬁf]”:l “f‘,."'“a55413,Q53ng/kg~sq1h;.ﬁg'

{ }
a4y . - S I

T ] SO ﬁﬂ’ R R IR il me
S CRUNCEGLC = acff 0.103 con v S s e

Ca T PR R ST

o oo - ’
Prom tg. (56) - h = [—13 483 4- 13 433 7—(12!‘00?)(13 058)]10

: : ‘;'@2:“‘- T o
e '.e’:(perfmdle DEA) " - C P ,_:_. 3 416 ;"fJT'5 S

R

, {‘,f_“ gJ'B”w;26 756 6 ”:e;¥ V»:‘Lf;Q ;J..:;, ..“ ; j»ﬁ»ub
o T TEae ?2"‘7:?33'5?/m?1'9EA,4H S

wf“““;-rlom iy (551 “h 1-3—3—’6-3%—%% “26. 056 kJ/kg solnp‘-_' e
T o (per kg solp) R ﬂ“ s R 4u‘.“’ﬁ" ‘ef;'l,ﬁ
R A E I T ,J ; }~,;if"},ﬁ" R T S R ’ -

| RUNL164C. = 0 159 .

L.

‘n .
P

..

R

hrom Lq.< 8)fh;3 ; [qu 756 g 12 626 ;—§%§ 7;29)( 26. 036)110» s
o (per méle DEA). 7@’ SN
Lo 3 ) . ; - .’# - . . .
e ".f,?= U -39.051.5 o _ T L
P .._’.' 3. ‘374 - 11 574 kJ/mol. DEA{ S L, .
; . . - ;“_ P -, ». : ‘ : C “‘-‘ B ‘.. 4 . . o .
- : . : a 39 OSl'Sr_‘fa S Tf;, .  }'T
;hlrom F7 (57 Py T 102741 £+ = -38.195 kd/kg=soln. .
(per_kg soln) . L e

e

ﬁiiﬁ i oer mole of DEA and per kg of soln canibéucalcﬁiated“in'}

',the same fashlon for the remalnder of the chemlcal ﬁuns.
- v . R

The values for h i.calculated heré are llsted &n llne§ 2 too R
4 of Table XV 1n Appendlx 4. :ﬂ‘j=,“% wefe;”

~f2;' Temperatures, 50 C and 75 C.‘W

o w- At‘aO C and 75 ¢ hl and h'»are not zero ‘”The .‘

-'only dlfference 1n the calculatlon of h (compared w1th

KN . o .

the above calculatlons),bls the 1nclu51on of the h' and héf_

Lo



1ol

o

'}(rmdvjn lquntlonﬁ “43), (44);ﬂ(5;5y and (569 etc. )
A - e o ’ :‘ e “‘ e =
Cay lvuluut1nn of hi at 50°C‘and 75%C: ct P’

| _ 'Frnm rvferonce (24) '.at §6°C (i;q..Tzi'refek¥.
‘fémpd te 25 "%L.Cw Ti),<1s obtalned from the followan ﬂ~;
s jPQﬁAﬁan.f; t?A}{nl‘ o il.f"f';"l \ i ‘ ‘-“. N S
T T . DR I i} e s,
;W;if,ﬁw$§%wk)a*7 T, =T 0+ PR T e e (8o

,E..,ﬁ:.u,:‘%?' . s

u?~T1<and'T2'are in 3".'“ }§.“\ e vf//“
,:~h3 is in Btu/lb -CO,  and “\\» R
gf»; f"'f5'"“*‘;° 1143'~'CJ5,0 101132 X 10_

. . I T o "
'f«ﬁnd‘m!k ~0.026494 x. L0 w6 1_n
- O RN N
hnromlc ‘at QO C . .
Try =0 1l443(662 617)+0 101132 X 10‘%'(3627%617“)‘ ‘
unev B /:'i . L A ‘
: 36U ‘ ) :.'4’-~-‘ . _ ; 7 T § ¢
fi@;ﬁﬁfﬁ7‘_o’929249 énlo (662 §L2°>_”
’ ’ o . 'L.. : Btu = k\T ) .
% 9.5068 Ty 0. 973 o1-Cor
, Tm - ,
U similarly at 75°é"h:*= 1. 9@6 ———55——* S
’pTéEyaluationiqfﬁhé at.50° e ahd 75°C }
e  °v_”7AS"m3htioned in Chapter ITIT- _
o .;A.v" . ’ ) .',.' v T2'-(\"' - ' - - ) ’ b,' A . ’@' : A. L ‘ ' 'Vﬂ.
7 hy = f Cpodr, s T (81

:‘.X Tl ., .. . L e . “.._
'Q

v\héﬁat 50 C and_75 C is obtalned from graphlcal 1ntegratlon'
. of the smoothed Cp data (Flgure ”14) at a =‘0, w1th=T2 equal

'

THJfSO C and 75 C respectlvely and T eQual to 25 c’ (the/

. reference temperature) v ’

r



L/
/

\_ . From Pigurec 14 L o f”/ S o S
N h) at 50°C = 93.281'kJ/kg-soln = 27.628 kJ/mol-DEA

“énd'" .g”

i

' Al

hy at 7'5°'C.. 188-..7.4lf kJ/ké‘:SOl'n = ._53‘.92.6-kJ/mol-—DE/\

I

'jlf : :‘* W1 h these Values of hi and hé*at 50 ’C and 7!&;

el h . at JQ c and 75 C can be evaluated from Equatlons (43)

[ 730 I

(44), (35), and,ﬁ 65 etc.; 1n the same manner as wasxdone

for 25 C. Pldtﬁihg of h‘f'a; 25 C, ‘°C and 75 C all versus

“a‘resuits in the enthalpy conce‘ ratlon dlagram Shown in

- FlCIure 15. o »'5' ' :‘1 ;J S

\-‘,7,. . g
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EXPERIMENTAL -DATA

Note: "C" denotes a- "Choemical'f

run.



e

. },. ' .
ke imental Data for CO, an 2.0 N DEA at 257,

&

TAR Ih\ Vi1l

HEULRIMENTAL DATA, -CO N 2.0 N DEA AT

- -
o

TN
!

2500
m_m.z
¢

LN, o AT 0 ,
o mv. J Fed

4

% I
‘
1

L . 0,000 - 28.4 11,781 .1
ST w2501 1om440.4
Lo n.063 18.75 . 7,742,6
i o et 8,052.3 5 YRS
N R 23,05 < o, 3R ! %
e . 0.145 S27.60 11,245k
ST e 29,45 12,044.9 3.866
' "+ 7 29.80 ' 12,047.2  3.884
RN 0,220 26.75 10,778.1 - —-=
a - 27. 80 11,201.2 3.844
o | Y. 29.10 11,546. 3 3,833
O 0.310 28.65 . 11,367.6 - =--
‘\%u e L o e 3igeS5 0 13,192.8 . 3.813

2 e 33’%2‘ 13,087.0 _  3.790
e "0.390  27.95 10,640.2 ——

_ . " -~ 27.15 10,3356 . 3.765
v " 29,90  11,243.1 3,781
LAc " ® 0.469  25.90 ° " 9,779.3 " _ |
N % ".26.90  10,157.0  3.773
A6 Tt U235 . 104523057 C 3.758 .

H7C - .0.498E“ 26:75" 9,929.5 °  ---

68 v 27.28  © -9,705.3  3.743 %

69 . - o 27.65 . 10,118.9 3.747

. . N -
- a . .o B - oW

G:}
)



\ . ' AN
( . : : ~ |

. A , \
N . TABLE VIT o '

— 5 | continues

" - . - . ) ’ . . . .
RUN NO. . il Neum ¢ Qoum ‘ o }.'~\

44 0.000 0.060 o 1.023 %y
. ' i ' ' ! .
v// 47¢ 0,063 0.126 - 7,742.6 - 1.028 .

50 - 0.145 ° 0.286 18/,893.4 1.034
s53@ 01220 . 0.430 29,771.5 " ‘1.039
s6c - 0.310 0.586 '~ '41,139.1 .  1.048

61c - | 0.390 S 0.721 51,779 .3 1,055

64c . 0.469 -~ 0.855 61,558.6  ..1.061

67C - 0.498 . 0.896  71,488.1 _ ' 1.064

2) Experimental Data for CO, in 5.0 N DEA AT 25°C.

. “» i ST

S TABLEOVIII _ , o
) "'EXPERiMENTAL~DATA, CO, - 5.0 N DEA at~g5‘cf \.

RUN NO. ) . AT -9 - . cp
. . v , J . kJ/kg-°C

SR o,ooor,- 31.11 11,460.6 ~ 3.380 -
76 RS " 27.41 '10,101,6- 3.383
77¢C © 0.039 29.70 . 10,784.3 . ---
78 o T 29032 10,646.3. © 3.305
s 79 | " 25.%65 9,274.3 ) 3.334
BOC 0.071 °  29.68 . 10,645.4 = --=
sl S 28.200 '10,114.6 3.284
782 S 27.32 - 9,730.0 _ 3.307
83C  0.097. 28.50 . 10,163.1 ===
84 o " 27.61 9,845.7 ©3.287
85 . sv.  28.36 °  9,975.1  3.283
. 86C © 0.134 33,46 - 11,793.1% -~ =
87 ’ SIS 32.17 - 11,3384 '3.258°
- 88 } Y- 10,301.7  3.251,



F

( ) 1o,

.

*  IABLE VIII:- Continucd, . B

" RUN No.~\ o AT Q. cp o
_W~L-&Mji\Q LRV .|\ A\ \F UV ERUUIL AU 1574, bt
goc ' 0.166 29.08 - 10,180,4 -
90 . 27.06 9,281.8  3.198
91, - "o ,.27.28 . 9,234.8 3.196
92C . 0.198 31.07 10,7182 —ee
93 . " © o 27.48 " 9,479.8 . 13,169
94 v . 30.38. . 9,572.0  .3.120°
95¢ 30,93 10,376.7, = -=="
.96 27.67 '-9,283,0 ,3.171
97 27.53 .9,194.6 . 3.198
. 98C 30.61 10,120.5 »  -=-
" 99 27.65 ©9,142 @4 . 3.153
100, . R 30,52 8§,929.4 . 3.145
. 1olcC 'i Tt 0.289 34.%53  © 11,301.1 ———
102.. 0 .. " oo 29.59 . .99684.3  .3.136
103 S 26.28 v-8h49l{&;;g\3.139
104c -+ 0.328 - ©30.63 - 9,640.8 N ---
105 ‘ " . 29.09 9,156.1 3.034
106 e 26.29 ' 8,070.5 3.000
107¢C | " 29.53 9,294.8  ---
108, 26.31 1 8,281.3 3.086
109 . 25.73 8,079.3 /3.085
11oc el - 9,016.1 -
111 26.98" . 8,562.3 3.101 #
112 26.93 8,430.7 3.102 .
113c 28.46 8,931.9 —-—
114 26. 85 8,426.6 3,099
115 26.19 8,157.9 3.120
116C 27.27 8,545.3 m—
117 26.95 8,263.3 3.119
148 26.14 8/065.6 3.116
119c 27.54 8,449.1 ---
120 - 26.42 8,105.5  3.072



N ’ 1
‘ ) L) R v )
v 5 ¢ : . . 107,
) ‘ ‘ | B
. + TABLE VIIT - Continued
RUN NO. - n AT Q » : S
WV 0 RI/kg°C
r21 . 0.496 26.49 ' 8,108.8  3.110
1220 0.555 *  27.78 - 8,541.8 ===
123 v N 26.59 0 8,175.9 3.090
- . _ . '
, L ‘ . < |
RUI.\I NO. . o . n.CU"“, § _‘chm o g
AU - Cgmelr - J g/ml
75 . 0.000 0.000. o ©1.053
“77¢ . 8,039 . ©0.194 \a;ﬁ.784f3 . 1.066
86C T 0.071 - 0.348 -, 21],429.7 .071
83C L. 0.097 - ~0.471° * 31,592.8 -1.077
v86C  -. §.134.  _0.645 = 43,385.9  1.085
89c T o hg\dsc o 0.790 53,566.3  .1.094
92¢ ©0.198  0.931 . 64,284.5 1.097
" 9s¢c . v 0.227 © i.051 74,661.2 0 1.105
. vsc . 0.247 7  i1.129 84,781.7  1.109
. oic 0.289 1.306 . ' 96,082.8  1.117
- lo4c \ 0.328 © 1.462°  105,723.6  1.123
107C .1 0.373 . 1.640 115,018.4 1.133
10w, 0.401*"F  1.740 124,034.5 - 1.136. -
113 ., 0.419 1:791 132,966.4  1.143
115 - 0.452 1.905 . .141,511.7 - 1.148
Lllsc ©  *0.496 2;§§§_ ©149,960.8 . 1.150
122¢ - .. o0.555 - 2.270/  158,502.6 * ~1.160 -

i 3y Experimental Data'.fo: co, in 3.% M OEA AT 25°C.
R _ TABLE IX R ‘
. . = EXPERIMENTA{jDATA, CO, - 3.5 N DEA AT 25°C, SET 1

RONNo. Ty ar i o S e
e o ) R o -mV ) J kJ/k&.DC
] T . . . Y
#124. i 1i27.45 . _‘10,882.6_ . 3.690
125 v 27.72 10,826.0 .. 3.685
> : S -
. Vi . ' ’ A



. . ' . . LN * 0 . u .
. 7 * " .
TABLE IX - Continued . . - S
‘ v - ' ¥ . : . o .
RUN NO, o « AT T o B - Cp
! Py mV [N R J kJ/k(j e

.

126 . 0.000 27.75 10,879.4 3.698.
127¢ .‘ . 0.047 4 . 29,21, . .11,387.8  --=
J28 oo 28.59 . 11,146.1 " 3.651
129 " - 37.66 14,568.1 * 3.662
130¢ . 0.091  «30.63 .. 11,6772 ===
5 R 28.94 -, 11,032.9 = 3.589
132 " ©29.20 . 11,124.0 A 3.631"
1330 © 0.149 3228 © > 12,262.4 ——
134 - S 32,75 12,440.9  3.589"
135 - . . +' 30.59 .11,428.3  3.574
"136Cc . - 0.205 - 34.78 ©12,976.1 . =-r
137 ne 34.18 ) 12,752.3 - 3.540 :
138 ' SIS (32.14 © 11,88649 3.555, ., 1
139¢ . 0.254 34.88°. , .12,859.3 = -4 —--

140 R P 11,845.5 _ . ».519,
141 S 31435 © 11,38l.00 ° 3.510
142¢ - 0.316  34.26° 12,390.5 ===’
143 “ " _31.69 © 11,461.0 .  3.46%
144 ¢ vt 931,69 1 11,424.5 ° °3.500°
rasc 0.375 35.08 . 12,687:1 I«

o

146 _ o 32.36.. @ -.11,703.4 3.482
147 .o 31.52 - ©11,219.6 3.473

148c  © . - 0.433 ‘35.55 12,691.1 =--
149, v 31.65  11,298.8 , = 3.455

150 o . - w0 31092 41,223:4 . 3.449
151 © o.4B7°°  31:27 .. 10,535.2 © ° - e=—
152 S ew .. 32,81 .- '10,788.4 3.201°
153 w7 3kn.88 107408.3 % 3.225 "%
154 'fof559" © 31.07 - 10,153.4 ,  =-=-
S1ssT o 31W35 ) 107115.9  3.153
T e : T 7
v ' ‘ H . ' LAY



n
c

»

um

L ! S mo
- 0.047 - 0.
01091 . - o.

%.149 0.

. 0.205 - o.

0.254 % o.

0.316 ° . 1.

9.375 1.

0g433 . 1.

0.450° 1.

0.512 . 1.

1

000
l64

310

504

683

836.

0238
202

37Q. R

522

723 .

s TABLE X

i P
. ? g

:‘ e

.

BLE IX - Continued

Q

cum -

I

i

(%

109..

e

J

11,387:8
23,06%5.0
35,327.4

48,303.5

614162.8 .
73,5393
$6,240.14
98,931.5
'109,4%66.7

 119,620.1

17039?
l;648_
1.056°
- 71:060

' ;~1.0795

1.086

14092

.

1.104-

1.111
1.119

o

. ) . S . - G . o
EXPERIMENTALIDATA, CO, = 3.5 N DEA AT 25°C, 'SET 2

RUN NO. - U a

o ..

AT T

. mV

s
J

.

156 - - @.000 - 33

157, A ", " 32

llsécij L o0.057 34
159 te oL 035,
“ie0 e a1
161&; -  01103 ~“55L

. . 0 . .
: &62 ) T o 4.

o

163 - e 3,

l64c - 0.159 - ' 33.50 .

.43

59

61

60 °
15
79

00 °

13,2277 4

12,663.2

13,483.4

13,697.7

12,209.9

143,437.7

13,280.3

12,016.0

3

PO

g Cp

©

3.690

3.698

3.647
3.640

31613

S
3.%623

©12,626.7 '8 ——-

kJ/kg-°

.cl

B U



TABLE X '—

\

-A£m 

ISt

182c L 0.

32,18

.31

" 34.0%

31.19

e

CU31.31 %
34.10
. ul,/ . .
©,33520"
32.25 7 .
‘ ‘(_\
34,10
32.2
C 49,77

) 44.73

;98

' 31.22

<

31.92

'32.Q3f
73}461_‘
31.09
\31,55,

32.50 .

©11,691.6

i ——

“ContiﬁUed

i

-
T

12,129.2

&

12,655.5

12,321 .5
p 12,3215
11,904.8"
12,5195

'11,844.0

11,496.5

©18,149.6
. 16,311.7
11,481.2

12,278.1

11,264:3

11,325.0
11,143.5

14,443.6

10,995.4
11,264.2

11,235.4

11,127.4

2.487

- o
3.481"

‘3,474:

3.461



S S S
P ﬂl"\y i . ‘ \ | " . L

- .0 ' _‘TABLE X - Contihued . :‘..:A'"1:

RUN NO o o : o ‘nc\um [m‘ o ‘,.ch‘m - Lo TR
e ' . .,' ."4_._mol v .3) J Qfml
156 -~ ~.0.000 " 0.000 T .0 .- -7 . 1.042
S1sec - 0.057 - . -0.197 - %13,483.4 - . 1.050 .-
161C 7 0.103° . 1.0.852 0 026,921,170 1.05%
ls4c . 0.159 - 0.536 . 39,547.8 SO
L.167¢ . 0:211° . 0.70L. . .52,203.3 1.072
S L70C ¢ . 0.263 © 0.864. - 64,722.%8 ‘ui‘ 1.081
173C .. 0.34Y 1,108 82,872.4- - 1.092
176C ¢ fﬁj 0. 391A.w;u7,13253,”.” 95,150.5 . . 1.100-
S 17%c - '+ _0.450"  _1.422.  106,294.0. °  1.107 -
'l%20~."A_; 0.5125‘» . 1.596 °  117,289.4 . . 1.113

-

.4) Experimental Data 'CO,, ih;3h5 N DEA‘ATj50°c

DT TABLE XI 4)/
EXPERIMENTAL DATA, CO, - 3.5 N DEA AT 50°C

,;D_

T AT SR ‘Cp
: : o J

L omv
31.42 1s, o§4 1 3.766
.31.32° . 16,071.4 . 3,772
s 32.67  1s, 464 9L e
| . 32.18 . - 16,218.0 . 3.717
| 32,31 16,;65.0_' S,
" 32.70 * 163360.1 - 3.697
33.38 . “16,538.9 ¢ N ---
© 33,25 ° . 16,474.5 .0 © ' 3.670
32.68 . 15,681.9 o, - —-= o
32,34 7 15,518.7 ©° ..3.620 " .
.32.45 . "15,651.4 o “Je—-"
31.62 . -15,251.1 . 3,600
) 32,09 - - 15,290.5 . . ==
‘208 w7 31,33 . .14,928.3 " 3,565
209C  0.596 . °28.92 . 13,624.1 ° = —--




’ o

CTABLE XI
. ’

e

~

AT
Comy -
29.62
]27,25.'Q

2 28.08 "

Lo

*.34;24

B lf,TABLE'XIT—
RUN  NO % N
_ cum
o mol ‘
S197C ¢ 0. 056,& ‘0,194

T 199c
©201C

203C

205C

207

'-209:“
g211c

4 '«

RUN' NO. -

w214
i.ne
21s
216C
217
218¢C
219 -
1 22Q¢
o
222,

0.122 b
0:188
o254
10.326
0.402 .
1 0.596
$0.726

Sy
.

0.415

© 0. 636”

0. 844

':120?3.'
1.304
©1.908

.2;294_”

TABLE XII

(e"gontihuedg

12,5824
"12 965.6
‘ ,15 639.2"

}ﬂéoﬁtinQEde'f‘hj

[ SRR

Jchm'

J o
" 16,464.9
32,629.9
49,168.8

64}85C:7

80,502.1
- 795,792.6
109,41677
'-121¢99§<1n~1

v»o,‘

5) Experlmental Data C02 in<2.0 N DEA AT 50 C

¢ -

AT

I

mv

27017

'5w9§'
27.93. .
‘28;78_'
©27.72

30.01

£ 27.30

27.48

~Q7 05

27 46

EXPERIMENTAL DATA:. coz'—;z 0 N DEA AT 50 c

““ Q"'
g

14,071.4

15,489.5
" 14;180.8.
C14612.4
\T3 871.7

13, 661 6
13, 580 3

'13,367.8
13,416.9

%12



vt

* RUN N®.

223

, f224c
‘225
2260

227

- 228

L \gf*

TABLE XII \ Contlnued

.« TABLE XII,
‘_. OL ‘ L m .

?7215c3"

218C -
to220C
Tmoc

o 224c
2260

6) Experlmental Data for COZ in 3 5 N DEA AT @5°

I

1234

235. -

236C

237 -

‘238c-
239
'24oc
241
'-242c

0.087
EQ-L23E1.
0.299 .
0,417

1 0.591

0.690 .

0,793

AT

25.74
23.15

‘ ;;3.085
. 21718
‘21,51

26432 "

-“:mle-V

C Iteisl. 3g

':Q‘
NS
12 576.

11,117.6

f10,096.2

12,2892

- Continued »

mol ' vf;

° 0. 172”g
0.376

p.s%ef*:”

1.110 -

,»

.55,049.7-f
66, 201.0

1.278 |, 76,142.3

vo.

TABLE XIII

cum
g

147180"8

28 052 5

9,941.37 .

41 632 8’.

°

j14 01 -

mvV

N TR
13.50 -
13.54
13.57
132770
14.59-

14.48

S la.1e

14. 05

““;;ﬁa’AT‘ T

Car
-Jv

o 12 701 1

12 717.2
S 12,572,107
12,757.3
13,477.4
13,;375.7.

'12,966.8

12,866.1
. 12,605.2 .

CTN—

EXPERIMENTAL DATA coz°e 3.5 N DEA AT 75°C.

RUé:;O;'




RUN NO.
293
-244C -

' 246C

~230C
251

238C

24y T
ozasc
249w

-

_RUN NO. |
1' & .

23éc'

240C
242C

244C

S 246C
248C v

v 0.427

g A
* .

e

0.043 -
‘0.087
o0.128
© 0.181 -
0.282
C0.294

0.354

Lo "

o U=

BN

. TABLE XIII - Continued

ATk
mv.

L 14.15.
i 14.08 -
'*:1%;i2 

13.93 7
1345
14200 .

13,71

- 13.86 -

v

n R
cum.

mol o

0,149

0.299

0.438

" 0.810
,0.773. [
0.966

1.150,

:fQ

v

2,731
12,607, 1

12,3475

' 12,.369.2
;;il#@gjp . |

T l2,179.40

13,787 . l19538.4 M

| T11,605.47

© ' TABLE XIII r Continued ' =~

cum -

C12,572.1.
. 26,049.5 .
"39,016.3 -
51,621.5
" 64,228.6
. 76,597.8.
. ..88,777.2 - .
i,'f’lJaesf" ”109,315;63,N1M



Sd%othed Heat Capaclty Data
. . . [N N ’
) : “i.;?'i 4 o TABLE XIV ‘ o
SMOOTHED HEAT CAPAQITY DATA C02 - 3 5 N DEA: SYS'I‘EM A

(

AT 50 c, 50° c AND 75° c RESPECTIVELYV

_d o ° kJ/kq ="c . revepraTuRE cc @
oo -t lsiege oo 3izzo -4 3lsoa
e e 306070 U0t o3.7030 0 3,828
degs w352 o 30653 3,795 )
e S 3.802 - fi3etot T 3.765
Lt 04 )N T T3k466 0 356 . 3.728 G
N .05l 3.433 -0 0 35304 0 3.88s

S T %;gzdf;“ L e

.- 8) ' Data for En halpy - Concentratlon Dlagram T,

o

TABLE XV

f_fhvé;,cozig 3 5 N DEA SYSTEM AT 25°C.

" RUN'NO. - ?E*a'. et R AfgﬂE";hi';f.'u
L S Co : sl kJ/mol DEA .. - kJ/kg soln.. -

'1‘155”'3g5.,[.~f“ 0,000 ol g 3‘7f\?>
cssc T 0,057, ﬁni:‘TiETV‘?B 900 . - =13.058 . -\

'”,ilelt!;*-_ e.0.103 0 T .- 5708330 - . -26.056 -
“lleac’ e 0. 159u: B RN, & I 574'1«¢_:3 >38:195

- 167G .. ¢ 0.2IL - =15.376¢ . =50, 350T;,1E]
CoiTec T T J0.263 <. o -l9tig2 . | . -62.345 .
CUr73cdtr . oe o 0v341 0w . ~24.773 4 . =79.619 -1
Sa7ect . . +P0.39L7 - i . .t28.604 | . :-911202, -
i79e 0 o o.aso - . v l3zii2e T -1l01.780
©is2c . ;f“p;alszli_lﬁi”jf]¥353652- STos1117888 . [




s .("A.M"‘ |

116.

TABLE XVI "
'H;i,'coz'a 3.5 N DEA SYSTEM AT 50 c,

P 1"

el

RUNNO. . - -« . " n " n

¥

kJ/mol DEA -  kJ/kg soln.
Q.000 27.628 ' 93.281
| 0.056 . - 22.921 . 76.747
0 olr22. .. 18.250 . 60.528
o . 0.188 ., . 13.412 - 44.051
0.254 8.767 . 28.525
- Q. 326." “ - 40077 13128
0.402 . -0.561 = -l. 788
0.596 - .~4.626. " -14.349
«0.726 . <B.479 - '_1—25.842 

A

TABLE XVII

h_, .€0; = 3.5 N DEA SYSTEM AT 75°C o
y " . . R

RUN NO. o N e e s Ty

‘ L kJ/mol DEA kJ/kg soln.
15_235' e © 0,000 . . s3.9260 - 182. 180"
236C ' 0.043° . 50.418 ~  169.254 -
238C ' “1 ©. U 0.087 . 46607 155.451
. 240C - '"r“,gvﬂ'd;lzaf,‘"& . 20894 . 142,196
C242c . .. S 0.18L .. .. 39.361 . 129.165
L244c o 232 .. 3sis79 T 116,185
246c ... 0.204. - 7 31.936 . .  .103.373

S v ogagc 7 0.3s4 . - 28.304 © . 90.833

250 . . 0:427 - - 24.847 " . 78.927

UN

C vy
I
-



ot

+9) Experimental Data.HZS in 3.5 N'DEA AT 25

TABLE XVIIZI

1

o.

117.

°C

-

* EXPERIMENTAL DATA, H,S - 3.5 N DEA AT 25°C

b

RUN NO. a AT 0 .- Cp .
. N ) ,mV$ ’ J ', kJ/kg*°C%‘
259 0.000 © 26.17 ' 10,368.8 132691
260 oo 29,12 o 1d,599.1 3.709
261C 0.082 . 28.60 '11,302.4 . ---
“262 " v 28,55 11,282.6 3.646 .
263c ' 0.164 . * 30,55 '11,892.5 g
264 e 310780 12,371.4) 3.599
" 265C .. D.246 30.10- - 11,557.2 —
. 266 " T 32.64 12,532.5 3.561
267C 0.332 - ° 30.41 11,473.3 Za- °
268 v 7310027 11,70374 . 3.509°
. 269C 0.412 30.17 . -11,257.3. . --— .
270 o 30.64 11,432.7" 3.485 -
271C 0.493" 29.93  11,041.1 ——
272 v "30.64 . 11,303.0. 3.456
273¢ 0.575 " 32.33 11,797.1. R
274 " 31.02 ° 11,319.1 3.430
275C © 0.662 ©33.68 - .12,185.5 -—=
276 e 31.03 11,226.7  3.413
_277C . 0.744° . 31.8p 11,372.7 ———
278 Lo . 30.59 10,940.0 . 3.390
,'?%t§7gc 0.836 < 33.09  11,718.6 S
Tege o Lo "31.58 11,183.8 '3.370°
281c . 0.901  31.23 . 10,927.9 - ° —-m |
282 - o '¢31.77’:-°‘?1;116g9.j “_3.3560

o

LS



RUN NO.
©261C
.263C

. 265C.

- 267C
269C
271cC

© - 273C

275C.

277¢” -

279¢C
- 281C.

° TABLE

81

0.082

. 0.164
0.246

0.332°

1 0.412

Q.493

. 0.575
"0.663

0.744

0836

0.901

&

XVIII - Continued

2.774

~

M eum i ?cuﬂ
mol J
0.288 . " 11,302.4
0.569° 23,194.9
0.839°  '34,752.1.
S1.119 f_46;223.4
1.371 57,482.1
'1.623 - .68,523.8
- 1:871 80,320.9
2.125 92,506.4
"2.355  103,879.1"
2.611. - 115;897.7°

126,525.6

e
-

o
. oh=
[oo]



