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~ ABSTBACT. 

. . . . . . ~ 
QUANTITATIVE AQUEOUS AMMoNIUM ION ANALYSIS by 

TRANSMISSION INFRARED SPECTROSCOPY 

, Il 

'. \ .. 
1 

Ev~ Grunfeld, M.Sc , \ .. ' 
McGÎII University, 1987. 

, 
Dr F.R. van de Voort 

, . 

The main obJe~tive of ~ research was to study the behaviour of Ole 
. . . 

ammonium ion ln aqueous solutions and dllute Kjeldahl distillates usmg the· 

double beam mfrared (IR) spectrophotometer and to investigate the pOSSlblllty 

of transferring the obta!ned methodology into commerclally avallable infrared . ~ 

filter instrument~ The spectral charqcteristics of ammonium sulp'hate ln wélter 
~ - .--

were determli1ed and the analytlcal band of 6 89 pm was chosen for further 
'-

quantitatlon of the ammonium Ion The effect of the pH on the ammonll.~m Ion • 

quantltatlor'l wa? !3xammed an~lf was ~o~cluded that accurate results .were 
, 

",' , 
obtained If the pH was kept wlthln the. 3-8 range ..spectra of all)monlum sul - . 

phate in both dllutè sulphunc aCld and dllute KJeldahl digest wer~ obtalned. , '.' , 
. Based on the data gathered on the SpectroprCfcessor IV irrstrument, 'a 6.89/lrn • 

sam pie tilter and a 5 56 Ilm r~ference fllter were installed ln the' commerclàriluer~ 
4I~ . , 

IR spectrophotometer, Multlspec M. T,he infrared method using the Multtspec M . ' 

was compared to the tradltlonal mlcro-kJèldahl procedure for the determlnéltlon 
, ~ 

of ammonia content ln Kjeldahl dlstillates and was found ta be more accurate 
, 

The conclusion of thls study was that th~ measurment of the ammoniUm IOrVin 
.. # fi. 

Kjeldahl dlstillates may be feaslble l1-a low cost, simple and dedicated tilter IR 

instr.ument were available " 
,-
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'. ·RÉSUMÉ 

( 

, , 
l'Analyse Quantitative des Ions ,d"Ammonium en Solution 
Aqueuse par Spectroscopie de Tra[1smission à l'Infrarouge .. 

Cette recherche avait pour but pr(n~lpal l'é.tude du comportment de.s ions 

ammonlum,Jen solution aqueuses et d~s les distillats Kjeldahl dilués en 
.r-\. ~., 

, utilisant le spectrophotomètre à double faisceau Infrarouge (1 R) et a~apter la . ' 

méthode développée au~"instruments commerciaux a\ltre 1 R Les caracténs'- , 
• (' f 

tiques spectrales d'une solution aqueuse de"S~~~t~~monlum ont ét~ 
déterminées et la bande analytique de 6 89 j.lm a été choIsie pour. les études' 

- quantit?tlves sur l'ion ammonium', Les résultats quantitatif du dosage de r .ion 
• .;1 , 

ammonium étaient les' plus précIs lorsque le pH se situait e'ntre 3 et 8. Se 
'" .. 

basent sur les données recueillies avec le Spe8toprocessor IV, un filtre a~ 6.89 
1 

., , 

!lm pour l' échantlllpn et un filtre de 5 56 ,lm pour la référence ont été installés 
, . 

~ ~ sur un spect~ophotomètre IR commercial, le Multlspec M La détermination du 

, 
.~ 

• 

) 

contenu en ammonium distillats KJeldahl etait plus precis aveC la methode infra -
~ 

rouge utilisant le Multlsp~c M que lorsque la méthode tradltionnelle.du micro-

Kjeldahl était utilisée. En conclusion, la détermination quantitative de "ion 

ammonium des distillats KJeldahl peut être faité précisSment SI un instrument IR 
" 

a filtres spéciaux, simple et plus co0teaux était disponible sur le m rché~ 
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• 

"f INTRODUCTION t 
. ,." ~ 

The Kj~ldahl m'ethod' is a major ref~rence met~od fOJ ptein determina -

- tion in, food systems, however it is ger:'erally considered to be ~ tedious and 

.., '1 

... 
troublesome analysis to perform because of its lengthy digestion,'distillation . ~ . - -
and titration steps. Although a variety,of methodoTogies have bèen developed to 

try to èBminate at least the distillation an~Hitration steps (Flec,k and Munro" 

1965), few of t~es9 methods hêWe gained widespread use in the lI'}dustrial and 

goverment laboratories.. . ~ 
. c • 

Recent years witnessed substantial development of infrared (IR) applica -. . , 

tions in.,the field of quantitative food analysis (Gould, '1959; Bjarno, 1981; Miiis .. 
et aL, 1982; Mills et al., 1983, and Mills et al. 1984). Nevertheless its main . - - . , . 
application is still in mllk analy~ls (Biggs, 1978 a~d Big?S et "l., 1984) in which 

quàntitative determination of fat, protein, lactose and total solids can be done 
, ~ 

~Imultaneously at the rate of 250-300 samples ~ver hour uSlng the mfrared fllter 

instrument, Multlspec M (van de V09rt. 1980) The newer verSion, Multispec M 
~ 

Instrument, having capablllti~s of analyzing up to elght compoflents simulta -. 
neously (~hields, 1985), Will be soon on the market. ,. -

The success of qûantltatlve IR mlik analysis for fat, protein and carbohy -

drates has indl?ated the posslbliity of other apphcati9ns. Since there is a g~eat 

need for a rapid and accurate protein methodology whlch would replace the 

traditional Kjeldahl procedure, the IR spectroscopy as a prrmary method for 

pr6tein determtnation in foods was consldered. 

~ 

Hypothetically, ammonium sulphate, the end pruduct of KJeldahl diges -

tion, could be analyzed directly in a dlstilate ,eliminatintJ the need for titration. If a 
. \- '. 

~ 

, 
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- '. , 
method for the direct analysi~. of ammonium su1phate in digests were available, . . . . ~ 

both the distillation and the titration steps could be ,allm~nated ) . 

Based on these tacts and thS ad,vice of _erts ln the fl~ld, this research 
-

deals mostly with studyirfg the posslbillty of u§ing IR transmis~ion spectroscopy . , 
to quantltate ammonium ion directly ln simple sQlutlo~s such as distillates. Fur-

thermore, an attempt was made to elucidate ,the potentlal pro~fems involved if 

this r1!ethod i.s to be extended to more complex solutions as KJeldahl digests. 

ln terms of sequence of events, the first àbjective was to stù~y the beha -
,# 

viouf of ammonium Ion in aqueous solution and.(o confirm tlte the,oretical consi -

" detations found in the literature. The Spèctroprocessor IV, a specially designed 

scanning IR spectrophotometer capable of working with aqueous samples, was 

used for thls work A substantlal effort was put into studying the ammonium ion 

spectra ln dlstilled water and the effect tlie pH and tempe rature ctianges had on 

them. Subsequently, the spectra of ammonium sul'lhate in dilute acid and di lute 

Kjeldahl digest were examlneél, follo~ed by the asse,ssment of their sUltability 

for the quantitative work. 

The second stage of the_ research involved the transfer of ~he data ob -

tained on the Spectroprocessor IV into the commerCial, single cell, filter IR in-

strument and the development of a methodology suitable for the rapid an~sis 
.. 

of protelns ln ~jeldahl dlsti"at~. 
c 

ln summary, the two main objectives of this ma,sters research were the 
, 1 

following: a) ta study the fundame~tal problems assocl~ted wlth IR analysis of 

1 

ammonium ion in aqueous solutions and b) to extend the methodology into a -­

commerciallR filter instrument such as the Multispec M. 

,It is hoped that the Information derived trom this research will add 
'\ 

knowledge to the application of IR analysis in food science and help other , . 
investigators interested in .this field . 
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Chapter 1.1 

'LITERATURE REVIEW 

'. .. t 

2.1 IR Spectroscopy in Aqueous System 

The JR spëctroscopy dates a~ far back as 1800 with Sir William 

.. 

-. 

Herschel's experiment. Using the tliBrmométer as a detector, he observed a 
. , -

large heatmg effect in the reglon praceedlng the red of the vIsible spectrum. . 

He also recorded the flrst infrared spectrum bY'measunng the Intenslty of radia· 

tion as a functiol] of distante beyond red. :rhe term 'infrared' whlch originates 

from ris observatlons..~as lat~r defmed more precisêly a? a reglon of the e'lec: . \ 

tromagnetic spectrum which lies betweén the vIsible and mlcrowave reglon and 
. 

. covers the wavelengths between 0.7 and 1-00 microns 

• More th~n 1 00 ye~rs .Iatter, William W. Coblentz· (1905) devoted himself 

to systeméi~c studles of inf~ared absorption. !:le publlshed a"collectlon of .IR 

'spectra in. the' region between '2.5 and 15 /lm and was able to show the correla -

• 0 

tion of molecular stru'cture to infrared spettra.' . 

J The classical monograph of ~oblentz escap~d the attention of organic 

ctlemists and until thê mid-thirties IR analysls was mamly of Interest ta theore - . 

tical physicists who used the spectra to obtam fundamental data on \he mecha . 

hics of simple molec~les. They successfully clas~ifiecfthe vibrations Jssoclated -

with covalently linked awms into stretching andi>endmg vibrations These were 

further subdlvided into symmetrical ar1d asymm~tncal stretchmg, sClssoring, , 
.,. • à. . 

twisting, wagging and rockmg (Rao,1963). The detailed vlbratlonal anal~sis of 

the infrared spectrum ôf a variety of symmetrical molecules clearly iodicated that 
-

sorne of thé Vlbratlonal frequencles were associated with speclf!c groups of 

atoms, due to the fact that bond forces are constant fram molecule to molecule . 
. 

The significance of these findings was finaHy appreciated by chemlsts who 

.0 

a 

f 
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. 'Staried using IR spectroscopy for functional group analysis. Infrared analysis . 
was als~uccessfully utilized for !h~ determination of Isomeri~m, inter-mol~­

cular interactions, solute-solve nt interactions, hydrogen bonding and as a 
. • 1 

powerful method fQr quantitative analysis of compeunds, 

, The first extensive survey of inf~are~ absorption spectra was .done by 

Lacomte and his co-workers (1948).~ÎS'~~)foliowed by the Colthup ch art 

. (Colthup, 1950) contalnmg characteristic frequencies for th€' nitrate, sulphate, 

c~rb.9nate, phosphate and ammonium ion. An excell~nt paper by Hunt and his 

\ co-workers '( 1950) contàmed th·e spectta of 64 naturally dccunng 'minerais and 
• • 

related inorganic compounds. At that time there wa~:still no extensive compila -
.. '. " i' .. 

tion of infrared spectra of inorganlc salts ,abtained ~ith a modern spectrometer. 

A few years latter, Miller and Wllkms (1952) invesflgated and presented mfra -
~ 1 

red spectra of 159 pure inorganic compounds obtalned with a Baird Model A· 

and a J;>erklrl'-Elmer 12B spectrometer. These characteristic frequencies were" 

shown tO be useful in quantita,tive analysis of inorganic unknowns. At that time 
. . -

the authors also pointed out that quantitative anaJysis was difflcult, because of 

the necessity of. worklng with powders. 

, Until the late forties, water was excluded as a soJvent because of its • 
• < 

str~ng a~sorptlon in the infrared range. T~e ~s~:ption bands due to the com~ , 

ponents analyzed were usually obscured by water with the instruments availa -

ble at that time. The flrst major development in the field of aqueous IR analysis 
, . 

took place when Gore and co-workers' (1949) had publlshed the infrared spec -

tra"of several ammo acids These workers used water insoluble, infrared trans -

parent mat~rials, such as special glass, fluorrde and silver chloride, ~r 

fabncation of cells. They also developed a new IR spectrophotometer, the 12A . 
Perkin-Elmer, which w~ore suitabla for wor~ with wf~queous systerhs. '.~ 

.. , . ... 
This instrument maximizé~ the eneltJY available for analysis by chopping. th~ 

, 

. '-
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~adiation at fixed freque~cy thereby allowing only the required signaI, to be 

picked up by the deteètor. 

_ ln 1953, a major aovahce occured in the field of biolbglcal chemlstry 
4 • • 

5 

.' . * ' 
". when spectra of solutions of pla.sma were obtalned on a aouble-beam spec -

" • <1; ~ ~ , 

1 

Jrophotometer (Lenormant and Siout, 1953) The use of a double-beam 

spectrophotometer made it possible to compensate fOT solvent absorption by 

placing the appropnate solve nt fn the reference 'beam The same workers 
- -

(Lenormant and'Slout, 1953 ) had pubh~hed many IR spectra of blologlcal 
, #' • 

l 

polyniers in water and deuterium oxide solutions. Since heavy water is transpa -. 
rent in some IR règions'where water absorbs, l,lsmg both liqulds made it . " 
possible to obtain spectra over tne entire IR reglon. A double-beam spectre-

. \ 

photometer and poli shed plates of thalltum bromide-l,odide wlth. short .path 
o • 

lengths of 0.010-0.025 mm were used for optimal r~sults. SIIt openings of 0.072 

mm at 51lm, 0.125, mm pt 7 Ilm and 0.350 mm at 12 5 ~lm were reqUired for thelr . ~ , 
work wlth the Perkm-Elmer Model 21 double-beam spectrophotometer The.l~ 

res'earch indlcated that wlth suitable instrumentation good IR spectra of 

,.ompounds iJ1 aqueous solutions in tre regio~ trom approxlmately 6 5 to 10 jlm 
~ .. 

cou/d be ·obtained. "-,. 

Never/ess, further studies were needed ta rT)a~imlze the available energy . 
for quan~itati\le work. Phyler and Acquisfa (1954) were first to obtal!1 quantitative 

datà on compounds ln aqueous solutions. They also publlshed spectra of pure 
o • ",' ." 

water, showmg the region from approxlmately fram 6.5 ta 10 Ilm ta have 
. 

sufficient transmittànce to be appficab/e 'fèr--quantitative analysls. 

At that time, major experimenta/ dlfficultles arose fram the ne'ed to flnd ... .,. -
suitable cell windows -which were not attacked by sa/vent. ~otts and Wnght 

< 

(1956) constructed one of the ~arliest permanent barium fitonde 'cells with a 

" 

• 

/ 
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pat9 length,of·Ç.027 mm. Sàrium fluoride seemed to be Ideally suited for this 
...... 

use as it was commercially available, hard, easily polished, essentially . . 
insoluble in water·and IF3 transPirent up to 125 )lm. U,Slng these'cel~s in il 

o • 

d~ble-.pe·am spectrophotom~ter built in .. thelr laboratory (Dow Çhemic,als Co.), 

the authors obtainedquantitative 'spectra of metalilc salts of organic acids, 

glycols and other compounds WhICh\, could be ~alyzed aC,curately only ln 

aqueous solution To compensate for the energy lost by water absorption, both . ~ . 
entrance and eXit sllt widths were increased by a factor of T-1/2 where T is the 

p~rcentage transm,ittance of wa!er !n the region fror:n 6.p to 10 )lm. Further 

research was done y Kaye (1955~ho pre7ented the details of infrar~d 
• 4 

transmission, water solubtlity and re{ractive index of a number of useful wlndow 

matenals. Subsequently, Sternglantz (1956) reproduced the transmission 

curves of a number of sUltable wlndow matenàls useful for taking 1R spectra in 
01 

aqueous solutions. 

- At thls tlme, a major advance ln IR spectroscopy occlH'ed with the inven -, , .. 
tion of the -diffraction gratlng. The first commercially available retlection grating • 

instrument, Grubb Parsons GS2 grating spectrometer, was designed by Shielas 
-. " 

under thê guidance of Martin f-1956). The main advàntage of thl~ instrument 

, ~a~ its grating efficiency and its ability to function over the entie,e region of the 

spectrum. 

From then on, having developed sUlt?ble Instrumentation and cell mate -

.,. rials, the researchers ~O{ldûcted man/studies ~hich Indicated that lB speftro -
, . 

scopy in aque.ous solütions may b€ a technique of cholce for studies of Inorga -

!\lio and blolQgical su?stal1ces. ~alk and Giguere ({957) detected H~O+ I~n ln . 
concentrated aqueous solutions of strong aClds such as HGI, HBr, H2SP4 and 

. . 
H3P04 using silvèr chloride cells. The same authors (Falk a~d Giguere,1958) 

. 
also studled aqueous solutions of S02 between silver chloride. Windows aQd 

. . 
" 

~ 
\ 

... 

\ 
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. . . 
concluded that S02 exisfs mostly in the rr,lolecular state wlth small amounts of 

. ~ 

H~3- and HS4,05- bei~ formed. Antikainen (1958) has pres~nted IR spectra .. ) 

of some oXylons of sulphur in aqueous solution and t'las showed thelr charac-

teristic absorbance maxima using polyethylene-NaCI cells. These tYRe of cells . -, 
were replaced with teflçm-NaCI windows by Fogelberg and Kaila (1957) who 

, , 

studled aqueous aCldic and basIc solutions IR spectra of amlno aClds ln ., , 

aqueous solutions and related substan;es'ave been recorded by Parker and 

Kirchenbaum (1961) They reported that these spectra have generally fewer but .' 
broader b?Qds than slmîlar spectra ln a solrd state. 

\ ~ .' 
Goulden (1959) further contnb~tëd to thls fleJd of research He used ba-

• 
rium fluoride cells, the most suitable matenal ln 1he 6 5-10 )lm reglon, to obtain 

,4 • , 

spectra of inorganlc and organic compou'nds such as carbohydrates, ami no 

aClds aod other biological compounds. Goulden concluded that, desplte expe -

rime~tal dlftlcultes, lR.spectra could be pot~'ntiallfvefy usefulln th'e analysis' of 

aqueous solutions of a variety of compounds, particularly morganlc salts He 

also presented spectra of lactates ln. aqueous solution (Goulden, 1960) whose 

application to milk analysis'will be dlscuss~d later. 
..., 

Sorne Import~nt IR spectroscopie studies were do ne by Thompson 

(1965). He described a technique tor'Prepanng thm cells of known thlckness ln 
4 -, 

the range trom 0:4 to 1 7 )lm. These cells are most sUltable for taking the spec, 
, 

tra of IIquids and solutio.ns since they minimize the effect of strong water absorp -
\ 

tion in the 'mid-IR reglon. Using the double:beam instrument and calcium fluo -
, , 

, .-
ride cèlls of 0.8 )lm thickness, he accurately determ!ned the mo~~tlncti~ 

, 
coefficient of some fundamental IR absorption bands of water, deutenum oxide 

• . 
, and other solutions The 'same workers (Thompson, 1Sl66) studled the effect of 
~ " 

concentration on the IR active vibra~ional frequencies of the ammonium ion jn 

the 2.5-10 )lJl1 region. He noted shHts in frequencies by compa,.ring the values 

. .. 

• 
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for several flmmonium salts in their crystaline state, and in .saturated and dilute 

solutions Shifts in ammonium ion frequencies were attributed to hydrogen . ' 

, . bonding and ionic i'rlteractlons. This was conflrmed by fu'rther experiments -' ., 
which showed that, in' satlfrated solutions, ammonium Ion frequencles differ as 

~ . 

a consequence of s1rong ionic interacNons and theyapproaçh a constant set ot 
\ 

values fo~r di lute solutions where only hydrogen bondlng is in effect. 

Work i,n the field of aqueous IR spectroscopy was carried further by 
1 

Goulden' and Manning (1967). A frequency correlation chart was prepared ;' 1 

which allowe<i fGlr Identification of:.(he most commOn polyatomlc inorganic Ions. 

Using pH resistant calcium fluoride cells of 50 )lm, the authors were able to . 

s!udy the pH dependent changes in the iontc structu~ of numerous inorganic 1 

, ions and the effects of complex ion ,formation on IR spectra. Ali the spectra 

recorded were obtatned,from instruments fitted with a sodium Ghlonde prism. . ... ' . 
The spectra "were not, of high resolution out allowed for' substantial tncrease in 

'the spectrometer's slit-width which compenBated for. s~ng watell.absorption in , ' 

t'he mid-IR region. Goulden and Manning (1967) also studied the -affects of a 
\' ( 

change in cations and of, the solute concentration on the ab,sorptivity of the 
. 

sülphati3 band. They demonstrated that the sulphate band is affected by b'oth' .. 
the solute concentration and the nature of the cation. Theyalso noted that, at 

high. eone"ntratlon~. Ionie interactiàns :an s~eti~"s cause th~ absorbance­

€oncentration relationship to become non-Itne~r and may even lead to the . . 
appBara,~ce of addittonal absorptio~ bands as the symmetry of the free ion is 

reducetL 

The use of IR spectroscopy in food analysis has been limited mainly due - . 

" 
ta complexlties of sample preparation and t9 the presence of wàter in 1JJ0st food 

systems. F\éc~nt' developments in inst"rumentati.on have solvect'some of the 
. . 

practical cttfficulties of aqueous solution spectroscopy and there has been a .. 

... 
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steady increase ln. use of IR spectroscopy in the quantitative analysis ot {ood . ',. ,- ~ 

systems. ) 
• J 

G~ulcfen (1959) was. the fi~st to demonstrate the application of qùanti-

tative·aqueous IR analysis ta the determlnatlon of lactose in mllk wlth an , . . 
accuracy of approxlmately 1.5%. He further mdlcated (Goulden,1961) 'tllat 

\ 

under sujtable expenmental conditions the infrared' spectra of homogenlzed 
f 

milk samples show absorption peaks near 5.8,65 and 96 ).lm, which corres -

pond to fat (carbonyl ester or C=O Imkage), protein (peptide or CONH linkage) 
co 

and lacto§e (hydroxyl or OH grOUp) absorbance bands respectlvely The 'author ~ 

notlced that exceflt for the effects of the fat band on the 6 5 ~lm protein band, the 

'absorbance measured at 58 and 9.6 ").lm wavelength is proportional to th~ 

concentration of fat and lactose. The concentration of proteln ln the sample 
\ - . 

could be obtained by applying a correction factor. The éluthor also demon -

. Airated. that quantitative abso rption measurments of ml1k s~mp'les are ~n Iy . 

, ~~uré1te if ttie effetts of light scattenng are mlnlmlled by the proper homo -

.. 

....,. 
genization of fat globules, their dlameters havinglo be smaller than the wave -.' . . . 
lengfh at which absorbance is measured. 

, 
. A concept developed by Goulden was successfully employed in the 

design of a commercial infrared mllk analyzer (IRMA) produced by Grubb­

Parson in England in 1964 Wh1ch could determme 'fat, protem. I~ct~se and' 

solid-not-fat (SNF) I~ less .t~an 1 miJlute. This split be" duarCe" IR analyzer .. 

had some limitations süch as a relatlvaly long Iight path, a com~x aptlcal sys -. \ 

tem and an unstable Infrared source. Neverless, in Spi te of of thesel limitations, 

It was1.uperior ta any other instrument available at that time .. 

. rthe!R meth~d for mi'lk an~lysis waf: extenslvel~ st~died bY B19g~ (1~72) 
'who dempnstrated that the IRMA method was as accurate and precise as, but 
.}'. 1 

less expensive and faster, than the accepted standard methods (Babcock for fat, 

\ 

, b 
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• 
Kjeldahl for pratein and polarimetry for lactose). After an extensive collaborative 

studies the IRMA method was adopted as an official method for milk analysis 

'" (AOAC 1975, Method 16.074) .. 

Subsequently Biggs (1979) recommended performance specifications 

for the Infrared Milk Analyzer. The proposed specifications dealt with a number 
. 

of factors whlch could reduce the acc(jracy of th~ Instrumenl's perfQrmance 

such as po'or homogénlzlnQ efflclency, the effect of moistwre and the quality of .,. 
, mi!ks used for calibration. Slnce mfrared mi!k analyzers are callbrated to repro -

duce the "analytical resUlts achleved with the accepted standard .reference 
• 

. methods, the author recommended that the instruments using {he reference 

methods be weil calibrated to perform within sptlclflcations for precIsion and , . 
B:ccuracy. .. 

ln 1975, Foss Eleotnc introduced the first sif1.gle cell, dual wave!ength 

i~frared mllk analyzer, the Milkoscan 203 and'300. In these Instruments the 
-

_ diffractl~n grating was eliminated, and replaced by fllter pairs speciflc f~r the fat, 

protein:and lactose wav~lengths. By chopping the beam and passing It through 

the sample and reference filter, the levels of energy fram ~ach filter reaching 

the detector could be compared. The percent of each component in the sam pie 

could be then c?lculated because it is proportional to the log dlfference in 

signal. The obvious a~ntage of this system is the s.eed of analysis and 
t ' fi , r 

higher leveJs of energy aVÇ3.ilable due to the wide band filters, van de Voort. 
- , 

(1980) evaluated the Mtlkoscan 104, an Improved model of IRMA, to establish if 

it meets the AOtC specifications. '"Alis assesment was done using a variety of 

mi/ks and the results indicated that the Milkoscan 104 was capable of meeting 
,/ ~ 

the AOAC specifloations for fat. protein and lactose analysls. 

.1 , 
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A study ~f IR spectroscopie application to food 'analysis was done by 
-" -
MiHs and van de Voort (1982). These workers used the C-H stretch (3.4 !lm) 

filter to succeS~fully measure the IR absorption of fat in aqueous solutions and )': 

suggested that the use of the C-H fllter, the C=O ftlter or a combinatlon of both ., 
c0uld predict the sample fat content of consistent molecular weight and degres 

" of saturation. F~r fats whicn varied ln their degree of unsaÙJration, the most 

accurate results could be obtained when the C-H(fLiter measurments were used 

together with the ladins value 
-, 

Bjorno (1981) at Foss Electncs tried to apply the established IR analysis 
, ~ 

technique to samples other than mllk. The meat ~ples analyzed wers con .: 
\ 

verted to a- milk-lik~ emulsiM, homogenlzed and transfered to the ce" for IR 

measurments. The àbsorbanc"'ands investigatsd were the C=O stretch 
"', ,-

(5.73 !lm) for fat, the N-H stretch (6.5Ilm) for proteln and the OH group (9.6 IJ-m) 

for carbohydrates. Bjorno's results indicated that the IR spectroscopy could be , . 
used s,uccessfully for meat products. The collaboratlvs studies (Bjorno,1982) 

. ~confirmed the abov~ results. 1hey indicated that there was no slgnlfictlnt 

dlfference between the infrared method and. the reference method at a 95% 

confidence level for the tletermination of protein, fat and water in meat products. 

• 
. .-
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2.2 Kjeldahl method and Its modifications . 
.. 
• The analysis of nitrogen is widely u~ed for tqe de!ermination of the 

protein content of food and other biological,materials For m~re than 100 years . 
~ . 

this determination was done by two basic proced,ures; the Dumas method 

(1831) and the KJeldat;J1 method (1883) J a • 

The Dumas method is based on the pnnclple of complete combustiOn o~ 

the matérial to yleld gaseous nltrogen which is then- determmed by volume. As . . -
dry samples are required for the Dumas method, it is less commonly used. 

ln the Kjeldahl meth~d, the sam pie is treated with hot sulphuric acid 

which converts the organic nitrogen to ammonium sulphate. The proçiuct 'Of the 
.' ' 

digestion niay then be measured by variou; rnethods. As ttié Kjeldahl method . 
measures not only the nitrogen from protems but also any nitrogen present'in 

other classes of compounds, the total nitrogen times the Kjeldahl factor gives " 
• 

only. ~n estimate of the pràtein present. The Kjeldahl factor, which converts the 

nitrogen found into the protein content, has a value of 6.25, unless it has been 

determined that some ôther factor is more accurate for a particular materia!. . . 
The ext-ensive application of the KjeldahlflTlethod to organic sample 

, 0 ~ 

analysis has led to numerous publications and also to comprehensive literature 

",re.views by Kirk (1947), Bradstreet (1954), Steyermark (1961 J, Ingram (1962), 
, 

-
~ . and, more recently t' by FÎecK (196?). To present the avail~ material, the 

.• ' metho~ has been ~ivided into its component parts: the digestion of the sam91e . 
and the estimation of its protein content. 

1 

\ 

Digestion process , 
Quantitative conversion di organic nitroge~ to amm~nia in the pr!3sence . ' . . ., 

of sulphuric acid is à critical step in the Kjeldahl method. The objective is ta J 
, , 

, 

• 

• 
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[ . 
oxidize the aarbon of the organic matter without oxidizing the liberated 

ammonia to gaseous nitrogen. There are several factors that affect the digestion 
r -' -' . 

l, ~ ~ 

process: the catalyst, the salts ln the digestion mixture, the temperature, the time " , . 
of digestion and the oxidizing agents. There is no one single universal digestion 

method (Klrk,194v) and'the conditions chosen depe~ld mnstly ~m the nature of 

the sampJe bei~g analyzed. 

Catalysts 
;-

Numerous' elements and their salts have been uSed as catalysts in the 1 ~ 
-Q 

KJsldahl digestion. Wllfarth {1885) first proposed the use of mercur'ic oxide jn . 
188-5 and since then 40 elemants have been test€fd fe)r catalytic actlvity _ 

Although Osborne and Wllke (193'5) tested 39 elements and found the arder 'Of . \' . 
efficiency of th~ best six to be Hg, Se. ~e, Mo, Fe, Cu; most of the studies ~ave 
been onl-ig, Se, Cu Ç>r a mixture of thes~ three 

) ,'1 

. Baker and ShutHeworth (1939) compared minimum digèstion times and 
~ , , ~ . 

found that catalytic efficlency decreased in the following order mercury~ . ' 
(""" . 

sele~,um, copper and manganese. Oth~J ~~~dies su~h as those of Osborne and 

WIJke (1935), F-liller (1948) and Phelps (195-1), confrrmed that mercury IS the . 

best single ëat?lyst. A thorough AOAC study ('1955) has shown that, 'fo~aSiIY , 

digested materials such as proteins the results are higher wlth mercury as a 
'. . , . 

catalyst than with copper. The only disadvantage in I1smg merc~ry as catalyst is 

the necessity to preclpitate thè mercury befbre distillatloh since It form! com -
J _ 

• ~ plexes with ammonia (Bradstreet ,195<4)., 

. Selenium ~s been thoro~ghly investigated ~s a catalyst since Laura 
• 

" (1931) tirst repoFted if. Patel anq SrBenivasan (1948) considered selenium a 

controverslal catalyst bec~use of the- nitrogen loss that may oc~ur If the t~mpe- . 

rature of the digest is too nigh or the digestiolJ tlme is too long. Selenium, either ' 

\ 
\ 

,-

\ 

1 
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·as ~ metal or a s~lenite salt, is seldom used alone. It is usually used with 

mercury for the purpose of increasing the digestion rate over that 9,f mercury 
..., . . , 

used alone Willits et al. (1951) showeq that the higher the.-Sêlenium content, 
, . 

the greater the nltrogen loss and that the pres.ence 'of"mercury Increaseq the 

-loss caused by the sel~nlum alone. Patel and Sreenivasan (1948) on the 
~ ~ 

other hand, found that the,presence of mercury reduced the loss due ta 

selenium They suggested that the reason for thls could be--\he formation of a 
\i ' 

. mercu~y - a,mmotlia com~lex ~hich protects the nltrogen again'st further . 

o~dation. 

" There is' a conclusive evidence that copper is inferior to meréury as 
« ' 

c~talyst (Baker, 1953) and (Bradstreet, 1954) and therefore it is seldom used. 

Salts in the digestion mlxtur~ 

.Gunning (1 (389) was the first one to report the use of-potassium sulphate .• 

to raise the temperature of the digest, th us shortening the digestion time 

required. J,tle effect of varylng the salt l sulph~ric acid ratio was report4d by 
" . . -

Phelps (1920) . His wôrk showed that, with mercunc oxide as a catalyst and a, 
. 

2:3 sal~ / aci~ ratio, pyridine salts~ cDuld oe ana1yzed with a 2.5 hour digestion. 
, .,. - -

Lepper (193") reported that rapid dig~stion was obtained with potassium 

sulphate/ acid ratio of 3:4. Ogg and W~"ts (1950) measur~d the boiling tempe -
~. , 

rature of potassium sulphate'- sulphuric acid sQluti'ons with r?tios ranging fr~m 

.1:4 to, 7:8 and found-that the boiling point increased from 3320 C to 3580C. 

1 They also observed that a temperature increase of 100 C doubled the reaction 
, , 

r~tes. 

Lake et aJ. (1951 f, studymg the affects of potassium sulphate on tempe-
. . ' 

. rature, concluded that at te"mperatwes excEleding 4100C nitrogen loss may 

'"." .. , 

~1 ______ ' _______________________________________ /~ ____ ._~_ 
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occur. To avoid the possible losses, the workers suggestéd adJusting the " . 
_ amount of potassium sulphate added. to obtain a temperature of 3700 C. 

Extensive work was dàne by Bradstreet (1954) on the effect of the salt / 

acid ratio on nitrogen recovery. Using the term "acid index", d~ined as the1 
, -

mililiters of acid dlvided by the grams of potassium sulphate, he concluded that 

th~ limlting value of the aCld index atJhe end of digestien should be 0.88. This 
• 

value W?S establlshed by consldering the amount of acid lost by boiling plus , 
i that lost by reaction with dlfferent sam pie materials. Bradstreet suggested that 

the acid index m?y be useful to determine the minimûm volume of an acid 
. \ 

necessary to oxldize the ,mple and, as a conseque~ce, prevent nitrogen 

los~es that may occur due to a too high temperatures. , ' 

Other workers also suggèsted tha~ th,e best mean7. controlling the 

temperature of ~igestion is by yarying the amount of potassium sulphate in the 

-"~gestion mixtùre. McKenzie and Wallace (f954) regarded a-ratio of 19 pota­

ssium sulphate to 1 ~sulphurÎc acid as optimal and a resultmg)emperature of 

360~C as satisfactO\Y for an open tube-mlcro-KJeldahl digestion. . .' 

Salts other than potassium sulphate have _been used to Î[1crease the boi -

ling temperature of the digest. Pernn (1953) completely replaced potàssium' 

sulphate with potassium phosphate and obtained a marked increase in the t 
digestion rate. He also noted glassware etching dunng this procedure and -

occasional low results pOssibly due to an excessive increase in the digestion 

temperature. McKenzie and Wallace (1954) reported tha~ sodium sulphate . ' 

caus,es solidification of the digestion mixture and does not rai se the digestion . .. ~ 

temperature as effectively as a similar weight of potassium sulphate. Potassium . 

sulphate ha~ none of the disadvantages listed above and' is the us~1 salt 

added to control the digestion temperature. .. , ~ 
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Time of digestion 

The dige~tlon time needed for complete conversion of organic nitrogen 
~ . 

to ammonia is inversely proportional to the tempe rature of the digest. McKenzie 

and Wallace (1954) found that samples of tryptophan clear~ after 5 min of . . -
vigorous boiling and conversion to ammonia was complete after ~O min. On the 

. 
macro scale, Lake (1951) fd'und that a 1 hour digestion of.the.mixture gave 

satisfactory conversion of organic nitrogen to ammonia. S,teymark (1 ~61) 

recommended longer periods of digestion. His procedure requfred 4 hours of Q 

> ~ 

boiling; however the digestion mixture provrded' a bolling temperature of only 
-

3400 C A short digestion time is generally rècommended. ~oss of sulphuric 

acid due to prolqnged bOlling cha.nges fue ratio ,of salt to acid and increases 
. 

the temperature in an unpredictable manner (McKenzie, 1954j as solidification 

of the digest may occur (Bradstreet, 1954). 

Oxidizing agents . 
Oxidizing agents-are used to speed up the digestiorJ~Thè most;common~ -

Iy tlsed agents have been hydrogen peroxide, potassium permanga~ate ând . 
. '" 

perchloric acid, w~th hydrog~n peroxide being the oxidant of cnQice. ~rk (1950) 
- \ 

and Koch and McMeckin (1924) recommended using hydrogen peroxide but , 
did not report the 105S of nitrogen dudng the digestion. However, Miller and .-

o • 

Miller (1927) pOlnted out the importanqe ofthe addition of hydrogen peroxide 

only after the sample has been partially digested. McKenzie and Wallace 

(1954) noted that the practice of èoohng the digest beforé the" addition of the 

oxidizing agent may prevent nitrogen loss. They also noted that when ,a Iiigh 
" /~ ~ 

salt / acid ratio of 1:1 was used, the digesticrf"-process did- not beneflt from the . ~ ~ 

ad~i~ of hydrogen peroxide . 

c 
1 

: 
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Redudng agents' 
~ 

Certain compounds such as nitrates, azo-compounds and nitroso- t> ,- - ~ 

compo·unds are n-o~ succéssful1y analy1ed by standard Kjeldahl methods 
. . 

,without a preliminary reduction. Fridrich et al. (1933) used hydriodic acid and 

red phosphorous as.reducing agents. Jhe acid and iodine 10rmed were distilled 

of(and the normal KJeldahl digestion was carned out However, the col1abo-
, . 

rative studies showed that the results were erratic. Dlckir:lson (1958) proposed 
.A 

a màcro-method an9 Steyermark (1958) 'a mlcro-method uSlng zinc'"and formic 

OJ:' acetic aCld, followed by iron and hydroc)1loric acid to reduce the N':O and N-N 
- . . 

linkages. . '" 

The carbon reduction method, in which the sample is heated with carbon, 

. is als~ recommended.-Bradstreet (1957) studied extensively this 'metho~ of 

reductiôn and recommended the use of sucmse as a reducing agent. Another 
. 

redu~lng agent which has been used wlth sorne success was sallcylic acid 
~ . , . ' 
(Steyermar~, 1958) .. 

-, 

,. 
""\. 

-. ~~ 
Other digestion procedures 

, 
Most digestions al=e carried out in an open tubes or Kjeldahl fla~s. How-

~ . 
, 

-V. -e-ver, closed tube digestions have also been reported. Levi and Girnignani 
. . 

(1929) presented a close-tube macro-method in which tsmperature was only .. 

'" raised to 3300C and the digestion time was as long as ln the open flask proce~-

dure. Grunbaum (1955) observed that maint8lling the temperatur~ at approxi -
-< 

mately 400-4400G-achieves a quan)l~atlve converslorf of nitrogen to ammonium 
. ~ 

sulphate without a catalyst. Whit~ a~d Lang \1953)~ ,developAd a micro method 
<>' 8 , 

for the determination of heterocyclic nltrogen ln sealed glass tubes at 4700 C 

with concentr~~ sulphuriG acid and a merçwic oxide catalyst. ThiS method 

" 
• 

. ; : 



• 1 

... 
18 • .. 

offered good accuracy 'and preèfsi6Fl because there was no nitrogen loss due to -the th~r.;mal decomposition of the ammonium $ulphate . 

Block and microwave oven digestion. 

Recentlya new method has been develope(j uSlng heated aluminum 

blacks for sample digestion. Nelson and Sommers (1972) l.ntroduced with 

good results digestion blacks as a mean of dlge~ting samples. Shul~an et al. 
, """'''""'"=~~ . . 
(1973) used a commerclally available black for the 81gestion of nitrogen in soil 

1 0 .6 
samples and shortened the digestion time to 2.5 hours. Hambl~ton ~nd Noel 

(1975) evaluated the Technicon 80-20 block dlgestor ln the determination of 
-

crude protem ln animal feed. When compared, the results Gbtained with the BD-
- • y 

20, proved ta be as accurate as those obtained by the officiai final action Kjel -

dahl, method. 

Isaac and JQhnson (1976) conflrmed block dlgesfors as one of the best 

analytical tools for KJeldahl di~esti~s. They found ~ black digestor technique 

~ compatible with the automated contlnous flow methodology of an Autoanalyzer. 

.. 

( 

Wall and Gehrke (1977) developed a semi-autojPted method for the 

• determination of nitrogen using the Technlon' bl~k' digestor for sample 
, . 

digestions followed by an automated spectrophotometnc analysls of the' 

ammonia in the digests. After comparying this method ta the officiai AOAC 

manual method (1976), they concluded that the Technicon block digestion 

method showed an accuracy and precision equal or superior to that oMhe 

official AOAC method. 
~ . 

The newest development in the digestion methodology is the utilization 

of a microwave oven fC?r samp/e digestion. Abu-Samra et al. (1 ~5) overcame 

som~. of the difflculti, ôt the establisned digestion procedure by using a - ' commèrcially available microwave oven for sam pie -digestion. In this method, , 

D 
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acid mixtures are heat~d 'Iflternally by the ,oscLilating elèctromagnetic field, ~ . . 
which results in a very~ rapid, safe and efficient digestion. The Abu-Samra et 21. 

l' c 

method was further modified by Barret and Davidowskl {1978) to eliminate , 

problems associated with thé bUild-u~ ot' acid fumes ill the ov~n cavlty. their 
.0 

removal and subsequent treatment The workers used Pyrex chromatography 0 

glass for t~e ove,n cavity which was c'èlupled ta a slmplJtrap and a KOH bubbler 
. r--- . 

system for rem.oval of the corrosive fumes. The workers also noted that slnce 

sufflclently high temperatures were generated ln 'such a c\esed system, the 

flged for potasslurrLsulphate was elimlQated. Nadkarnl (1984) rnvestlgated the' 

use of mlcrowave oven for the aCld dissolution of blologlcal and geologiçal 
~ • 'C' l -
materials.4 He concluded that thls technique offers.good reproducibilrty and -

significanHy'qecreases an~lysls time. 
1 

t\ 

- Estimation of ammonia " . 

" . To estlmate the ammonra present in a sample, the digest containing , . 
~ 

, , 
ammonium sulph~te is steam distilled into a standardized acid after the addition . ~-

of alkall.., If mercury has been used as'a catalyst, the mercury-ammonium 

( complex formed has to o be precipitated since it Interferes with the: comfdlete 
~ . " 

recovery"of ammonia (Hrller et al., '1948). McKenzle and Wallace (1954) 

suggested that both zinc dust and thiosulphate can be uséd efftictlve.ly ta 

precipitate mercury. They noted that thiosulphate tends to produce aCld fumes .. 
dunng distillation, but thls problem can be avolded ,by mlxrng thé alkalr and the 

... . , ...,.' 
1 . thiosulphate before addition to the digest. A sufflclent amount of alkalr added to 

the digest is essentlal ta permit the ammonla to be easlly and quantitatively 
, . , 

distilled (Ogg, 1965). The same °worker demonstrated, h-owey~r, that too large 

an excess of alkali may lead to low recovery of ammonla when 1he digest 

• solution contains precipitated mercuric sulfide. 

- / 

.. 

, . 
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" Different r:nethods of steam distillation can be carried out as reqUired on 
, . 

--... sample quantities ranging from macrosca~e Steyma(k, 1961) to the ultra 

microscale (Tourtellotte et al.,1958). In th original KJeldahl proced"ure (KJel­

dahl, 1887) ammonla was distilledlnto stan ardlzed sulphuric aCld After ~ () .. 
.... ~tillation"the excess of standar,ti acid was determined iodometncally. 'Other. 

. - ~., . . 
workers, (Hiller et al, 1948).and a JOint Commltte of the AOAC and AOCS _ 

(1955) used standard acid-to absorb the ammonia carried o'{er during 
, 

drstillation anà réported excellent accu(acy using thls .method . 
,~ A more common practice is. to I,Jse boric acid for the absorption' of 

( 

( 

. ~ -
ammonia, which has the advantage that only one standard solution is neces-

sary Bonc acid was used by numerous workers (Ma and Zuazaga, 1942; , . . 
. McKe zie and W.alla~, 1 ~54) but more for micro rather than macro analysis. A 

stati ical study based ol1"the collaborattve test (Joint Committe of AOCS and .... 
. . 

AOAC,J 955) showed that there was a significant dlfference between the results 

obtained with bonc aCld and those wlth standard hydrochloric or sulphuric acid, 

the latter glvmg higher valûes Wlngo et al. (1950) studied the problem of 

incomplete ammol1la recovery wlth the boric aCld method and suggested that . 
this could arise from the heating of the boric acid solution by hot distillate, since 

, 
no losses occurred If the femperature of the receiver remained below 500 e. 

, >-

Stetten Jr. (1951) noted an inçrease in the pH of a boric acid solution as it was 

being diluted. He suggesed the adjustment of distillate.to.the same volume 

before each titration to assure reliable results. 
. , 
• ~ethyl red is the most common aciQ-ba~e indlcator used for KJeldahl 

, . 
titration. However, the mlxed indlcators are prefered by many workers Ma and 

• 1 

Zayzaga (1942) recommended using methyl red-bromocresol green indicator 

They poi'nted out that the colour change Qccurs over a much narrower pH 

range than with a siAgle indicator; th,us 1eadmg "to a sharper, more reproducible 
, 

" 

.. 

. " 

\ 
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end point. Sheer (1955) described a two step mdicator such as a mixture of 
, -

bromocresol green, cncCÎne and 'p-nitrophenof, which progressively changes 

from gre.en to blue !n bonc acid; sigrialhng the ~pproach of the grey ~rld pôint . 
An alternate metrod in whitH potassium hydroge,n Iodate seNés as an 
~ 

ammonia absorbent .has been proposed by Ballentine and Gregg (t947} and 

Niederl et al. (1938). Using an lodometnc tltratlOn, with its sharp end POtn~:t~y 

obtained a standard devlation of better than 0.01 for samples contaming about .. 
~ % nitrogen. Howeve'r, lodometric methods have been fqu'nd unsatlsfactory by 

sorne workers (McKenzle and Wallace, 1954) and, in practice, their use is '1 . ....-

limlted to samples containinQ,.a few mlhgrams of nitrogen. 

Colorimetrie methods ' 
.. 
As colorimetric procedures are gener-ally more sensitive than titrime.(ic 

- ' 
me.thods, they are often employea f6r ~na,lyses ~f samples contalnlng below J 

0.3mg of nitrogen. 
\ 

. . 

The most common colonmetnc methoçl is the Nessler procedure (Follin . , 

and Denis, 1916). It relies' on the measurement of a yellaw-brown color formed 
, 

when the Nessler reagent (a mixture of potassium iodide and mercuri~ iod!8ii") 
'( 

is added to a solut~on containing ammonia. Thompson and Mprnson (1951) 
, ' 

t'lave done an in-depth study on the Nessler procedure and founq that 
. . 

numerous factors such as amount of .salt, pH of the solution, temperature and 
1 

, time of colouf development, greatly affected the reaction These workers notlced 

that, if the s~ution was alkaline during the caler development) t&rbidlty migbt .. 
result; whereas, If the solution was too acidlc, the color'development might 6e 

\ ' 

insuficient and the reactants mlght preclpitate. They recommended 200 C as an 
~ 

optimal temper~ture, and,20 to 30 ~L~ a~ an optimal tlms ~or colour. 

develop~t. . ) Co' 

, 

.... 

. ' 

. , . 
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Polle y (1954), worki~g with bi010gical m,aterials'modifiE!d the Nessler 

. reagent to improve its stability. He also noticed that, where mercury had been 

used as the èatalyst, erratlc result~ were obtaine'o unless the mercurY­

ammonium complex was flrst decomposed with zinc dust. 

Fleck and Munro (1965) obfained reptoducible calibration CUNes with \ 

ammonium sulphate but, when the procedure wafapplied to protein analysis, 
. ' 

the results were erratic. They reported that the Nessler procedure, when applied ~ 
1 

to the digest, was found to be unreliable ~y many workers due to the numerous 

factors affectmg the results, Applying this procedure directly to the dlstillate 

elimmated many sources oferror'but also added another step to the method 

arid required special apparatus. 

A colqnmetric method based on the indophenol reaçtlon was developed 

by Thomas (1912) and latter adapted for ,the quantitative estimation of nltrogen 

by Russell (1944), The ammonia produced during the ~gestion is reacted at 

pH 1 q.8 wlth sodium phef10xide and then wlth sodium hypochlonte. The 
o 

reaction produces a blue coloWed indophenol compound whlch' is measured 

colorimetrically at 630 nm 

Lubochinky and Zalta (1954) reported that sodium nitroprusside . , 

accelerated the rate of colour development and Jncrèased the sensitivity of the 
" , 

reaction. Bolleter et, al. (1961) reported obtaining reproducible results with the 

indophenol methop when the ammonia wa$ buffered with banc acid. He noted 
(JI 

tba! ~e method W?S rapid slnce only 3 minutes, o,t heating' at 1000C was 

needed for colour development. He also noted that copper"zinc, iron salts and t 
." J ~ , 

bromide ions were the only interférences. 

Mann (1963) developed à reliable ultra-micro m~thod for the.determi-

" nation of 1 to 15 JlQ of nitrôgea, iQ this method, sam pie digestion is 'followed by 
l 

, 

• 
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• zink precipitation of mercury oxi(je catalyst c!nd careful ne~tralization of the 

digest. The ~mmbnia l'S then directly eStimated as indopheno'l. . 
Another. rl)ore reoent colorimetne method is based 'on a reaetion of 

proteln digest or distillate with ninhydnn reagent to form Ruhemann's purple 

whieh h,as absorbance maximum at 570 nm Jacobs (1962) rep0'1ed that when 

ninhydrin is applied dlrectly to the digest, a citràte buffer dilution IS recorn,;... . 
~e,nded td ensure a IInear relattonship between the level of ammonia present 

, -

and the colour dèveloped, The methoà was found to be sensitive anQ amounts . . 
of nitrogen as low as 1 to 4 I1g 'could be determined 

Il 

o 
Ammonia electrode method 

Recently, the use of an ammoma gas-sensing electrode (ammonia 
l • 

probe) for ammonia determination was Feported. Onon research Ine (.J.979) 

has developed an ammonia electrode that permits determination of ammonla ln 

aqueous solutions over a concentration range 10-6 to 100 M The electrode 

contams a hydrophoblc gas permeable membrane through whlch ail free 
~ 

ammonia can diffuse mto an internai electr.olyte until the partial pressures on 

both SI des of the membrane are constant. In the equJlibnum ~ondltion, there is a 

direct Nernstian relatlonship between the concentration of ammonla in the 

sample and the potential of the glass elec;rode whlch senses thOe pH change ~ 
the internai electrdtyte. To assure that ail the ammonium ions in solution will ba 

\ \ 
cenverted into free ammoma the pH of the sam pie. has to be adJu~ted to 11 

before the analYsis .. 

Several workers used the gà's-sensing electrod,.e as a replacement for 

the.distillation and tltration steps to ~stimate the ammonla content o! KJeldahl 

digests. Todd (1973), analyzin~ the digests of a variety of meat products. found 
\ , 

-close agreemè.nt betwe.en the results obtained by the ammonia-sensitive 

\. 

. , 
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eleètrode method and the distillation-titra!ion technique. He notlood the 
• 1 

departure from linear behaviour at low concentrations of ammonia due'to . , 

• co";'plex f6rmatio!1fwitfl copper ions. TlÎis problem was co'rrected by Todd by 
, -

addition of disodlum EDTA/to the çlgest. 
. 

B.uckee (1974) has described a procedure for estimatmg the ammonia 
.1 ~ . 

content in Kjeldahl digest solutions for barley, malt and beer. The' semi-micro 
.. .c 00 ~ 

diiestlOn was followed by an automatic estimation of ammorlla content by an 
. . -

electrode in a continous flow system at a rate of 60 sampi es per hour. The 

above system was found fast and efficient and the results agreed closely with 

the results obtarned by \the distillation-titration method. 

Bremner and Tabatabai (1972) used an ammonla ~Iectrode for de,termi -
• 

nation of ammonla ln soils. They conflrmed the close agreement between th~ 

electrode and the dlstillatton-titration method and recommended that the­

measurement ,of ammonia ln a digest should be perform~ immediate1y after 

the addition ~f alkali because of the !oss of the ammonium Ion as ammonia gas 

upon prolong standing. They also examined the effects of temperature and 

depth of Immersion of an electrode on the r~sults and concluded that it was 
. 

imperative to keep the temperature constant, but the depth dt immersion of a 

electrode d,d not affect the results ... 

Lope~ and Aechnitz (1982) studied the interference of volatile amines on 

the ammonia electrode response. They evaluated the potent.io~etriè response 

to a series of amines and other nitrogen containing compounds with a wide 

range of volatilitles and baslcities and came up wlth a series ot coeffiCients 
. 

wt:1ich could predict the extent of amine interference. 

( 

/ 

( 
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Chapter III 

PROPERTIES OF AMMONIUM IN AQUEOUS SOLUTION 

3.1 Chemical Properties 

Ammonia is a pungent, colorless gas extremely soluble in water. Solu -

tions of ammonia are best described as (NH3)aq with the equilibrium written 

as: 1 
. (NH3)aq + H20;:;; NH4+ + OH-

, 

W1d~vjng the,equillbrium constant K ='1.81x10-S.·The solution of ammonia 

and ammonium ion in water can also be treated as a.case of salt of a weak 

. base and a strong acid. Their equil,lbrium ln water is as follows: . ' 

NH4+ + H2P = NH3 + H+ 

" Th.e appare'nt disso~lation constant 15: 

which in the negatlve form is' 

. . - log K'ao= - log [H+] - log [NH3] /[r;.JH4+], 
- , 

which the "p"-fQrm is: 

pKa' = ~H - ~og [NH3J / [NH4+] 

which rearanges to: 

This "Iast equation, called the Henderson-Hasselbach equation, -
• 

describes the relationship between the pH, the pK'a and the log of ammonia to • 

• ammonium ion ratio for a glven pH (Williams, 1967). Slnce the pK'a for ammo -

nium Ion IS 9.4, the final form of lhé Henderson-Hasselbach equation 'IS: • , 

pH = ~.4 + log [NH3J / [NH4+J' , . 
-From the ~bove equation, ~he rati~s of concentr~tlon of ammonia to ammonium 

ion for variotls pl-is can be calculated (Table 1) . l' 

.. 

\ 

• 
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o 
, Tabie J: pH versus log [NH31 1 [NH4+] for'(NH4)2S04 solution. 

1 , 
pH log[NH31 1 [NHl*'j 

3 398 x 10-7 ' 

4 3.98 x1 0-6 

5 • 3.98 x10-5 \ 

8 3.98 x 10-2 
9.4 1 

10 3.98' 

The results in Table 1 demonstrate that the concentration of ammonia in 

solution is minimal below pH 8 and increases dramatieally above this value as 
, ~ 1 

the equilibrium of ammqnia-ammonium ion is shittéd. 

ï'he dissociËttion constant for ammonia- ammonium ion system 'is also 

'depandent on the temperature of the solution (Bates and Pmching,1950) .• There 
\ 

is a linear decrease in the pK'a value witt'! a~ increase in tellJperature, which . 
- -
conséquently affects the pH of the ammonia-ammonium ion solution (Table 2) . , 

( 

.. 
... il a 

1 
• 
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Table 2. Dissociation constânts versus tempera~ure for (NH4 )2804 ~olutiona 

Temperature 

o 
5 

10 
15 '" 
20 R 

25 
30 
35 
40 .. 
45 
50 

aFrom Sates and Pinching (1950). 

- pK'a 

10.081 
9.903 
9,730 
9.564 
9.401 
9.246 
9.093 
8.947 
8.M5 
8.671 
8.540 

"-

.. 

3.1 Infrared properties ' .' 
, . -'\ 

The unperturbed NH4+ ion would be @/Xpected to have tetrahedral " 

sy~met~ T d resul~ing in four fundamental vibrations, two of Lwhich are if1frar~d 

active having theoretical frequency values of 33~Ocm-1 (2.98 ~m) and 1400 
~ 

cm-1 (7.14 IlryYrespectively (NakamotÇ), 1978). However, in the majority of 

crystalline /mmoniu~ sâlts -and in' their solu~ions, th~ ammonium (on frequen -
1 . , 

cies are removed from t~ese values because of the formatpn of hydrogen 

bonds, 'and the Influence of the electric field surrounding the Ion '(Thompson, 
- ,. _. 

1966). Table 3 shows certain site s~atries to which the ammonium ion may 

be SUbj~cted and the c~rresponding Sy1'netry groCps. As the site symmetry,of 
. 

the a~monium IS lowered, degeneracies are lo~t and th~ number of fun,. 

mental vibrational frequencies to be observed increases. 

, 

\ 
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Table 3. Fundamental y.ibrational frequencies and symmetry groups for 

hmrnonium iona. , , 

" " cm- 1/Jlm C2v * 
,... 

mode Td C3v Cs 

v1 3250/3.0& A1 (R) A1 (R)(IR) A'1 A' ) 
v2 1700/5.88 E(R)~ E(R}(IR) A1+B1 A'A" 
v.3 3350/2.98 F2(R)(IR) E+A~ (R)(IR) A1 +!31 +A1 A'+A"+A' 
v4, 140017.14 F2(R)(IR) E+A1 (R)(IR) A1+B1+A1 A'+A"+A' 

aFrom Thompson (1966),-
• 

R = Raman active. . J \ 
IR:: inlrated active. .. 
• Ali classes ar~ i.nfrared and Raman active. 

-( 

. _ '" ..... 
Two addttional bands occur in the case of a hydrogen honded ammo-- ... 

niuni ion. Wapdington (1958) described one near 3040·cm-1 arising from the 
, 

interaction of vz + v4 in ~ermi resonance with v3 which has been lowered in -, . ., 
. '. frequency by hydrogen bonding, ~nd a second band near 2850 cm-1 arising .. 

from 2v4 ~trengthened by Fermi resonance with v3. The confirmation for this 
. 

assi~ment came fram the observation (Russell, 1965) that only one NH4 + 
, 

stretching band appeared in the infrared spectruri-! of crystallme ammonium 
• j 

perchlorate and of anhydraus ammonium substituted montmorillonite and . . . 

saponite clays. 
.- . 

The iflfrared p'roperties of va~us a~monium salts in crystalline state, in 

·saturat.ed and dilute solutions were studted py Thompson (1966) and are 

presented in Table 4. 1 ,. 
. ,- ... 

• 

c 
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.. The absorption band wavelengths obtained b,y thomps n, indiçate that 

the spectra of crystal/ine solids cannot be directly compared becau'Se 'of their 0" , 

. ~ 
different Ion symmetry. In saturated aqueol)s,solutio'hs, the sets of ammonium 

ion frequencies differ sig~ifiC<itntly fram one another and their v~lues.lie mid-way\ 

between the va~wes far di lute solutions and crystalljne solids. In dilute soluti~ns 
\ ' 

-however, where only hydragen bonding exists.and there are no perturbing 
• c 

effects on an ion, the ftequency of the ammonium ion reaches a constant set or 

values. 

These constant ~absorption wavelengths for the ammonium ion demon -

strate that, ~ the formation of hydrogen b'onds, th~ number of fondamental' 

~o • 

. , 

)brational frequencies Increase resulting in two neW bands at 3040 (3.28 /-lm) 
~ . 
nd 2850, (3.35 Ilm) cm-1. The data also indièates. that the resolution of spectra 

• 0 

ecreas~s as one mayes. fram a crystallin~ solid to a di lute solution. As a result, 

the bands are broadened as they marge into each' other. The above phenome -' 
• 1 _ .~ 

non was confirmed by Russell (1965) who nôticed that, when an~ydrous ammo -
"... 

,; nium comPlexes~re êquilibrated to 40% relative humidity, ·rtewlabsorpti~n . 

,~andS at 3270 (3.0~~35 (3.29 J.lm) and ~ff55 (3.50 Ilm) cm-1 af3pea~ed. G 

Since the structure of many inorganic ions is dependent upon pH, it is \'. 

important to note ~he pH of the solutioj1 being recorded. Ih the case oi ammo­

nium ion solutions, only one absorption band at 1455cm-1 (6.87 Ilm) due to 
.1 . 

. N+- H bending appears at pH 4. At pH 9.2 an additional band ,ammania 
~ , 

appears at 1115 cm-1..{9.05 Ilm) due to the increased ammonia 'concentration 
\ • 

at a higher pH (Goulden and Manning, 1967). , , -

" 

"" 
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ChaptÊn IV 

PRINCIPLES of 0 INFRARED aUANTI1ATION 
- \j 

4.1 Theoretical Considerations 
'" o 

The. aim analys'is ~ to determi~e the concentration of a 

~mp,onent of interest. Since t~~ h~i.9ht of an absorption band is propo~i,al to 

. t the concentration ot, the functional group'- causing the band, the amount of a 
, " 

component present in a sam pie can b9' determmed by comparing the height of 
~ 

the band produced wlth its helgth in the spectrum of a knowlt concentration of 

this component. 

Beer's law"descnbes the relatlonship between the absorbance and the -. 
,0 

concentration of a component. It is defmed by the foJlowmg"equation: 

A=elc . 
• where A is the absorbance, e is !he absorptlvlty, 1 is the path length and c js the 

c;':'~entration of the component. Beer's law holds true only for low concentr~ 
o ~ ~ 

tions and a$sumtls monochromatic ~ parallellight without scattering induced 

by p'article size (Perry, 1956). , 
,II 

A spectropnotometer measures the energy absorbed by a sam pie by 

comparying the incident' radiation of the source (Io) to that ~hicl'\ passes 
, ~ 

through the sample. Ta overcome the variability Involved in obtainmg absolute 
u • 

> vall!Jes for each wavelength, the relative intènsity (1/ la) which is defmed as 
_ t' 

. transmittance, T, is meqsured. The "absorbance 9f a substance IS dlrectly . 

, prop~rti~naI1(»a nagativ9 IOgarith~f.th9 transmittanc9 as follo~s· : 

, A = - 10gT = - Iqg(1/16T 
, .,. 

, or 
G ,-

,A = Iqg(1fT) = 10g(lo / 1). 
, " 

" 

) 

• 

" 
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This relationship holds true for a single wavelength instrument. Whereas. 

in a dual wavelength instrument. tl;1e comb iS
I 
driven lJy the signai oifference at 

the detector: and the transmission IS defmed as follows: 

T = 1 / 10 = (ls - Ir) / (los - lor) .' 
where sand r represent the sample and Ieference wavelength respectively. 

There ar'e several slgnificant factors which affect quantitative IR analysis. 
• , " 0 , 

\. They were extenslvely studied by Perry and the magnitude of the resulting 

errors was ~valuated (Perry. 1956. 1970). These factors include sllt wldth. 

determmation of 0 and 100% transmission. tracking error and cell i'hequalit}( 

To maximize the energy transmltted. the sHt should be operated at ItS 
1 

widest possible settmg (Perry. 1956. 1970). This introduces a problem of 
, 

decreased rèsolution and reduction in peak intensity However, in quan'tltative \ 
\ 

analysis. reproduclbllity IS more important than absolute absorbance and Perry 
• 

recommended Increaslng the slit width and controling the resultant noise level 

by gain adJustement 

Another factol to be consldered is the determination 0 and 100% trans -
< , 

mission, \ Uncertainities ln determining the absolute values of these two para -

meters' can posSlbly lead to inaccuracy in absorption measurments. It has there -
, " 

, . 
fore been generally accepted (Robinson. 1951) that. to minimlze any possible 

, 

errer the transmission readings should be confined to the 20 - 80% range. 1 , 

The concept of trackmg error refers to the abllity of a servo system to 

respond to the instructions from the detector. Since the servo system has a 

delayed response. the transmisson recorded IS only aproximate. Tracking error . 

can be minlmized by proper settings of instrument controls and slow scanning 

speeds (Perry, 1956) . 
... 

Another f,aGtor whlch could significantly affect quantitative IR analysis is . 
the ine~he c~lIs utilized .. in the instrument. T.he ce~ls can be ~ell 

~ ~ 

( 
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matched since a cell's thickness can be determined with great accuracy fr6m ItS 
, .... 

fringe pattern. However, the~ always is a posslbllity of error berng introduced If 

the cell windows are, not ide.jllly fiat or parallel 

Also band resultrng from Inexact solvent compensation ln IR aqueous 

analysis may rnterfere wlth the rj3sults. The problem becomes more senous ln 

concentrated solutions and ln the reglons of strong solve nt absorption These 

sources o,f error should ~e addressed ta produçe accurate results and will be 

dlscussed in' detall in subsequent chapters. 

4.2 Aqueous IR analysis 

Aqueous sqlution IR spectroscopy is particularly suitable for substances 0 

, 
that are insoluble in organic solvents and give solid spectra whlch are dlfflcult to . ..... . , 

interpret. These substances include most Inorganrc and ionic compounds, 

biologlcal systems ln whlch water is a natural medium, and most food systems 

Aqueous solution spectra show single absorption bands whlch can be assigned 
~ 

to.the ionlc species present ,d are not compllcated by bands due to 10niC inter-

actions \s in the solid state fpectra. Since the bands are weil defrned, they are 

also suitable for quantitative work. 

Water shows ~ery strong absorption bands throughout the ennre m~dium 
t 

infrared reglon. The most promrnent bandS are in .the regio~s 1700-1600 cm- 1 

and 35"00 -3000 cm-1 due to O-H streching vibrations. Because of such strong 

water absorption in these regions only about 10% energy IS avallabl.e for 

analysis (Rao, 1963). Consequently the bands due _the solute are ~sually 
~ . 

obscured unless both solvenf compensation and suitable instrumentation are 

employed. 

~olvent c~nsation is usually achiev~d by placing a cell containlng 
~ 

water in the reference beam of a double-beam spectrophotometer having equal 

l , 
4. • 
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cell, pathways For quantitatIve analysis, effects due to no~absorbing ions must 

be considered .. Accurate solvent cpmpensation can be achieved by placlng an 

alkall halrde solution, Instead ot pure water, in the reference cell (Thompson, 
-

1966). This also solves the problem of an apparent merease in solution trans -. 

parency that anses ln concentrated solutIons when strongly absorbing water 

molecule~ are dlsplaced fram the beam 
"\ 

When a double beam spectrophotometer is used and solvent compensa -
. , 

tion is employed, a small fraction of energy reaches the detector. To restore the 

instrument re$ponse, the slit width should be increased by a factor of r-1/2 

whe~e T is thèotransmlsslon of the cell containing water (Manning, 1971). With 

high resolvmg power grating instruments, it is not possible to open the slit wide 

enough without the image becommg larger than the detector sdrface. Therefore, 

to obtarn satisfactory spectra, a reduced scan speed and an increased gain 
• 

have. to be employed also (Perry, 1956). Opening the sHt to compensate for 
, . "'\t~ 

energy lost due to water absorbance results rn a lower resolution. ThIs could 

cause a large deviation fram the Beer's la~if the band being measured is very 

narraw. In prac1ic~, however, it was foupd that absorption bands are broad in 
1 

aqueous solutions and Beer's law can be used for quantitation (Go.ulden, 

1959). 
" 

Temperature also affects the absorption bands. Therefore, it is important 

that the cells of an instrument are weil thermostated and that the solutions bemg 

pumped are at the same temperature as temperature of the instrument cells 

(Manning, 1971). 

The optimal path length to be used with aqueous solutions is 50 !lm or 
v 

less (Manning,"1972). Wlth suc}1 cel/s, the best results are obtained with com-

pounds havin~ solubilities greater than 1 % in water (Goulden, 1959). A humber 

of optical cell window materials are available for cells used in aqueous IR ana-

r 
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Iysis. Although glass and silica are much less expensive~han other- materials. 

their use is limited ta the sh'ort wavelength regions as the eut-off wavelengths for . .' 

glass and silica are. 2.5 and 3.7 Jlm respectlvely (Manning, 1972). Barium flua -

ride is slightly sol~ble in acid but can transmit up to 12.5 Ilm. However. calcium 
" 

fluoride is probably the'most useful material. It is hardly solublB in water,'lnert to • 

acids-and alkalies and has good transmittance charactenstlcs up to 9.6 ~lm. 

Intran-2 has also been ~xte-nsively used but its opacity prevents the -detectlofl of 

small air bubbles 'hat may be trapp~d wlthin the cell. Other materials such as , 
silver chloride, t~allium bromo-lodlde, polyelhylene and sulphur crystals have 

also found an application as window matenals for IR cells (Manning, 1972). 

\ 
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Chapter V 

INSTRUMENTATION 

5: 1 The Spectroprocessor IV. 

36 

Most of the research was done on the Spectropro.essor IV spectropho­

tometer. It is an Instrument specially designed for our résearch purpose by . , 

Mr Jack Sfllelds of Shields Instruments Ltd., England. The Instrument offers . 
feature$ necessary for the IR work in aqueous solutions such as high energy 

source, removal of water vapours, temperature stability and flow-through cells. 

Its design is based on the use of Grubb-Parsons Spectromaster chassis ' 

(Figure 5) which was rebuilt optlcally and electronicaly. 

The followlng are the best features of the Instrument which make it 

suitable for the low ener.gy situations ansing ln the IR work in aqueous 

solutions: 
1 

1: Nernst filament is a high energy source producing the mid-IR radiation. It is 

mainly composed of powdered oxides of zirconl~m, thorium and jerium and 

can be used up to 20000 K. 

2. Specially ·designed gratlngs are capable ta choose the desired wavelength 

with high accurac~. T~e tirst haVtn~ 984 IInes/cm covers 5 - 25 ~m range in the 

first order. The second havlng 2,953 lines/cm covers the 2. - 5 ~m range ln the 

first order and 0.5 - 2 ~m range ln trye second order. Th'e double monochromator 

system consisting o'f Czerny-Turner gratmg, prism and Littrow mirror e'fflciently 

reduces stray light. 

3. A ,highly responsive servo motor minimizes dead space at the nul! balance 

point. A high performance low noise solid state amplifier senses minute chan -

ges in signal. 

\ 
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Figure 1. Basic sch~matic of the Grubb Parsons Spectromaster, the base unit . . 
for the Sp~ctroprocessor IV. (trom Martin, A E., 1966) 

... 
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Optical. sy~tclIl of ~pectroll1astcr. 1 PositIOn of Nernst, 3 
Nernst hOIl"1I1g (:urJ.c()okd). 4 ~crv(). [) '1'0 electrolllC'"l HIut, n Fuses, 
7 1'0 harretter-hox, H Comb cam, !) Nllll-baJ.lncc comb, 10 Hcfcrence 
cclI poslllOn, Il ]>h,lslIfg-adjllstI11~nt, 12 Ecclprocating mirror system, 
l:~ Gratlllgs, J·l ('over for wavelcHgth spced-changc gears, ) [) VarIable 
programme sclector, lG E,lrth termlllal, 17 .l\lalI1s lIlput, 18 Thermostat, 
lU EIlJpSDld, 20 Dry air 1I1let, 21 Th • ocon pie, 22 1'0 thermocouple 
transformer, 2:J Light-Silllelds, 24 \Va~ length range selection orum, 
25 Instrument OII/uff, 2H Sht programn e manualjautomatlc, 27 SIl!: 
indication, 2H KHI" pnsm, 2B Scanning spe~d selector, 30 Littrow 
niirror, :n \Vavelength indicatIOn, :12 Gas œil lwlder, :~3 Samplc cclI 
position, :1-' Trimmer comb (100 per cent), 35 TrImIller como control 
kllUh, :w Elcc('rol1lc~ Oll/off, :n Comb c1amping screws; 38 Servo switch, 
:lB-42 Sphencal mlI rors, 4 :1-4H Plane mirrors, 49, -50 Collimating mir­
rors, 51, [):.! Focu~"lIlg IllinOIS, {):l-;,;, Plane mirrors, 56-58 Slits, 59 

\\',t vclength pause Lutton. ' 
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4. The digital/y control/ed stepping motor drive the grati'ng on a 1:1 basls'with 

the grating drum, Le., 1,000 steps per gratmg micrometer revolution. The slits .. 
are driven on a 2:3 basis Wlt~ the sllt drum J i.~., 600 steps per sllt micrometer 

revolution. 

5. Short path ,Iength strontium and calcium fluonde cells are used having . , . 
transmission cut-offs at 10 and 9.6 ~m respective~. A flow-through device 

allows for pumping in the solutions into the cells without Interfering air bubbles. 

6. Losses of energ)'due to mOlsture are minimlbed by hermetlcally seaHng,the 

instrument. Its two ports a~e conneéted to the containers of dned molecular 

sieve through which air is belng pumped The internai temperature of 3'70C IS 

. maintained by solld state heaters. 

Instrument loglc and data processing 

The Speetroprocessor IV is contro"ed by a Zllog MC,2~O microprocessor 

and operated trom a CRT termmal (Figure 6). The 'microprocessor has 64K 

me~ry, ~ts one drive conta~ns optional control programs and calibration files 

and the second drive IS used for data storage The programs control the step -. 
ping motors driving the slit and gratmgs and contain the command language . 
RIO used to write new operational,JJrograms. The spectra can be plotted on a 

fiat bed digital piotter (Wanatabe Digi-Plot, Northern Ltd, Natwick, England) 
~ 

capable of drawing the wavenumber or wavelength axis, plot the spectrum as . , 
the scan is in progress or trom stored data. , 

.operation 'of the instrument. 
, 

"'~ One of the mast important features of the Spectroprocess011V is its ability 

• 
to generate calibration programs Since water absorption vanes through the IR . ." 

region, obtaining a constant energy level through the entire spectrum is a major 

, 

r 

\ 
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Figure 2a. The Spect~oprocessor IV. apparatus. 
, . 

(A) Stepping motor control; 

-$) Solid state amplifier; 
t • 

(C) Qigitâl voltometer; 

(0) Spectrophotometer; 

~E) CRT display unit; ~ ( 

/ 

(F) Strip chart recorder replaced by X, Y piotter; 

(G) Oisk drives; 

(H) Zilog microproces$or; 

(1) Pump for desiccating instrument; 

c(J) Hard copy terminal for dàta output (not shown). 

. ' 

FiQure 2b. CRT display unit. \ 

.; 
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prd6l~m. A calibration program d~livers il constant energyÎevel by automatlcaly 
~ .---/ . . 

opening al1d cfosing the slit as the grating moves from one position ta another 

, (Appendix A). A calibration flle IS generated by scanning the 'solvent in a single 
• 

beam mode and storjpg the slit settlngs on a disk for a desired energy 'fvel. 
, .. ..-

This program can be run simultaneously Ith a standardlzed scanning\program . " 

ta give a constant energy scan of a sa le in aqueous n:edia. 

The instrument also has capabilities ta sample waveiengths, slit and 

o\ther data during. the run. It ~an ~so be programr"fed ta sUi~the i~dividual 
needs of the operator 

.. ~ . 

, 

The·computer has to be oriented in the instrument's status to be able ta ,. 
execute the operational programs. This procedure called iAitialization waS 

followed fpr ail the programs used ta run the instrument. A typical program ta 

set:up the i,nstrument for a single beam scan is presented ln Appendix B. 

Several operations re~ulred ta set-up th~ instrument were carrie,d out 

(MlIls,1983): 
, 

1. Cells were assembled and scanned to determine theif transmission 
, 

characteristics. Ce Ils were matched using the interference fringe method 

(Suthérland and Willis, 1945) for the path length determination. 

2. Bearn bplance was checked to ensure a drift of less, than 1 % over'a 30 

minute scan and noise level was set to a practical level by adjusting the gain. 

3. Samp(ng and setting times'were established ta adjust scanning speed to 

(esponse time. .. Î -~ -...,..~~ -' 
4. Ta prevent loss cjf energy dueJo moisture, the instrument was hermetlcally 

~ealed and its two ports were connectëd ta the containers of dried. molecular 
..J 

sieve. The internai temperature Of 370 C was maintained by solid state heaters'. 

5. The cel! holder was plumbed with 0.1 cm i.d. stainless steel tubing ta allow 

solutions ta be ~umped into ceUs without interfering bubbles. 

\ 
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On"the daily basis, the following procedures involving the Spectro-
~ ~ ~ l 

prOcessor IV were generally followed: " , 
'f ' 

1. Samples were prepared in deiorized, distilled water~ which was \horoughl?' 

degassed to prev~nt bUbbfe ~mation I~ the instrument celis. p 

') 2. Temperature or the samples was rised to 370 C which correspondsJ~ th~ 
inner temperature of the i-nstrument. 

. " " 

........ .f 3. Ammonium sulphate solutions,were placed in the samplé celi with the 

. . 

equivalent (% wt / vol.) sodium chloride solutions placed in the reJerence cell to 
. . 

eliminate the w8.)Pr displac~ment effect on the spe,c!ra (Thomp~on, 1966). 
, 1 

4. Before each ammonium sulphate scarr, the instru,ment transmi~sion lever was . 
et at 80% (Robinson, 1951) by placing distilled water in bQth sample and refe -

;e'nce cell. "~ .~ . \, , " 
. ' \ . r . 

, 5. TQree con,seculive transmissiOflf9adlngs were takeh for each sample and 

thOe average value,was usèd to calculate absorption value. on r"'--
r' .. 

6. Distilled water was pumped thrQugh the saf)1ple cell prior to the- next sample 

bëing run. ' 

7. Sample and reference cell were cleaned on the regular ~asis wlth a èleanmg 

,. 

'-­
J 

solutio,n made of 1 ml Triton X-1 00 /1 L a~d followed by distilled water rinse., ~ 
~, 

Summanzin'g, Spectroprocesso~ IV ls a state of art researcn instrument, . 
, . extremely v~rsatil~ ançl~ useful in tl1e ajnalYSiS of aqueous SOlu.ti,ons'. 

('" './ ,~', 
\ ,~ '\ 
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. 1; 
5.2 The Multlspec M. 

Multispec M (Figure 7.) is a commerciallnfrared analyzer designed by 
" c. '* 

Shields Instruments Ud, York, England, specifically for Japid quantitative milk 

analysis (8iggs,1979). It differs trom the conventional double beam, dual'coel! 
~ 

instrument by rely1ng on a single cell, dual waveJength optical system. The .. 
original instrument was equipped with a fat (C=O group) fllter pair at 5.73 and 

5.58 ~m, protein (CO-NH group) filter pair at 6.46 and-6.68 /lm, lactose (C-OH 

group) filter pair at 9.61 and 7.68 /lm and total sohds ( C-H group) filter pair at 

3.48 aod 3.56 um, where the refere~e"wavelenght s~rves as a background 

level of absorption. For thls study the total solids f:t.lter pair was r~placed the filter 

pair capable of measuring the ammonia ion (6.§J3 and 5.56 um). 

The basic optical schematic for the Multispec M is..p~sented i.n Figure 8 . 

The cell of the inttrument is alternately irradiated with sample and reference 

beam by a chopper The transmitted energy is focussed on the detector which 

generates a ~mall signal due to the lack of balanc~ l)etween sa~ple Jnd 
- .' \ 1 

reference beam. Ttie action of nul! balance system is empldyed in whlch the 
, 1 

. servo motor drives ~n ?ttenuating comb mto the reference beam until the 

oeams are balanced. Since an exponential relationShip holds between 

component concentration and comb displacement (Transmission), the 
, 

component's quantitation is based on the log of the transmission of the sample 

waveiength to a reference wavelength. To obtain a linear readout (Absorbance) 

.' of ro,mponent concentration, the logarithm of the signaLis obtained electro­

nicaly. 
> 

ln order to provide stable temperature f~r, sample analysis, the interior ~f 

the instrument is maintained ay 3rbC.. an,d the cj' is enclosed in a heatmg 

block maintained at 400C. Since watér vapour affect instrument stability, the 

-

-

-
) 
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Figure 3. Basic schematic of the Multispec M exterior and its component parts: 
~ 0 , 
~ 1 (from the Instruction Manué!1 for the Multispec M, 8erwind Instrument 

Group, Birmingam MI) 
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Figure 4. Basic optical schematic for the Mùltispec M. 

fram the Instruction Manual for the Multispec M, Berwind Instrument 

Group, Birmingham MI). -.. 
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instrument is h'ermetlcally sealed and Ithe water ~apo'ur ~ontro"ed by using a 

high s~rface area molecular sieve. 

Instrument calibration . . 

The instrument is calibraÏèd to ensure the IInearity of absorbance ~elative 

to concentratlon.for a component of interest. The linearity for ammo~fa channel 

can be verifled by analyzing a-senal dilution of standard solutions contalnlng 

ammonium sulphate. 

The next step ln the instrument calibration IS the adjustments of the slope 

and optical zero controls to obtaln the best correlation between the instrument 

readout -and chemical data. The slope control sets the pnmary slope whlle the 

zero cpntrols uséd to remove any Intercept which can result from a small optlcal 

unbalance of the beams. The slope is adlusted to 1:1 ratio between Instrument 
,~; ". 

s1gnal and chemical values and the optlcal zero is set wlth water in the cell. This 

._. procedure is used regularly to maintain the instrumenthneanty and a constant 
-

1:1 ratio between instrument signais and chemlcal values 

Mùltispec M provides us wlth both 'corr~cted' and "unc?rrted' signais. 

A single pure component ln solution gives always 'correct', signal, but the main 

component signal in a mixture may deviate trom Beer's law due to mlnor 

absorption by other components and the effects of water displacement. These 

interfere\nces may be corrected by uSlng secondary slope controls as desclbed 

by Mills (1983). 
~ 

Multispec M can be directly interfaced with Hewlett Packard 85 desk top 

computer capable of processlng data and rapld calibration of the Instrument 

providing the chemical valu~s for sa~ple calibration are available. 
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The basic procedur~s for Multispec M operation ~re presented below (Mills, 

1983) :-

1. The zero' setting on each channel was set using 42.50 C deaerated water. 

2.The ~amples were preheated in waterbath at 42 50C for 5 minutes. 

3. The sealed containers were inverted three times (not shaken as thls 

incorporates air) and presented to, the instrument. , 

4. The instrurpent was run in the manual mode and each sample pa~sed 

through three tlmes, the signal recorded and averaged. 

5. The instrument was purged using distilled water prior to the next set of 

samples beillg run. 

6. After operating the instrument, a cleaning solution made of 1 ml Triton X-100 

was run followed by distilled water. If the zero setting was not regained, the 
1 

recorded values .were adjusted in accordance. 

1 

Il 
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Chapter VI 

. 
MATERIALS and METHODS 

6.1 Chemicals 

The reagB4lts used in this research were as follows: ammonium sulphate 

crystals (Fisher certified ACS), sodium chloride crystals (Fisher certified ACS), 

sodium hydroxide pellets (Fisher certified ACS), sulphuric acid 95-98% (Fisher 
-

reagent ACS), hydrochloric acid 36.5-38% (Fisher reagent ACS), potassium . 

sulphate powder (Fisher certified ACS), cupric sulphate crystals (Fisher certifled 

ACS) and selenium metal powder (Sargent-Welch reagent grade). Ali the solu -

tians were pr-epared in distilled, deionlzed water 

6.2 Work on the Spectoproce.ssor IV 

Measurment of cell path length. 
. . 

Cells were matched using the interference fnnge method (Suth.erland 

and W.lllis, 1945) for path length determination. The method uses the interfe -

rence fringes caused by the change in rèfractive index of the windows and air 

space between the windows of a sealed cell. 
\ 

The sam pie cell was cleaned with water and ethanol and 'dned with air. 

The reference cell was remove~nd the spe'ètrum was recorded ln the 1-5 /lm 

region versus air. The operat~on ~as repeated for the reference cell and the 

\ path length for bath cells was calculated using the following formula" 

b = n 1 2 (L 1 L2 1 L2-L 1 ) 

where b i&the thlcl'<.ness of the cell (~m), L1 L2 are the respective wavelengths 

chosen for fringe count and n is the number of frÎ.1ges. 

/ 
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Development of constant energy calibration program. 

A sht program was developed which would maintain constant energy 

over,the sam pie scan ln the 1-10 !lm reglon. Single beam scans of water were 
\ . ( -- . 

run at 50% energy level in the 1-5 and 5-10 Ilm reglon. The program thus 

generated was stored in the calibration flle to be run simultaneously with a 

standardized scanning program to give a constant energy scan of a sample in 
1 

aquêous media. 

Optlmization of slit width and gain. 

To enhance the instrument response and to assure the most accu rate 

quantitation of ammonium ion, the optimal Instrument conditions were deter­

mined in regard to slit width and gain setting. A senes of ammonium sulphale 

solutions (1-5% wt / vol) was prepared in distilled water and pumped into the 

Instrument. The tr~nsmissi~n readings were taken at both ammonium sulphate 

" absorption bands at the sllt width settings between 068 to 1.35 mm with gain at 

80% full scala. The experiment was re'peated at gain settings between 70 to 

100% full scala and at the maximum slit width of 1.35 mm. Both absorption 

bands were evaluated for their IInearity and relative response to concentration 

at qifferent slit width and gain settings. Various settle / sam pie time \etti~gs 
were also evaluated for the optimal reproducibility of the results by calculating 

the mean and the standard error of estimate for five consecutive absorption 

readings taken at different seUle / sample settings. 

Identification of tne analytical wavelengths. 
1 

The flrst stage of this stuçy involved establishing the spectral characte -

ristics of ammonium sulphate in water. A 5% ammonium sulphate solution was 

( prepared in distilled water and scanned in 1-5 and 5-10 J.lm range at the scan 

48 

1 



'v 

i 

( 

speed of 5 J.l.m 1 min a~d at the maximum gain. The bands obtained for ammo -
~ 

nium and sulphate ion were identified and compared with the literature values. 

Choice of the analytical wavelength 

A series of ammonium s'ulphate solutions (0.0-0.5% wt 1 vol.) was pre -
- . 
pared in distilled water to cl'loose the most suitable band for the quantitative 

• 
studies of ammonium ion. The solutions were scanned in the 1-5 and 5-10 ~lm 

range and the ammonium Ion bands were evaluated for their hnearity and 

relative response to concentration at 1 :35 mm slit wldth ant! 80% full gain. The 

baseline method was used for quantitatlon. The linearity uf the plots of absorp -

tion versus concentration for ammonium Ion was eve+uated by Imear regression 

and the relative response to concentration was assessed by considenng the 

, slope of the regression line between concentrations. 

Choice of thé quantitation method. 
, 

Two methods of qupntitation of ammonium band were considered. The 
.. 

baseline method relies tan the standard absqrbance (A = - log1 fT) at the maxi -

mum absorbance wavelength while the dual wavelength method involves 
~ , 

, , 

ratioing the transmission at the selected reference wa'{elength to that of the 

sam pie wavelength (A = log T 0/ Ts). Both methods were assessed by scanning 

a series of ammonium sulphate soluti0ns (1-5% wt / vol.) and evaluating the 

linearity of the c!psorbance versus concentration plot as weil as the reproduci -

blli~y of the results. 

\ 

Effects of pH on absor~on. 
The effect of pH on the absorption bands of ammonium ion was exa -

mined. Seriai weights of ammonium sulphate (1-5% wt / vol.) were dissolved in , - -
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dlstillad water and their pH adjusted using 1 N hydrochloric acid and 1 N sodium 
Q 

hydroxide producing solutions in the pH range between 3 5 and 8.8. A 5%' 

ammonium sulphate solution of pH 9.5 was also prepared and scanned to 

demonstrate the appearance of an absorbance band due to aqueous'ammonia. 

The solutions were scanned in the 5-1 0 ~m range at the slit width of 1.35 mm 

and 80% full gain. The dual wavelength method was used for quantitation. The' 

absorptivlty of ammonium band at each pH level was determmed as a slope of 

the plot of concentration versus absorbance using the linear regresslon method. 
r 

"-
The absorptlvlty values obtalned were' plotted against the pH values of ammo -

nium sulphate solutions 

Study of ammonium sulphate in dilute acids. 
i -' 

After studying the ammonium sulphate solutions in distilled water the 

next step was to examine its spectral char~cteristics in di/ute acids. A carefully 
1 • 

weighed~mount (0.00-0.12g) of ammonium sulphate was placed ln 30 ml 

Kjeldahl tube and dissolved in 3 ml of concentrated sulphuric acid. The pH of 
"-

the solutions were adjusted to the 3-5 range by addition of 5N sodium hydro -

xide containing metacresol purple indicator prepared according to the Hand -

book of Chemistry and Physics (1978-79). During the addition of base the 

solutions were stirred and cooled ln a specially designed Erlenmeyer flfsk to 

avoid excessive nse in temperature. Then the solutions were made to 25 ml 

volume with distllled water and scanne? in 5-1 0 ~m range at 5 ~m / min with slit 

width set at 1.35 mm and gain at maximum. A blan~ solutIon prepared in an 
J, 

identical way was placed in the reference cell. The absorbance values 

obtained by the dual wavelength method were plotted against the ammonium 
"-

ion conqentration (% wt 1 vol.) and the linearitY/Qf the plot was evaluated by 

linear ragression. Furthermore the maximum absorbance ~avelength and the 

", 
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absorptivity of the ammonium ion banq exhiblted in the di/ute acid spectrum . 
was compared to the valu~ Qbtained fram the ammonium sulphate spectrum in 1 - . 
distilled water r 

\ Study of ammonium sulphate in simulated digest. 

A Kjeldahl digestion is usually carried out using concentrated sulphuric 

acid with substantial levels of potassium sulphate added to incre.ase the boiling 

point of a digest. A study was carned out to assess the spectral behaviour of 

ammonium ion in a simulated digest solution. A carefully weighea amount (1 25 

g) of ammonium sulphate was placed in 30 ml Kjeldahl tube together with 2 5 g 

of catalyst mixture (K2S04:Se:CuS04 '= 100 6:1) and 5 ml of concentrated 

sulphuric acid (Buckee, 1974). The solution was boiled for 1 hour and the pH of 

the digest adjusted to the 3-5 range with 5N sodium hydroxlde followmg the 

procedure developed for ammonium sulphate solutions in dllute aCld. Then the 
Il 

volume was adJusted to 25 ml 'th distilled wa,ter and the solution was scanned , 

in 5-10 I.un range at 5 !lm / min wit slit width set at 1 35 mm and gain at maxi -

mum. A blank digest solution prepare in identlcal way was placed ln the refe -

.5 IJ 
\ 

rence cell. The maximum absorbance wavelength and the absorptlvlty of the 1 

"" ammonium ion band exhibited in the digest spectrum was compared to the-

)
values obtalned fram the ammonium sulphate spectra ln distilled water and 

dilute acid. ""' , 

6.3 Work on the Multispec M. 

Based on the results obtained with the Spectroprocessor IV, a fllter pàir 

was installed in the Multispec M instrument and the unit was.,assessed for its . 
quantitative ability. 
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Study of ammonium sulphate in distilled water. 
. . . 

To det.ermine the optimal slope potentiometer setting (signal multiplica-.. 
tion) a seriai dilutions of ammonium sulphate (0-1.0% wt 1 vol.) were prepare 1 in 

distilled water and run at vânous slope potentlometer settings. The linea . yof -
the plots based on the ammonium sulphate concentration (% wt 1 vol.) versus 

instrument pannel reading (Multlspec M signal) was evaluated by linear 

regression. 
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• Study of ammonium sulphate ln acid solutions 

The ablhty of the Multispec M to quantitate the ammonium ion in the 

partially neutrallzed acid solutions was assess~d. A series of ammonium 
• .f" • 

sulphata solutions (0-0.5 % wt 1 vol.) was prepare<;l following thEJProcedure 

developed for the analysis of acid solutions by the Spectroprocessor IV. The 

second series of ammonium sulphate solutions (0-0.5% wt 1 vol.) was prepared 

in an identical way without the cooling procedure during the neutralization step. 

!he linearity of the plots based on the ammonium sulphate concentration 

. versus the instrument's reading (Multispec M signal) was evaluated by linear 

regression. 

Comparisiol) of tbe Multispec M meth~d to the Kjeldahl procedure. 

The ability of the Multlspec M to quantitate the ammonium ion was , 

compared to a modified titration procedure used ln the micro-Kjeldahl method 

(AOAC,1984). A carefully weighed amount (between 0.0-0.6 g) of ammoni\J1'!1 

sulphate was introduced into a mlcro-Kjeldahl distillation aparatus, made basic 

and the ammonié\, was steam distilled into a 100 ml volumetrie flask containing 

50 ml of standardized 0.1 N HCI. After distillation the solution was brought ta 

volume and either back titrated into standard HCI or pumped through the filter 

• 



? 

'" 

o 

instrument calibrated in terms of. % (wt 1 vol.) ammonium sulphate. The titration 

an~ infrared-feS~lts were compared (Youden, 1975) using the mean, m~an 
difference (MD) anq standard deviation 'Of differences (800). .. 
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Chapter VII 

RESUL TS and DISCUSSION 

• \ 
The 1irst part of this research was done on the IR research spectrophotometer, 

the Spectroprocessor IV. The methodalcgy devjloped oh this instrument was 
- • '<> 

then transterred into the cOfTlmercial tilter·IR spectrophotometer, the Multispec 

"'M. , 

The ceris ot Spectroprocessor IV were closely matched using the inter -

ference fringe method ( Figure 5). As a result, strontium fluoride cells (39.22 

a'nd 38.85 J.lm. for sample and reference cell respectivel~) and calcium~uoride 

cells (60.99 and'60.89 Jlm for sample and reference cell respectively) were 

~sed in this work. The above path leng~S were ch;sen because they repre: 

sented the best compromise between loss of energy due to water absorption ., .. 
and gain in sensitlvity to ammonium sulphate conce~tration. 

. 
Since water absorbs strongly ln the 1-10 J,lm region (Figure 6), a slit 

-
~program was developed which would maintain constant energy over the 

sample scan in the 1-10 J,lm region. The calibration scan for water with its --
e~ergy level and the slit profile is presented in Figure ,. Ttle pr,ogram gene-

'rated by runnmg single beam scans of wat\,r·in a 1':5 and 5-10)lm rarlge 
, 

(Appendlx A), was stored with a standardized scannrng program (Appendix B) 

"'to give a qmstant energy scan of a sample in a€lueous solutions . 
" .... (';i. ~ 

'" 

Ammonium ion infrared spectra in crystaillne salts forms and rn aqueous' 
) --" (' 

-:Solutions were studied by the Thompson method (Thompson, 1966) with 0.7 J.lm 

, celLs. In a~ltion, Miller and Wilkins (19.52) compiled infrared spectra and chara -

cteristic frequencieS' of crystalIJne ammonium ion. The unpert~rbed NH4+ ion is 

expected to have tetrahedral symmetry leading to four fundamental,vibrations, 

. t 
Î 



\ 

Figure 5. Interference fringe pattern for the calc}um fluoride sample cell, 

recorded in th~ 1-5 ~m range versus air. 
~ 
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Figure 6. A singl~ beam scan of water over the 1-1 0 ~m regiôn. 

Line A is the 1 ~5 ~m region and Line 8 the 5-10 Jlm region . 
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Figure 7. Calibration scan for weiter. Line A is the slit profile and Une B the 

energy level. 
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two of whlch are infrared active (v3 and v4) havmg theoretical frequency values 

of 3350 #m-1 (2.98 Jlm~ and 1400 cm-1 (7.17 pm) respectlvely ln aquous solu­

tion, however, the degeneracles are lost as hydrGgen bondrng to water occurs 

and two new (medium and strong) bands appear at 3040 (3 28 ~lm) and 2850 

(3'.35 JlmY cm-1 ~I, 1965). . . . 

The ammonium sulphate spectra obtarned from the Spectroprocessor IV 
. . 

with 40 Jlm strontium fluoride cells (Figure 8) were simple, showrng none of the 

details characteristic of crystalline spectra or even that of solutions scanned 

using the 0.7 /lm cell (Thompson, 1965). The ammonium sulphate spectrum 

features three peaks, the first at 3.49 pm, the second at 6 89 pm and the thlrd at 

9.1 Jlm. The 3 49 Jlm band IS a composite peak due to hydrogen bondrng rnter­

fering with N+- H stre~, and any contributions expected to be seen from v3 IS '. 

lost due to poor energy conditions The diffuse peak shlfted away from the 

theoretlcal 3250 cm -1 onginates from the Interaction of v2 + v4 m Fermi reso -~ 
J • ~ .. 

nance with v3 (3040 cni- 1) and 2v4 strengthened by Fermi resonance wlth v3' 

JWaddington, 1958). The secone;, peak at 6.89 Jlm corresponds to N+- H 
.f 

ben-dmg (v4) and matches weil \~/lth the values for ammonium Ion frequencles 

presented by Thompson (19,66). The third peak corresponds to the sulphate Ion 

and is ln reasonable agreement wlth the literature values for other sulphate 

salts (9.05 Jlm) (tv'l"ler and Wilkins, 1952). As a confirmation, ammonium chio -
~ .. '~ 

ride was scanned at pl-fS.5 and the spectrum exhlblted two bands assoclated 

with the ammonium ion. When ammonium chloride was scanned at pH 9.5, a 
• 1 

thlrd p€ak appeared havrng a maximum at 8 95 Ilm (1117 cm- 1) correspondÎng 

to aqueous ammonia (Manning, 1972). 

Before quantitation of ammonium ion in solufion was undertaken, the 

Spectroprocessor IV sHt width and gain settmgs were optimized. The standard 

principles of Perry (1956,1970), which advocates the use of the maximum slit _ 
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Figure 8. A scan QI aqueous a~;m sulphate (pH 5.5) ovei the range 

1-10 Ilm , where A is + - strech of ammonium ion (3.49 Ilm), Bis 

N+ - H bend of ammonil:'m ion (6.89 Ilm) and C is the sulphate ion 

(9.10 /lm). 

, . 

'. 

• 
__ 1 



-J 

1 

o 

o o ,... 

\ 

::t 
o 
0r-
o) 

::1. 
en 
CO 
u) 

o 

.. 

l!) ,... 



( 

60 

width and gain setting necessary to provide sufficient energy with an accepta­

ble n-oise level, werfi confirmed in this study. When \he 'linearity of ammonium 

sulphate solution standard CUNes was evaluated, it was noted that the highest 
, 

correlation coefficient (09997) was obtained for the widest slit width (1.350 

mm) ànd it decreased gradually with the narrowing of the slit wldth. It was also 

found that the absorption coefficient (slope) décreased as the slit width 
, 

increased (Table 5) These results were ln agreement with the studies of Potts 

(1963) who observed that ~he)absorption coefficient decreases only less than 

the first power of the spectral width, while the signal to noise ratio improves as 

the square of the slit wldth. Based on our results and the studies of Perry (1956) 

and Potts (1963), the slit wldth was set at 1.350 mm for the further studies. 

Table 5. Sllt width versus correlation coefficient and slope for ammonium 

sulphate solutions at 6.89 !lm wavelength. 

Slit width (mm) 

1.350 -
1.125 
0.900 
0.675 

Correlation coefficient 

0.9997 
0.9947 
0.9907 
0.9904 

Siope 

0.0962 
0.1006 
0.1024 
0.1077 

The optimal gain setting was found to be 80% full scale when the 

linearity of the ammonium sulphate solution standard CUNes was evaluated. It 

was noted that the correlation coefficient decreased from 0.9983 to 0.9931 as -
1 

the gain increâsed from 80% to 100% full scale due to the hlgher noise level 

(Table 6). Whereas, in the case of sHt width, the optimal gain settlng for 

ammonium ion quantitation resulted in_ a lower absorption coefficient (stope) 
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for ~he ammonium band, 0.1002 for 80% t?rsus 0.1157 for 1000(0 of full gain. 

-
\ Table 6. Gain versus correlation coefficient and slope for ammonium sulphate 

solutions at 6.89 Jlm wavelength 

il: • 

Gain (%) Correlation coefficient 

100 
90 
80 

0.9931 
0.9950 
0.9983 

Siope 

0.1157 
0.1137 
0.1002 

Furthermore, the effect of the settle / sample tlme on the stability of 

instrument response was examined (Table 7). As a result, the maximum seUle/ 

s,ample time of 1000/100 msec was chosen for further studies to provide the 

highest consistency of transmission readings. 

Table 7. Settle / sample time versus standard error of estimate for ammonium 
1 ~ - ~ 

sulphate solutions at 6.89 Jlm wavelength. 

SeUle / sample time 

10/100 
50/500 
100/1000 

Standard errer of estimate (%)a 
0:1% 0.5% 

0.017 
0.006 
0.004 

0.023 
0.008 
0.005 

/ 

J 
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A study was çarried out to choose the optimal analytical wavelength for 

ammonium ion quantitation. A series of ammonium sulphate solutions (O.O~ 

0.5% wt 1 vol.) in distilled water were scanned and both analytical wavelengths 

were assessed for their linearity and relative response to concentration using 

the baseline method. Figure 9 presents the scans of p seriai dilution of ammo­

nium sulphate in distilled water (5 - 10 !lm) range and Figure 10 presents the 

stanpard curves for the 3.49 an~ 6.89 !lm wavelengths. Both curves were 

linear, having a correlation coefficient of 0.9982 and 09991 for 3.49 and 6.89 

!lm respectively but their response differed, with the band at 6.89 )lm being 

about 2.0 times as sensitive as that at 3.49-)lm. The 6.89 !lm band was chosen 

".. for further work because of ItS superior.[esponse-.t~·lhe ammonium ion concen -

tration and the,fact that the 3.49 )lm peak appeared to be a more complex, 
\ 

composite band. 

A study was also carried out to compare the dual wavelength method to 

the baseline method for the quantitatlon of ammonium Ion. Both methods gave 

accurate and consistent results (Table 8) but the dual wavelength method was 

chosen for further work because it is the same principle utilized by the commer -

cial infrared filterlnstrument. Perry (1956) also recommended a two wavelength 

method for quantitative work since it eliminated such variables as light scatte -

ring, cell window fogging and differences in preparation of sample and refe­

rence solutions. 

- v 
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Figure 9. Scans of a seriaI dilution of ammonium sulphate in distilled water 
1 - ! . 

,'. , 

(5 - 1 0 Jl~). 
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Figure 1 O.~ Plot of a.mmonium sulphate (% wt 1: vol) versus absorbanèe at 3.49 

and 6.89 J.l."m using the Spectroprocessor IV. . '\ 
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y = 0.109x + 0.105 (for 6.89 J.1I11) " 
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Table 8. Compansion of baseline and dual wavelength method for quantitatlon 

of ammonium ion at 6.89 J.lm. 

Method 

Baseline 

Dual wavelength 

a Based on 3 readmgs. 

Correlation Coefficient 

Mean~ S.D.a 

0.9956 

0.9961 

0.0054 

0.0023 

A reference wavelength has to fulflll the requirements of being near the 

sample,wavelength and providing consistent readings independent from the 

sample absorbance. A vanety of reference wavelellgths were evaluated in the 

~~cinlty of the ammonium peak, (689 J.lm). The 5.56 J.lm was selected since It 

provided the most consistent results and also cOlnciçled with the 5 56 J.lm fI/ter 

, . available in the Multispec M instrument As a result, further quantitative work 

was done by the dual wavelength method utilizing 6.89 /lm as the sample 

wavelength and 5.56 J.lm as the reference wavelength. Figure 11 presents a 

typical standard curve of ammonium sulphate (% wt / vol versus Abs.) where 

absorbance values were obtained by the dual wavelength method. The plot is 
; 

linear havmg a correlation coefficient of 0.9931 and a standard errer of estimate' 
.~ 

t of 0.0150%. 

Since the pH of tht solution mfluences aqueous IR spectra (Goulden 

and Manning, 1967), the exact effect of this phenomenon on the quantltaUon of 

ammonium ion was evaluated. A series of ammonium sulphate solutions Of 

increasing pH (3.5-~.8) were prèpared. The slope of the plot of concentration 

(% wt / vol) versus absorbance was determmed by linear regression and plotted 
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Figure 11. Plot of ammonium sCJlphate (% wt / vol.) ver~us absorbance ratio 

(6.89 Jlm / 5.56 ~m) using the Spectroprocessor IV. 
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against the pH of the solution igure 12 present,s a plot demonstrating the effeçt 

of pH on the slope of the stand rd curves. It can be seen that pH has a very 

minor effect over the range 3.5 8.0 but beyond the pH 8 the slope drops signifi -

cantly. This observation is con Istent with the shift in the eqUilibnum fram NH4+ 

to NH3(aq ) in the ammonium Il n solution. As the pH of the solution is brought 

closer to the pK'a of ammonla pKa = 94), the concentratioQ of soluble ammo -

nia lncreases rapidly wlth the Imultaneous decreas€ ln ammonium ion concen -

tration (Williams and Williams 1967). The effe,ct of the pH was found linear over 

pH range of 3 5-8.0 and was ssessed to be 0.0016% ammonium sulphate per 

pH umt. The errors in the confentratJon of ammonium sulphate expressed as a 

standard deviation over the pH range of 3-7 were calculated to be less than 

0.1 % of the me an and consldered negliglble These results were ln agreement 

with Goulden and Manning (1967) who chose the optimal pH to be about 2 pH 

units removed from the pK'a value for thelr study of molar extinction coefficients 

of inorganic Ions in aqueous solutions. It was therefore concluded that, to 

assure the accuracy of ammonium ion quantitation,the studies should be . 

. ' carned below pH 8. Solutions below pH 3 should be also avolded since they 

may,damage the c~1I windows of the instrument. 

After examminithe spectral behavlour of ammonium sulphate in water 

and the influence pH has'on its quantitation, the next step was to study the 

spectral behavlour of ammonium sulphaté in dilute acid. Close attention was 

paid to the temperature of solution during the neutralization process, since the 

pK'a of the ammonium ion-ammonla solution is temperature dependent (Bates 

and Pinchtng, 1950). Based on the results obtained by Bates and Pinchlng 

(1950) it was calcùlated (Henderson-Hasselbach equation) that the pH of 

ammonium ion-ammonia solution Increases Iinearly byapproximately one unit 

. for every 250C rise in temperature. As a result, the pH value 3 at 250C is 

fi' 



68 

) 

....-1 

Figure 12. ~Iot of the slopes of standard curves (% ~mmon,ium sulphate versus 

aesorbance ratio) versus pH. 
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equivalent to the pH value 3.86 at 500 e. In this study, a specially designed 

Erlenmeyer flask was used to cool the aCld solution during the neutralization 

process. The temperature Of thec..solutlon never exceeded 400 e whlch as~ured 

tnat no substantial losses of ammonium IÇJn occured due to the pH s~ift The pH 

of the neutrallzed solution was kept wlthln the deslred pH ll'ange of 3-5 wlth the 

aid of metacresol purple Indlcator added to the base The metacresol purple 

indicator exhiblts a red colour over the pH range 1 2-2 8, a yellow over the pH 

range 2 9-7.4 and a purple over the pH range 7.4-9.0 Therefore the reddish­

yellow colour of the neutrahzed solution mdlcated that ItS pH was wlthm the 

recommended range of 3-5 where loss of the ammQnlum Ion due to ItS conver­

sion to soluble ammonia gas IS minimal 

The spectrum of ammonium sulphate in dllute sulphuric aCld was taken 
/ 

with the reference cell containing the blank aCld solution This ellminated any 

possible errors due to the absorbance of other Ions present and compensated 

for any water dlsplacement effect. The spectrum of the ammonium ion in dllute 

/ acid was evaluated and as Figure 13 demonstrates It compares weil to the 

spectrum of ammonium sulphate ln disti"ed water having its maximum absor­

ban ce at a wavelength of 6.89 J.lm and showmg slmilar absorptivlty of the 

ammonium ion band, 0.1109 versus a 0978 for dilute aCld and water respec -,v 

tively. The standard curve obtained by plottmg the concentration (% wt / vol.) of 

ammonium sulphat~ in di lute aCld versus the absorbance was reasonably 

IInear and it compared weil to the ammonium sulphate curve ln water havlng a 

correlation coefficient of 0.9981 versus 0.9991 for the aCld solutIOn and water 

respectively (Figure 14). The mtercept of the curves differed since the Instru -

ment was standardized against disti"ed water. The results obtained mdlcated, 

that, using the double-beam .spectrophotometer, ammonium sulphate ion can 

be quantitated as accurately in dilute,acid as in dlstilled water If the solutions 

l, 
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Figure 13. Scan of ammonium sulphate in acid solution over the range of 

5-10 Jlm"using the Spectroprocessor IV. 
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• 

Figure 14. Plot of ?mmonium sulphate (% wt / vol.) in distilled water and acid 

versus absorbance ratio (6.89Ilm / 5.56Ilm) using the 

Spectroprocessor IV. 
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are care,fully prepared to avoid ammogium ion loss~s due to excess'iv.e tempe,-

rature and higher than recomm,ended pH. 'If;')",'!' V?J- ,ï:.>~;> 

\.,,- '~; ~ ... Kj9Idabl ~igestiQ!1 r~g~i~e's:~~b.s~a~~i~.1 leyels Q~ pot.a~siu~ sulphate . J ".( "~"Y! ~ 
• àddep to .sulphuric acid to in9~eàs~ the boiling point of the digest. ft study wa~ .'.. 
, ~, t ., 

carried out t9 find hGW the presence ~f pot~ssium sulphate.i,n digest solution . 
If ' • 

affe'cts the ammonium sulphate spectrum. Bradstreet (1954) 'Stated that the •• .... .. ~ -
critical point beY.and which nitrogen is lost corresponds to' an acid index valu'e of. -
... tif . <:1 

0:54. In t~is study, great care wa(taken in the preparation of the digest to' . 
, 1 A '1 ~ 

\ provide the optimal ratio of sulphuric'acid t,o p~tas~ium sulphate (aci9 index). 
o , , o • 

., Factors such as composition of the sample, acid lost on boiling ~nd excess acid 
" . . '". JI-

. _ .. , requ'ff/O prevent the S~Ii~ification of th~ final digest Volere ·qOnSjde~e~. The· 
• .... \ 4 ~ 

.. 

catalyst chosen was the mixture ~f potassium sulphate, copper sulphate and 
• ....1 , 

selenium .. Mercury wàs not considered bacau.se it forms ammonium .compléxes 
, . 

\ 

which have fo tfu precipitated with sodium thiosulphate before thé ~R.deterrri'i - ." 

,na,tion (Baker. 1954), Selenium rria0>0siibIY ~~PI~,~S or ~itrogen if U$e~ ln' 

" . higt>! amounts (Hi 11er, 1948) and the effectiveness of copper as ~ c~talyst is 
• - ,. . 1 _. • ,~ 

tower than bàth m~ul)' and selenium (Baker, 193!1). Considering the above 
.p • '- 0 

factors, a,mixture Of.Pota~sium sulphate, sel~n5lm ~nd copper.slliphate was ,9 

chèsen as t~e ideal catalyst: Hydrogen peroxide i5 used as an energetic oxi . 
, -

~izlng a~ent in many.digestions. However, ~n this studY'hydrogen per~e had . 
to be eliminated, since if caused bubbles in the instrument' cali and consequen -

n 

tly inte,rfered witt.l the transrrtlssion readings. The procedur~ used for ·the neutra -

tion Of the acidic digest wa~ the same as for the dildté açid solutions. The 

metacr~sol purple i~dicator as~ured the reqUi~~d flH range of 3-5 01 the . . 
Igest. Cooling of the di.gest during the neutralization process elirninated. 

- ~ - o·.. • 
ammonium ion losses due to a shift of the pH .at high tempQratur~s. 
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Figure 15 presents a spectrùm of the neutralized' amménium· sulphate 
, . 

digest obtâined on the Speètroprocessor IV. A m~ior shift in'the absorption 

maxima of the bands,can be noticed due lo ionic interaeti.ons and tHe • 

absorptlgn coèfficjent of ~mrTiOniu~ion band is -also 'substafltially decreased. 

The r:naximum absorbancè wavelength for ammonium ion shifted fram 6.89 jlm 
• , • '1 

i~ water to 7.04 Jlm in the dige~t s9Jution resulting in 1ncorrect quantitation at 

6.89 ~m wavele'1gth. Thls,erroneous readi'l1g vJould also be obtainet! for the re-
• t 

fere~ca .wavelen~th, 'Since the dig.asi soluÙon.displayed a peak in the 5.5 Jlm 

region. Furthermore,"the s.ulphate, peak i§ subst~nt1ally ~hifted to a lower 
, . , 

wavelength, 9.10 J,lm for distilled ~ater versus 7.91 J,fm for digest solution, and . 
~. , , 

çould interteTe wlth th~ quantitation of amm.oniurFt ion. Based on thesa .results, ît 
, ~ 

"- was concluded that working dir~ctJy with the digest woul~ be extremely difficult 

~ '. "p'artlydù'é ta spect~al shifts ah~ dacreasing respons,e, but m~re i~orta~tty do-e 

to displacement affects on the water spèctrum background. pisp/acement . 
. affects can'be compensatèd for in the dual: beam spectrophotometer but are' 

"- . 
difficult to eliminate in à single cali, dual wavelength instrument. .. 

B~~d1 on the data collected with the Speetroprocessor IV j two interfe -

.rence 'filtars supplied by ShTelps Instru'ments, Ëngland, were instSllled in the 
• r ... ~ 

. " Multispe' M in lie.u of the Fat B filter-pair. The'filters transmission charac~eristics 
. . 

w~re balanced w~th wire gauze as indicatad by their water background absor-
v • . . 

oances. The transmission characteristiGs of the filters are illustrated relative~ to- ' 

aphmonium sulphate in Figur.e 16. The sam pie filter has a c~nter wavelength of 

6.86 J,lm with a peak transmission o~ 74.3%, a half band width of 11 r nm, and a 

l'1oise level of <0.15% T. The reference' fi/ter ha~ ~ center wavelength of 5,56 /lm, 
" . 

peak transmission of 51.2%, a hait band width of 86.8 nm, and'a n0ise level of / . 
0.3%T. 
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4Figure 15:--Stan of ammonium sulphate in digest ~ol.!.Jtion .o-vèr1the range of 

5-10 J.1m using th~ Spectro~roc~ssQr IV. 
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Afte'r·zeroi,ng t~e i~trum~nt with watéi: ~he study was carried ou~ to ) 

establish the optimal,slope potentiometer (signal multiplication) .?etting. Seriai 

diluti~ of ammohium sulphate were 'run on- the instrument at vanous slope 

potentio~èter settings and it was determined that with ammbl)iUm 'sulphate, the 

instrument could be run at a potentio.meter setting of 9.0, about"twic.e' that useGi 
• 'Q ,..,. • 

normal!y without gener9tinQ excessive noise. , . 
Figure17 oresent6 a standard curve,based on 'percent ammonium sul -

phate in dlstj11~d water as a lunction of the instrument paflel reading using a 

si ope of 9.0. The plot displays a slight élevia1ion from linearity' in the range 'of . , - . 
0-1.0% solute producing a linearity coefficient of 0.99'84' and a standard'error of 

eslimate-(SEE)'of 0.0195 The lineanty Improves as one limlts the range to '0.6% 
, -.. 

. solute producing a Iinearity coefficient orO.9998 wlth a standard error of • . 
estimate reduced by a factor of f~~O t\l8I,ue of 0.0044 ~hlch.indicates that. 

ammonium sulphate can be quan;ITk..~ wlth" a reasonable precision up to 0.6% 
, .. } . 

" • v 
solu~e concenfratio~ . 

, \ 

A study was done ta evaluate the capability of Multispec M to quantitate ' 
» , 

~. the ammonium Ion in the partially neutralized acid solutions. As 'Figure18 
, , G , • ~ 

demon.§.trates, the corrèlatlOn coefficient for the "cooled" aCld solution standard 
~.. • r 

curve (0.9919).ls. much lower than the 'corrsfation coefficient obtained for the 
, ~ , . , 

standard curve of a,mmànium sulphate, in distilled water (0.9998). These results 
. , 

indicaté that, at this moment, the ammonium ion can not be accurately quanti -
• J 

tated in the partially neutralized âcid solution beeause of the displacement 

effect caused by the ion~ present in the solution. As the studles o-n the Spectro -
, . \ , ... 

. processor IV demonstrated, the disr?lacemenfeffect could be compensated for 

" in the dlial - wavelength instrument, buf are c;lifficult to eliminate in the single cell 
. ~ 

instrument s(Jch as Multispec M. The results obtained for the "not coolea ", a~ld 
, 

solutions were ve'ry erratië (Figure 19) d~e ta the fact that the t,emperature r 
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Figure ~9. Plot of ammor:lium sulphate,in a "not cooled" acid solutiq.n' on the . 

Multispac M using th~ 6.8~ and 5.56 ~ ftrs.: • 
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during the neutralization process reach~d approximately 80oe, 400e higher , 

1han the recommended 'temperatu.These re,sult~ confirmed the studies done - .... , 

on the Spectroprocessor IV,- whicl1 i ndicated that 1ITere is a substantial loss of . 
ammonium ions at high temperatures .. . . . , 1 

, A .. study was done to comRare the acéuraey.of ammonium sulphate 

determination by.the infrareEJ spectrophotometric method'~nd by the titrimetric 

-method after distillation into standard acid. Two series of weights, 20 samples 
• _ ~ t"'# 

to a series, covering the range from'O.0-0.6% ammollit.nil sulphate were ana -
" fi 

Iyzed by qoth methods. Table 9 presents the means by method relative to the 

mean of the series weight. -

. .. 
Table 9., Mean, mean differe~ce .(MO), and standard deviation of the~jJ.ference 

(BDD) between prepared sample weight and resl,llt basad on titration·and IR 

analysis. 

Meana Standard 
(g) 

- Mean of 
distillate (g) ., MD 

Je 

~ 
1 

v . 

0.2607 
0.2577 

. 0.2593 (T)b 
,.. 0.2578 (IR)C 

0.0014 (T) 
- 0.0001 (1ft) 

± 0.0028 (T) - . , 
± 0.0013(IR) tt 

an=20 'L 
'bResults for titration procedure. 
CRe'sults for infrared analysis. 

1 

-
The résults obtained by infrared method were closer to the niéan weight 

-
than the titration procedure results, and the standard deviation of differenc~s 

(SDO) indicated that the infrared method had less variance relative to the 

weighted val,ues of the individual samples in each series. These differences 
0._ 

! 

\ . 

" 



~ . 

• 

• 

, 

• . , 

• 

were significant at the P = O.05°/~ level, and it Can be concludéd that the infrared 

method is'somewhat more accu~ate than the titration procé'dure, whlch 1n Itsel( 
, • f' •• . " . 

is a primary method (van de Voort" 1986). 
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Chapter VIII 

CONCLUSJONS 
1 

82 

, , It is evident from ~(~rCh that the ~mmonium ion can be success -

fully--rneasured in simple solutions su ch as Kjeldahl distillafes using the corn -

mercial infraracUilter instrument, Multisp13C M., The sfudy of J:he behaviour aL 
am":l0nium.ion in aqueous solutions, taking illlto consideration the influence of, 

• 
the pH and temperature on the infrared'spectra, led to the development of a 

> 4. 
• ~ ~.. 0 

me~~pfoducing accu rate' ~nd reprot9ucible results-:ltîe sensitivity of this 
\ 

method could be improved further by using wider cell pathlengths and by 

adjusting the sample filter passband ta give a better response (Hutten,198_5). , 

The Iimited study of the)ammonium ion in more complex matrixes !,uch as di lute 

acids and dilute Kjeldahl digests elucidated a whole range of problems 

·involved in this type of analysis. lonic strength, displacemetlt effects, dilution of 

ammonia solution, and wavelength -shifts are the major ones which have.to be 

addressed. The quantitation of ammonium sulphate in a dilute digest, by a 

double-beam spectrophotometer, would be feasible if the ionic CQntent of the ,., 
digest was lowered. A new microwave oven digestion technique utilizing only-

. sulphuric acid under pressure could be considered as an alternative to the 

. traditional Kjeldahl digestion procedure. Unfortunately, at this time, the quan-
. -

titation of ammonium sulphate in dilute digests by a single cell commercial IR \ 

analyzer is not possi~le, due to djsplacement effects cau~d by the ions present 

in solution. . . '-
Presently, rapid measurment of the am_monium ion in Kjeldéthl distillates 

~ , 
p-lay be possible if a low..cost, simple and dedicated instr~ment ~esigned for this 

purpose was available. If a suitable met~àd was to be developèd, a -rapid : 

commercial IR analyzer integrated with a sulphuric acid mi~r'O\~ave digestor, 

o 

.. 

l 

~ . 
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eould have the eapability of analyzing sam pie digests directly and thereby 

• --réplacing the werLestablished Kjeldahl,method for protein analysis. 

~ 

The author hopes that this research cqntributed ta the field of quantita - '0 

tive IR spectroscopie analysis in aqueous media and will help other seientists 

working on similar P.roblems in the future. 
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Appendix A 

"'. 
~ 

..-
..--.-. r • . 

8P.IEF 
$ET COt-'PLE)( ;-

ECHO.Th1~ routlnl' !'ft!' up 1\ callbr"l!on ~I' .. ov~r. th. I-::;u rlll,ol'61 ' 
ECHO and 1 ts companion progr~m CALS c",n ~.'i' us,~d tOI' th~ 5-IOu i'lng,.~ ECHO 'il 

, PAUSE 
ECHO"' ... 

ECHO l'l calibration h'f.,COf,,15·tS of,,!' 'llnÇl'f ttE'lIm 'C~f\ ln W'''ch61 
ECHO thl' Ingtr.um~nt adJu,ts.thf -;It-ts O!\utomatlcllly \0 a 'P,,"cef1tdJ 
ECHO enl'rgy l.l'vel. Thl' t\bl'itv to aU".n th!' dp~lrl'd enl'rQY ll'v.'il 
ECHO IS a tunctlon of sllt r,)nol' allo\'/l'd ilnd thl' g;lln Htt+.(la:iI 
ECHO For aqeOU! ~olution~ ~Jhlch hav'i' ~Oor trl'n!1mi.",lon. tht' o1lln" 

-ECHO sl1o::Juld be s{'t lt th'-m~~lmum. for otl'~r '1Y,hm; t5"I'),nt~)iI 
ECHO thl' cain ciln be ~l't al 9.0 al 2.2u S8.~ \ 
ECHO:il - • 
ECHO "' 
ECHO SETTt~IG UP THE Ir ISTRUrIErlT.il 
ECHO il' ) , 

ECHO :;"t up .for ~in9lf bp::,m op~ra\i'on b} drlvlng tltln,ml'r C"IT,o." 
ECHO ~o bl~r-r< out the s~mpll' bt'}m.il 
ECHO ~'''I teR OVl'r to sin91t' bt'ilm <58) modpji) .~ 
ECHO Pu t b'?ilm bl ~nker ~&JI tch on ... nd mo'''\ th'! ; .. rvo cC'mb to I>I ... c"~ 
ECHO th€' rl!f"rence bl'<,<n lit th .. <''-'HI ""d Ij)f \>1,,, ct'n'b. ~ 
E'~It') Put tht gain at m;):xtmum for aQ~OIJ'i 5)'stplns.il 
-ECHO :il .,. 
P .... USE 
ECHO ~ ~ 
SET FAr'IGE t\EOI~rl,SC{...lE 1.0 (1.1176 /\ ~ 

·SET SC,..,' IPI~r IGE 1 5 .' • 

';ET, PlOTOII.Gf;AT",O 3.~L1T 150,SC"rnJtIE JO 
SET lIA <_SlI T 30û ,flll '-SU T 1 
PHPI-oIIETEPS • 
ECHO .$1 1 

ECHO The el.1t !1hôuld bl' ilt I~'j. th. 9ratlr1o al 3.üu, ;or,. Ih!')'?., ECHO 41 
FI-'U~E 
ECHO .ii 
'::ET ')Er.EC'~E" 
Ci'lL\ URATE 
E?F.IEF 

o. 

GOTO 1i~I TISO 

ECHO 1,'YC'u I>I~I'I te- lé. O!\ CilllbratlC'n fr;or thf 5-IOu r~n?(', !l'''lct.., 
ECHO ~h", 9r~hn9, but W~, t 30 'Jl'C bt'for{l bpln~ 'DO C .... LS:.;;) 
EOF 
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-( Appendix B 

~FILENAME 

CALI r 
COI-.JVERT _D 1 SK. S 
CALQ- .. 
SCAN 1 -
S~LECTEDl:Jo 
CAL2 
0001 
')002 
SCAN5 
()8SETUPl 
PROGRAMCATALOG 
0003 

. SFH2DCAL 1 MAX~AI'N 
~FH2DCALrAXGAIM 

• l)Q 

, , 

At'II'ISULF50 
A/'lIvlSLILF50A ~ 
AHI'ISUlF35 
AIII'ISULF35A" 
RI'lIvISULF25A 
A~vllvlSULF25 

6AHlvlSULF 10 
Al-ll-tSULF10A 
AHI1SLlLF5A 
Ar'11'ISULF5 

.At'1I'ISUl-F2.5 
At'1HSULF:2 ,5A 

DRIVE 
o 

• 0 
o 
o 
o 

4 _ 0 

- 0 
o 
o 
o 
o . 
o 

~ 
2 
2 

2 . 
~ 
2 
2' 
'2 
2 
2 
2 
2 

-2 
2 
2 

rPR 1 hlT At'ISULF MSULF50A . 
:' i 1 e : A~It"ISULF50A 

.' . 

--

\ 

, 
\ .. 

: 

.' 
• 

\ 

04 USl!r 2 • ." 
7 

~pectral data file; 
5pecfroprocessor version: 
;reation date: 29-Se?-83 
{n s t r "me nt r ange"',,: CDARSE. 
~anqe of scan: 8.9700 to 
Jperator : FRED. . 

0> 

9.1300 microns. 
, ' 

41 

)a~le '; SU~PHATE PEAK· # 

,3an,-ing Inter~al : 0.0010 microns 
'ctual number of data: 160 .. 
:alibratipn file: SFH20CAL2MAXGAIN 

,( 

:nter .. start wavelenoth >8.97 9.13 
:nter stop wav~len9th >9.13 
inter ,jmplloo intee"?) -in ~;e":n-s- ~"n o_-,.c: 
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