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DITRODUCTION 

Although sulphur is one of the more abundant elements present 

in plants, its importance as a plant nutrient has been underestimated 

until comparatively recently. Scientific literature over the past few 

years, however, shows that interest in the determination of sulphur in 

natural waters, soil and plru1t materials has been renewed. 

Perhaps the main reason for the non-recognition of the 

importance of sulphur as a plant nutrient is the fact that su~phur­

deficiency seldom occurs since sufficient sulphur is usually added to 

the soil in rainfall (particularly near industrial towns) to supply 

all the sulphur requirements of plants. In addition, sulphur is freq­

uently present in fertilizers added to soils to counteract deficiency 

in other elements, especially phosphorus. Superphosphates, for example 

contain up to 60 'f., gypsum. Sulphur. is also added to the soil in some 

i nstances in order to reduce the soil pH, the elemental sulphur 

being fairly readily oxidised in the soil to sulphuric acid. The 

organic fraction 1n the soil also contains sulphur • 

. Sulphur occurs in plants in a number of organic compounds, 

one of the more important being cystine. It also occurs in many plant 

proteins and in the respiratory pigment glutathione, which appears to 

act as an oxidation-reduction enz~ne li1 sugar oxidation. MUstard-oil 

glycosides, organic storage compounds, often linpart the distinctive 

odours and flavours to certaL1 plants e.g. garlic, onions and mustard. 

Symptoms of sulphur-deficiency often resemble those of 

nitrogen-deficiency. Cells are smaller and their walls thicker, there 
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is a relatively high proportion of fibers and lignified tissue, carbo­

hydrates acctunul~te and nitrate nitrogen increases, organic sulphur 

becomes water-soluble nnd the cells lose some of their protoplasm. 

There may be interference with cell-division a~d fruiting. The entire 

plant is usually light green to yellowish green in colour. The chlor~ 

osis is most pronounced in yom1g loaves, which become yellow. 

Positive effects of a<lequato sulphur supplies include 

chlorophyll development (although chlorophyll does not contai.~ sulphur), 

an increased root or absorbb1g systom, longer stems and thicker loaves. 

In legu~nous crops, there is generall y an li1crease in the number of 

root-nodules, this being generally attributed to the action of sulphates 

on the legume ba.cteri2.. It might be mentioned here that su~pho.tes, like 

nitrates, are easily lenohed from soils and severe losses of this 

nutrient occur duri ng erosion and during drainage in wet climates. 

There is thus sufficient evidence of the need for a r apid, 

accurate and reproducible method of determining sulphur, suitable for 

application to the routine l a.bor o..tor3r analysis of plc.nt and soil 

materiel. It would appear thnt investigc.tions should be carried out 

on the possibilities of adc.pting existing methods to the analysis of 

plant and soil IllCtterinls. 

Over the yoa.rs a number of differe11t methods to replace 

the tedious and innccurc..te gravimetric procedure hcve been liwestigated. 

Particular o.ttention has boe~1 gi ven to the volumetric procedures. 

However, most of those methods have disadvnntagcs, being either too 

long or lacking in sensitivity with low sulphc.te concentr ntions. Thus 
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sulphate may be determined using benzidine hydrochloride (1) but tho 

determination involves a filtration stop and a blank correction for 

low sulphate-ion concentrations. Another volumetr ic procedure (2) 

uses barium chromate to prooipitnto tho sulphate, tho residual chromate 

being determined titrimotrically with thiosulphato. However, tho pro­

cipito.to must bo removed by filtr e.tion before- the titro.tion step is 

possible and a· calibration curve must be dro.wn to obt~in o.ccuroto 

results. For tho direct titration of sulph~to with bnrium chloriao 

solution, the internal indicntor, disodium tctrnhydro:xyquinono, may bo 

used (1) but, owing to tho rolctivoly slow formation of tho ba.riUJn 

sulphnto procipitato nt low sulphate concentrations, tho technique is 

limited to solutions with high sulpho.to-ion concontrctions. Other 

.volumetric procedures include o. photometric titration using loo.d 

nitrate and alcohol (3), reaction with bariwa iodate followed by 

iodo.motric titration (4) , and troo.tmcnt with st~nnous chlorid0 followed 

by determination of tho hydrogen sulphide iodomotricc.lly ( 5) . 

A polarographic method (6) involves the reduction of the 

sulphur to hydrogen sulphide, followed by tho precipitation of cadmium 

sulphide which is t hen dis sol vod in hycl.rochloric ncid o.nd tho cc.dmiw.1 

determined polcrographicully. Thoro nro sovorc.l methods of dotormhung 

sulphur after reduction to hydrogen sulphide. Inter c.lio., thoro is tho 

method involving tho reduction by hydriodic acid and finnl colorimetric 

determination of tho hydrogen sulphide by tho mcthy1ono-bluo reaction 

(7). This is probabl:,r tho most sensitive of cll tho methods o.~1d invost­

gations ccrrioCI out o:~. this method moo recorded in Pnrt II. 
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Another recent colorimetric method is the determination 

of the coloured acid-chloranilate ion liberated from barium cblor­

anilate by the sulphate ion (8). 

The rapid development of the complexometric titration 

methods using ethylenediaminetetra-acetic acid (E.D.T.A. ) has led to 

indirect methods f or the determination of sulphur by either determining 

the excess barium remaining after a known excess of bariun1 chloride 

solution has been added to precipitate tho sulphate (9) ; or dissolving 

the barium sulphate precipitate in amrnoniac::.l standard E. D. T. A. solut­

ion and back-titr ,ting the excess E.D.T.A. with stondnrd magnesium 

solution (10, 11). 

It would obviously have been impossible to investigate all 

the methods of determining sulphate and the author has confined him­

self to these last throe methods, which seemed to offer tho greatest 

possibilities in the field of plant analysis. Tho methods have boon 

thoroughly tested ru1d statistically compared as far QS was possible. 

Apart from tho criteria of accuracy, spood and reproducibil­

ity, the time r equired for t he l abor atory worker to become thoroughly 

conversant with tho techniques and economic considerations must nlso 

be taken i nto account. It is u..l'lfortunnto thnt tho methods of determ­

ining sUlphur all appear to suffer in ono or more of those respects. 
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E ~ R 1 1 

THE CO?,lPLEXOMETRIC DETERMINATION OF SULPHUR. 

1. REVIEVJ OF PUBLICATIONS 0!{ THE CGr.:iPLEXOlt.iETRIC :tvlETHODS. 

1.1 The Properties of Ethylenediaminetetra-acetic acid and its salts. 

Ger old Schwarzenbach started work on the metal complexes 

of aminopolycarbo~Jlic acids or complexones in 1944 and since that date 

has published a number of papers on the subject of complexones. A 

large number of complexones have been developed, such as nitrile-

triacetic acid (NITA), ethylenediarninetetra- acetic acid (EDTA), 

diethylenetriaminepenta-acetic acid (DTPA) and diaminocyclohexane­

tetra-acetic acid (DCYTA), to name only folrr. However, as it has 

proved most generally suitable for complexorr.etric work, we shall consider 

only EDTA or more strictly its disodi ma salt, disodi~ethylenedi~mb1e-

tetra-acetate or Versene (also generally referred to as EDTA). The 

acid has the followil1g structure;-

HOOC -

HOOC -

/ CH2 - COOH 

N 

~CH - COOH 2 

This acid forms 1:1 complexes with a wide range of metals, 

the structures of which involve a number of five-membered rings. 'l'he 

acid has four replaceable hydrogen atoms and the resulting carboxyl 

groups together with the nitrogen atoms provide six atoms available 

for co-ordination to a metal cation. In general, the stability of the 

complex increases -vri th an increase in the vaLency of the metal and most 

univalent metals are unable to form stable complexeso Use can occasion-

ally be made of this to prevent complex-forrr..ation by reducing a metal 
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to a lower valency state. The stability also tends to decrease as 

tho pH is lowered; thus, at low pH, only tri- and tetravalent metals 

will form complexes. 

The disodiwn salt dihydrate is generally used in the 

laboratory as it is very much more soluble in water than the acid. It 

is easily obtainable as a pure material suitable for use as a prLmary 

standard. The two molecules of water tend to come off above 70°C and 

the salt should not be dried above this temperature. 

In 1948, Schwarzenbach and Biedermann (12) titrated calcium 

and magnesium with EDTA and determined the end-point by measurement 

of pH changes. Later, Biedermann and Schwnrzenbach (1.3) solved the 

problem of accurate end-point detection by the use of the dye Brio­

chrome-black T which, like EDTA, has the property of forming slightly 

ionized compounds with the alkaline earth metals. On the basis of 

these researches, Schwarzenbach and Ackermmm (14, 15) developed a 

methoQ for the determination of hardness in water. Schwarzenbach 

noted that calcium formed a weak unstable complex with the dye which 

did not permit solutions containing only ceJ.cium to be titrated with 

EDTA alone. However, by the inclusion of c small amount of magnesiwn 

in the titrating solution or the alkaline bL~fer, the end-point cotud 

be sharpened (15). More recent researches have confirmed the use of 

EDTA for determining hardness in \-rater (16, 17y 18, 19). 

In 1949, the method for calcium ~nd magnesium determination 

was applied to plant materials (20) but appeared to be unsuitable. 

Since then, the initial difficulties have been overcome and the method 

can now be used successfully for the determination of calciwn and 
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magnesium in plant material. 

In 1950, ¥nnger, Nippler and Ingels (S) suggested that, since 

the EDTA method could be successfully applied to the determiPzticn of 

barium ions in solution~ its use might possibly be extended to the 

determination of low sulphate-ion concentrations by titrating the 

excess barium ions nfter c known excess of barium chloride had been 

added t o the sulphate solution. 

1.2 The Choice and stability of Indicato~~-

~hnger, Nippler and b1gols (9) used a solution of Eriochrome 

Black T (Solochrome Black, Eriochromeschwnrtz T, F-241) in ethanol. 

This is also the indicator used by Schwarzenbach (13) in his early 

researches. It has the structure 
OH OH 

N=N(D 
It is an acid-base indicator with two sensitive regions of 

colour change. The equilibri~~ is as follows ~ -

pK 6·3 
H Tn- -----~ :z- ~----

Wine-red 
(below pH 6) 

pK 11·5 
Hin-- ""'""" _ _ In __ _ 

Blue Orange 
(above pH 13) 

Belcher, Gibbons and West (10) stated that the ethanolic 

solut i on had to be discarded after· three to f our days. Goetz, Loomis 

and Diehl (21) recommended an aqueous solution of the dye mixed wi th 

hydroxylamine hydrochloride. Betz and Noll(l7, 22) made up their 
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indicator solution in aqueous isopropyl alcohol with the addition of 

sodium carbonate, and claimed that it was stable after eight mont~s. 

Diskant (23) carried out extensive investigations on the stability of 

the indicator and found a solution of the dye in diethanolamine or tri­

ethanolamine to be stable. A solution of the dye with sodium bor~te 

in methanol was used by van Thiel and Tucker (24). 

Flaschka and Schgniger (25) have recommended a powdered 

mixture of the solid dye with sod~um chloride and this was confirmed 

by .V.anns, Reschovsky and Certa ( 26) who found both the aqueous and 

alcoholic solutions of the dye unstable. Sporek (27) used ammonium 

chloride in place of sodium chloride. 

Eriochrome Black T has also been used, screened with other 

dyes in order to obtain a clearer end-point . Belcher and his co­

workers, for exa-·ple, used dimethyl yellow (28). McCallum (29) used 

a mixed indicator of Phthalein purple, Metlwl Red and Diamine Green B 

(Dianil Green) in vrater. This indicator was proposed by Pribil i .1 1954. 

Other indicators 1-v-hich have been used are Haphthol phthalein 

(30), and Calcein (31). 

1.3 Variations in the .V~thod of Determinat ion. 

Variations in the method of ~linger, Nippler and Ingols (9) 

may be divided j_nto two groups; those in which the barium sulpi.1ate 

precipitate is dissolved and the barium ions determined, ru!d the 

methods in whic~ the excess barium ions after precipitation are 

determined. 

Where JVA.mger and his co-workers added magnesium ions sep­

arately, JVhnns and his co-workers (26) incorporated magnesium and 
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calcium ions in the standard EDTA solutioz:. Sirri.lRrly, Ueno and 

Yamaguchi (32) included zinc and megnesiw,~. ions in the titrating 

solution. Tettweiler and Pilz (33) added a little zinc complexorw.te 
( 11.,' \ 

before titrating with titriplex (versenatc ) vThile Langford (33) pre-

cipitatod the sulphate by the addition of a solution containing roth 

barium and magnesi~~ ions . 

:tJhny research workers preferred to remove the precipitate 

by filtration prior to titration with EDTA but, with low sulphate 

concentrations, the;r found that the presence of the precipitate had 

little effect on the cln.ri t J- of the end-point. 

Bakncs- Polgo.r (35) suggested sh~~.king the solution, after 

precipitat-'..on, with carbon tetrachloride. The bariwn sulphate wc.s 

transferred to the CC14 la:rer and the col.1nr of the indicator could 

be clearly seen in the aqueous layer. 

Casini (30) used tetrasodiu;n ED'J.A anc. Naphtholphthaleii1 a s 

indicator at a pH 4-6, while LcCcllun (2S), using a mixtt.rre of 

phthalein purple, methyl red and dianil green as indicator, carried 

out the titration in 501~ ethanolic solutica and back-titrated with 

EDTA, no magnesium being required. 

Belcher and his co-workers (10) filtered off the BaS04 pre-

cipitate (after ageing it overnight) on n paper pulp pad. The pr·3-

cipitate was dissolved by boiline with fu';1!Wl1iacal EDTA solution and 

the excess EDTA was determined with stund2.rd magnesiwn chloride 

solution. Jackson (36) suggested the use of very mnall filter paper 

r t) 

circles in place of the filter pulp pad. Later, Belcher and his co­

workers (11) filtered off the precipitate using sintered glass crucibles. 
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M.lkai and Goto (37) follm.,red the method of Belcher (10) but back· 

titrated the excess EDTA with stru1dard be,rium chloride solution t~sing 

metal phthalein indicator . Rmnler and his co-workers (3G) suggected 

the replacement of ammonium hydroxide (for dissolving the BaS04 yre­

ci pi tate) by sodium hydroxide, ethanolamine or triethanola.mi11e, to 

speed up the analysis. Sporek (27) precipitated the sUlphate im;s 

as lead sUlphate in 50'J~ isopropyl alcohol~-c solution and, after dis~ 

soluti on of the precipitate, back-titrated the excess EDTA with 

standard zinc sol ution. 

1.4 Removal of Interfering l~· 

Whereas anion excha..11ge proved to be of consi derable value 

i n the removal of anion interference, and particularly phosphate 

interference, i n the determinc"..tion of cations in plo."1t material, 

the method is not applicable in the deter~nination of sulphr>te since 

part or all of the su.lphate ions are removed together with phosphate 

and other interfering ions. 

Collier (39) extracted phosphate ions as the phospho­

molybdate complex using a 1:1 butanol-chl~roform mixture. Srdth and 

MCCallum (40) used ferric chloride to precipitate the phosphate ions 

at pH 3-4 but, as this required very coreful control of the pH and 

necessitated the complete removal of any excess ferric ions, Padhye 

(41) recommended the precipitQtion of the phosphate using zirconium 

nitrate. However, this method is not app2.icable to su.lphr te deter­

mination since zirconiwu forms stable complexes with the slliphatc 

anion and Palaty (42) r ecommends the removal of fluoride and phosphate 

ions as the insoluble lanthanum salts. 
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There can be little doubt, however, that ion exchange is 

the most satisfactory method of removing interfering cations ru1d 

this is confirmed by its frequent use in procedures given in the 

literature. 

1.5 Storage of Solution~. 
I 

Goetz and his co-workers (21) found that EDTA solution 

concentrat ions changed with time but found that at pH 5 they were 

reasonably stable in one gallon bottles o·.-er a period of up to fow.~ 

months. Bruno Riva (43) stored all stancard solutions in pol~~hene 

bottles to avoid solution of calcium from the glass of aspirators. 

Flaschka and Sadek (44) discussed the effects of storing solutions in 

glass and recommended storage in plastic bottles or hard- glass bottles 

which had had lfo versenate i n 2~ sodium hydroxide boiled in thew, 

followed by thorough washing with distilled water. 

As far as possible, all solutio·-lS used in the work recorded 

in this thesis were kept in polythene bottles. 

1 . 6 Critical Review of Pub1~§hed Complezpmetric t~thods using 

Disodiumethylenediaminetetraacetate. 

In 1950, 1-.'unger, Nippler and In:~ ols (9) applied the complex-

ometric method of alkali-earth determination by means of EDTA to the 

determination of the sulphate ion. After determining the hardness 

with EDTA and the alkalinity with HCl solution, standard acid, equiv-

alent to the alkalinity, was added to a 50 ml . sample to destroy 

carbonates. The solution was then boiled, 0.02 N BaC1 2 solution was 

added according to the estimated sulphur content, the solution was 
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again boiled for a few seconds and then cooled. A bLufer solution 

(pH 10) and E:riochrome Black T indicator solutioi1 were then added and 

the solution titrated with standard EDTA solutiol1. The first enrl­

point was not used but a small quantity of standard magnesiUJ' solution 

was added and the solution titrated to the second end-point. TJ::.e 

sulphur content was hence determined by calculation. The methoc~ we.s, 

however, subject to a nurr1ber of interferences due to foreif>!1 ions and 

the end-point vras still by no means easily distinguishable. 

In 1S'53, Langford (34) adaptec1. this method to the deter­

mination of sulph2.te i n nickel-plating solutions, using c. solution 

containing 0.2 N BaCl 2 (to precipitate t~;.e sulphate) and 0.1 lT ~JC1 2 

(to improve the end-point). KClJ was usee:: to complex heav;- metals. 

Tettweiler and Pilz (33) added zinc-complexona te to the solutio::1 

before titrating to the end-point. Sij dE.:rius (45), in order to avoid 

the addition of a fixed ai11ount of magnesium solution, added dipotassium 

magnesilun EDTA to the buffer solution used i n the method. He removed 

calcium and magnesium by ion exchange and found i t necessary to 0ge the 

Ba801, precipitate overni~ht since low values for the sulphur cor:.tent 

were obtained if the titra tion was carri<7d out ~-:nnediately after the 

precipitation . This considerably lengthened the procedm~e. Fi tz :.;eralcl 

(46) added to his buffer solution m.agnesltl!il chloride solution which 

he i nitially sequestered with EDTA. 

In 1954, Belcher, Gibbons and lfest (10) described a p':'o ­

cedure i n which the barium sulph..1te precipitate 1vas filtered off using 

a paper-pulp pad after the precipitate hr.d aged overnight. The pad 

was well washed , after which it was trcmsferred t o a flask, tho ;3aS04 
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dissolved in anll-noniacal EDTA solution anrJ. the excess EDTA back­

titrated wi tb standard magnesium chlori0.e solution to a c1ear red. 

end-point. L·. the sam.e year, Jackson (36) suggested that, in place 

of the paper-p·u~p pad, a 21 r.llTl. circle of i~o. 42 Hhatma.n filter paper 

be used in e.. Gooch crucible, as this paper 1.voulcl readily be C.isinteg­

rated. in the boiling arumoniacal EDTA solution. H.lli:ai and Goto (37), 

in 1957, used metal phthalein ii1dicato1· in the titration of the dis­

solved barium sulphate precipitQte. 

In a later paper, Belcher, Gibbons ant:: VJest (ll) filtered 

off the barium sulphate precipitute by neans of a sintered glass 

crucible and, after thorot'gh washin1 and after the addition of a 

two-fold excess of EDTA, titr ated the filtrate with magnesium cl1loride 

solution in the mEU~er described in their earlier paper (10). 

In view of the uncertaint:;r of the colour-chan[ e with the 

Eriochrome Bla ck T indicator, LcCalltu1l ( 29) pr oposed the use of :m 

entirely new indicator co·11prising Fl1thalc.in Purple, 1:ethyl Rec: c.:1.d 

Diaraine Green B (dianil green) in w?.ter. After precipitation. of the 

bariL~m sulphate and again: for at least :: 1"1. hour, the solutio.1 is 

neutralised and :1.lcohol c:-ddec: to make th(· solut ion 50/~ alcoholic . 

After addition of 5 ~l . concentrated Qmffionir solution and some 

indicator solution, the solution is b.<:'ck-titrated with standard. EDTA 

to the sharp colour-change fron deep blue to per manent yellmv-gruen. 

A ver:· clear end-point was obtained and the use of a.dded r.w.gnesiwn 

was avoiCI.ed . One of the Yr.ll.in disadvc·ntcsos was the use of large 

quru!.ti ties of ethanol in the method. An ether is the short 11 sheL'­

life11 of the indicator, given b:~ NcCallur~ .:1s one week. 
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In 1958, Sporel: (27) used leaD n..itro.te to precipitate the 

sulphc,te, decreasing the solubility of t l:.o lecd sulphc.te by wor~~ing in 

50f., isopropyl alcohol-aquoous solution. The precipitate 1.Jas dissolved 

in c. fritted-disc filter ft.mncl by means of amrnoni~cal EDTA and the 

excess EDTA bC'.ck-titratod with zinc chloride solt:tior... A solid 

m.LTture of 0.1~~ Eriochrome Black T indic~·.tor i r! ar-1noniwi1 chlori(a 

vro.s used. His results indiccted that, wt.ere.:1s there vras little or 

no interference from ree.sonablc r.mounts CJf arsenates, iro:.1 c:.ncl t<rnni w::1., 

the presence of phosphate resul te<! L1 hi.:·h vc.lues for the sulphv.r­

content. His r esults for urannte-conto.inil"lg ores were also higl .• 

The Ilk"in o.dvrntPge he cl~.imed vTr,s t hat tho :method r eC3_uired from 30 

to 45 r~nutes as opposed to the nori!k~l 1 to 2 days. Isopropyl 

alcohol v111S used in the method since, thE.: higher the alcohol in the 

homologous series, the more it reduced tlJC solubility of t he PbS04 • 

To replace a.rnmonir in the method involving the dissolution 

of the BaS04 precipit:te, R\.Unler, Herbolohei·~er o.nd vlolf (38) advoc­

ated the use of mono- or tri -ethanolm:rlnc or sodium hydroxide with 

:CD'l'A to dissolve the precipikto in order to speed up the proceo.u.re. 

In all these methods , however , the difficulty of dissolving the pre­

cipitate quantitatively and readily is tbe m:1.in drawbo..ck , 

In the same yec.r, 1959, Bnkacs-Polgnr o.nc~ Szekeres (1,7) 

described a procedure for determining phosphorus and suJ.phur in the 

same san1ple. They worked in aqueous alcoholic mediwn at pH 10 in the 

presence of Eriochrome Black T as indicator. Initi::~lly, the phosphate 

wa s titroted with magnesium chloride sol~tion when the phosphate 

precipito.tec'l. a s lJH4 . r-~P0,,.6H20. The firr1t drop of excess sto.ndru.~d 
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magnesium chloride solution wa s detectec'. by the red-violet colot.'r of 

the indicator. The origin~l blue colour of the indic~tor wa s restored 

by means of c. fevt drops of EDTA solution [l.fter which the sulphrte was 

ti trc.ted with a. bc.riun chloride solution . At the end-point the excess 

barium ions repla ced t he ma.gnesilliii ions :.:'ro~-.1 the mo.trnesiun complexone 

and the indicator showed r.. red-violet colour. There 'irere numercus 

precc.utions to be obser ved with reg~rd t o qunntities of reagents and, 

notwithstanding the observance of t hese prec~.utions, the present 

author wus unnble to achieve an;· resultG wi th this method. 

Recently, the s;:me authors (42. ) hn.vo described a. metl:od for 

the simultaneous determination of phosph·~te and sulphcte ions i n the 

presence of metal cont31!lin.:-nts. Ferric ~nd aluminium ions vtere me sked 

with DCTA (DCYTA, see page 5) c.t pH 2-.3. The pH wc.s raised to 2.0-11> 

Eriochrome Black T was added and the excoss EDTA und DCTA were elim­

inated with standard 0. 1 Il l·.f;Cl2 solutio!~ . Ethanol was added und 

the phoopha te titrated vTi th the standarc~ i.:lagnesium chloride U.."ltil a 

stable purple-violet colour nppeared. T:1e a nthers claimed that pre­

cipitation occurred imBediatel;r mngnesium ions we:re added and that 

the titration might be carried out fairl~ · r apidly. The blne colour 

was then restored to the solution and ti:J.o titration of the sulphctc 

cexried out as before. 

The sumo authors have also published a method for detennin­

ing phosphate and sulphcte ions i n the presence of cnch other ii:·. 

superphosphute fertilizers (50). This procedure appenr s to be the 

same as that described i n the preceding pa.ragr~ph. 

A number of other workers i n the field of complexomet.:·ic 
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a.no.lysis have made r.l.inor mo0.ifica.ti ons i : t the methodso These mc.ixily 

concern cha.1"'lges i n the concentration of ~:engents used, tiJne of C.igest­

ion of the BnS04 precipit~te, ~rd the qu~ntity of ma~1esium ion~ to 

be added to the solution. L11 genercl, t~10 more dilute the stanc.crd 

solutions used, the greater the accura cy claimed, although u l ir.it 

was set by the increasing difficulty of E.md-poi~1t detecti on as t i.1e 

dil ution increa sed. Most workers h~ve a rvocnted agei ng the precipitate 

overnight if possible c..s this r esul teC: L~ analysis values for the 

sulphur-content closer to the t heoret iccl v~lues. 



- 17 -

2. THE Iv.IETHOD OF MUNGER, NIPPLER AND ~-~illOLS. 

Mmger , l'Jipplor a:1d Ingels published, in 1950, a "1ethod of 

determining the sulphate ion complexometrico.lly using barium io:1s lli'.d 

a s tandard disodium dihydrogenethyleneo.i ... '-.rninetetrancetute solution. 

A description of tho method follows~-

REAGENTS~ 

Standard Versen~te Soluti~~. 

An approx:LTflD.tel ;}r 0. 02 ii solution of the disodium sclt of 

ethylenediaminetetruacetic acid is used. Tho reagent thct i ncl udes 

m.agnesiura chloride mny be used (18). 

Buffer Solution. 

A solution is m2de of 8 .25 g . ~lrruonium ch~oride m1d ~13 ml. 

concentrated roq~ent grade rumnonium hydroJdde i~1 l litre. This pro­

vides a solution of pH 10 when 10 rul. ~rJ c.dded to 50 ml. of sa.nple. 

Barium Chlor ide Solution. 

An o.pproxiJJl..r.tely 0 . 02 11 solution of tho s o.l t is r:J..-;.de and 

the normality accurately deterruined. 

Calcium Chloride Solut iog . 

A 0. 020 N solution is prepared frolil cnlciun cc.rbo;.rt.3 cs 

described in "St::mdard 1'-~".iOthods for Est:i.lr..::.tion of vlater u;1d Sewc. · e 11 (1). 

This is the priiJlc.ry sta.;.1do.rd for the vorsenote, b<.riwn a.!J.d nc..gnesiu.m 

chloride solutions. 

l•b.gnesiwn Chloride Solutio11. 

A 0. 02 II soltJ.tiOl"! is prepnrcd .. 

Standard Hydrochloric Acid Solution. 

A 0 . 02 1; solution is prepared. 
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Indicator. 

prepared. 

PROCEDURE: 

A 0.41o solution of Er-iochromeschwartz T in ethcnol is 

Initially the hardness is determii!cd with versei.lnte as 

described by Biedermnn ['lld Schwurzenbac:1 (14, 15) and modified by 

Diehl, Goetz and Hach (18). The clkali;-:.ity is determined with the 

standard hydrochloric acid solution and not with the more us~Bl 

sulphuric a.cid solution. To n third o.liquot of 50 ru. se..mple, stand­

e.rd acid equivnlent to the alkalinity (or slightly nore) is added in 

order to destroy carbonates. The sample is boiled and 5~10 nll. of 

the standard barium chloride is added, t he runotmt added depending on 

the estimated sulpho.te content of the s~"llple . The mixture is o.llowecl 

to boil for a few seconds. The fla sk is then cooled, 10 ml. of buffer 

solution is added and also 5 drops of i:~cd.c['tor solution . The solution 

is then ti tro.ted with the stc,ndard veraona.te solution. 

The first end-point may not b·J used, because its acc~1.rccy 

will be poor even when the sto...'1dnrd solt,_-'-.;ion contc.inine sol".'le m[' gnesium 

ion is used (18). The ac1di tion of n SlTIC'-ll Olllount of stnn.do.rd mr .. gnes­

ium ion solution and u second end-point with extra. verseno.te solL1tion 

gives good accuracy since the indicator is more sensitive to th0 

mngnesium ion . In order to minimise th& end-point error, it is 

recommended that the end-point be approached to the same colot~-change 

used for the determination of the hardness. 

The authors observed that, since the barium solution was 
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added to the solution in oxcess in tho first step, it was possible 

to precipitate the bariwn sulphl2te completely, even at low sulphate 

concentrntions, before making the titration for the excess barium ions. 

They also found it unnecessary to remove the barium sulphate precipit­

ate before titrating the excess barium ions and t hus the ti trc.tion 

step could be started very shortly after beginni!1g the procedure. 

They added that the method would be particulnrly useful 

in laboratories where the versenate procedure for determining hard­

ness we.s used, since the val uo of the total calcium plus :mngnesiwn 

content was required for ca.lculo.ting tho sulpho.te concentrc.tion. 
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3. EXPERIMENTAL STUDIES . ON THE COMPLEXOl•lETRIC (EDTA) ~HOD. 

3.1 The Preparation of a Standard Sulphate Solutio~. 

~~st workers in the field of sulphate &etermination ~ave 

found A. R. potassit.1:."1 sulphate most sui table for the preporation of 

standard sulphate solutions. Accordingl--·5 4 litres of a solution 

containine 250 p.p.m. sulphur was prepared by dissolving 5·435 ~ · 

A. £1. K2S04 i ?l 2 litres solution and dilutb.g to 4 litres, sulpht:tr-

free deionised distilled water being use:"!. throu;hout. This sqlution 

was then analysed gravinetrically by precipitation as barium su1phate~ 

200 IJl~. aliquots being used for the anal~rses. The results are 

recorded i n Table I. 

TABLE I 

Gravimetric Ana]Xsis of Sulphat~ Stock Solution 

lean ~ 

Since these results, within the lilni ts of accuracy of the 

procedure, showed this method of prepari:1~· a sto.ndard sv~phate solution 

to be accurate, the prepared stock solution l-Ias used as a stand~rd 

solution in all subsequent experimental studies . 

Two diluted standard solutions were used~ 

(a) 150 ml. diluted to 2 li tres to provide a solution containil!g 

18.75 p.pom. sulphur. 

(b) 300 ml. diluted similarly to give a 37.5 p.p.m. S solution. 
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3.2 The Storage of So+ution~. 

Research on the storege of solutions has been mentionec1 on 

page 11. I::1 view of the very slight changes in concentration reported 

by other workers, the ~DTA solution used i n the analysis was stored in 

a pyrex glass aspirator. At intervals, checks on the concentration 

were carried OL'.t. No deterioration ill the solutions was noticed. 

All other solutions, with the exception of indicator sol­

utions, were stored in polythene bottles, conforming vdth established 

practice in trace element analysis. 

Indicator solutions were stored in 20 r.1l. pyrex bottles 

vdth ground- glass stoppers closed by u rubber teat. (See fig. 2) 

3. 3 The Inflnence _qf __ :af{l~.§j.um_]_o_ll Conce_!!._traJiolLOn El}9.-point _petectim. 

In view of the difficv.l t~·- of detecting t~!.e end-point i n the 

titration of the excess bariun ions (after precipitation of t l1e sulphate) 

with EDTA, since the colour-chcnge is from mauve or bluish-purple to 

blue, most workers either added magnesiQm ions in the EDTA solution or 

i n the buffer solution, or alternatively added magnesium ions in a 

fi:x:ed amount before titrating to the final enc-point. 

The addition of magnesium ions i n t he other reagents having 

been found unsatisfactory, an investigation was carried out to find 

the most sui table ratio of rnagnesiwa to barium ions for optimuJn end­

point detection. Riva (43) found that a bariQm to mngnesiUL1 ratio of 

2 : 1, 1 : 1 or 1 : 2 was sc tisfactory. 

In the preliminnry work, 0.01 N solutions of versenate 

(disodiwn ethylenediarninetetraacetate), barium cbloride and rne.gnesium 

ammonium. chloric.e were used. This magnesimn salt "IoTaS used as it was 
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not nearly as hygroscopic as magnesitun chloride. It cov~d thus be 

weighed out satisfactorily to give an appro:>..'"inJ.ately 0. 01 I: solution. 

The solutions were prepared anc standardised a s follows: 

~agnesium Sulphate s9lution (i). 

Al1 exactly 0. 010 Ii s olution of magnesium sulphate was 

prepared from dried 11 Specpv.re" NgSO 4 • 7H .2 0. 

Standard Versennte solution (ii). 

fu"'l approximately 0. 01 -· :: solution of disoclitu:l eth;;rlene­

diarainetetraacetC'.te was prepared from the A. R. salt. The s olution 

was standardised against the mngnesima sv.lph<>te solution (i). 

Standard t:1l.gnesitlllL solut ion (iii). 

An approxbnately 0.01 1~ solut ion was prepared from A. R. 

}~Cl .2 .I~I4Cl. 6H2 0, dried as far as possible. The solution was 

standardised against the EDTA solution (ii). 

Standard Ba.riuln Chloride soluii.2D (iv) . 

An o..~)proxirnately 0.01 H solution 1-1as prepared from A.R. 

BaCl2 .2H.20. The concentrat ion wa.s ca.lculatecl, assuming 100;! purit:.-

for the dried salt ru1d confirned by titrrtion ~eainst the EDTA solution 

(ii) in the presence of standar d i-:J.agnesiv..i..l solution (iii) in a ~nagnes­

ium to barium. ratio of approximatel:r J.sJ_, 

Bv,ffer solution ( v). 

A pH 10 bv£fer solutioP- wa.s prepared contnining 33.7 z. 
rumnonium chloric1e (! •• R.) and 285 ml. cone. arn.L'lonil.un hydroxide solution 

(A.R.) in 500 ml. buffer solution. 5 ml. of this buffer solution was 

used in each of the above standardisations. 
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Indica tor (vi) • 

A solid nixture of 0.1 g. Eriochrome Black T indicator and 

100 g. A.R. soditJia chloride, well-mixed and povrdered. Approxi_mately 

0.25 g. of the solid indicator mixture was used i n each of the above 

standardisations. 

A solution conto.Lring varying volumes of bo.rium and magnes­

iura solutions was then titrated against standard EDTA solution. For 

each series of titrations, 5 r.u. buffer soluti on was added and appro~ 

imately 0.25 - 0.3 g . indicator miA~ure. The titration was continued 

until the last visible tr\'.ce of pink diso.ppeared from the solution, 

leaving a pure blue solutiono 

SERIES A· The w..a.gneshun concentration was .aai:..1taincd equal to or 

slie;htl:- below that of the barium. 

SJ~IES B: The magnesium ion concentration was maintained constant, 

a small araount viz. 5 ml. being used while the b.:~rima 

concentrPtion was increased, The baritun to magnesium 

concentr£ttion r<:.tios varied fran 2:1 to 8:1. 

SERIES c~ The m.o.gnesium ion concentration was a gain maintained. 

constant, 25 ru. beii~g used, while the barhm1 concentrat­

ion was incre:J.sed. The barium to 1na::;nesitm: concentration 

ratios varied from 1:4 to 1:1. 

Addi tiono.l Observations. 

In series B, the difference between the voltme of EDTA 

calculated and the volwne used incre:J.sed as the vollli~e of barium in­

creased i.e. as the Ba : f€ ratio increased. In series c, the differ­

ence remained fairly constant. It would thus appear that a ratio of 
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1 : 1 provides the optimum end-point conditions, while a 111agnesiuu 

ion concentration less th<m the barium ion concentro.tio:n should be 

avoided, the end-point beine po..rticularly difficult to detect for 

ver:· low magnesiuM ion concentrations. 

I Nuraber of :r lean ( vol u.r1e of 11nx· Series 
analyses EDTA ce~culated dev· 

- volume used) j_ (p_o -
A 16 - O· 02 rd . I + 0· 

B 11 + 0"32 rnl. l + 0· 

c 10 - 0•15 ml. 
- -··-·--- -

llJl'lJ.lll l-1-.aximum---, 
~ation 1 deviation 
si tive)_

1

: __ ~negative) _1 

06 ml. - 0· 08 r.D. . 

76 ml. J:ITL 
I 

-NIL-- I - 0~ 20_~::::_! 

J .4 The Influence of pH on End- point Det~ct~on. 

It wus found essential to neutralise any acid present in 

solution before adding buffer solution. However, i11 spite of this, 

the end-point, even with optimum Ba : l€ proportions, proved to be 

very difficult t o detect accurately when a pH 10 buffer wa s used. 

l.fi th care, with constant ilhuni 12. tion and a constant \.Thi te background, 

it was found possible to obtain reQ.sonubl:;- o..ccurc. te end-points o.fter 

a.. little practice. Hesults obto.ined while '\ororking o..t pH 10 will be 

foQ~d in Table I II on page 26 (series D, E and F) . 

l.fhen 5 ::11. of c. pH 11 buffer solution (containing 6. 75 g. 

A.R. ammonitl.c"'1 chloride und 500 ml. A.R. concentr~.ted a:mmoniu:n hydrm.'"ide 

solution made up to 1 litre solution) was usee in each titr;J.tion, the 

end-point was found to be considerc.bly improved. There wus little 

change in the accuracy. This buffer wus used in all l uter work. 
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3. 5 'the~ Titrat:!-on in the Presence an<?- Absell£_e_ of the BaS04 PreciEitate. 

(i) In ~e presence of the pr~cipitate (series D, E, F ru1d G) . 

The following procedure was followed: 

The aliquot was brought to the boil in a 250 ml. beaker, 

10 ml. standard 0. 01 1~ bariura chloride solut ion was added by means of 

a pipette and the solution boiled for a further 5 minutes. The sol­

ution was then cooled, 5 ml. buffer solution was added followed by a 

measured volume of standard approXimately 0.01 M Mg++ solution. 

Approximately 0.25 g. eriochrome black T indicator mixture was added 

and the solution titrated with a standard approxilnately 0. 01 ".L EDTA 

solution. 

From the EDTA equivalents of the volumes of Ba ++ and 1-fg ++ 

solutions added and the volume of EDTA solution used, the volume of 

EDTA solution equivalent to the sulphate content of the aliquot was 

calculated and hence the weight of stuphur in the aliquot: 

. _ vol. EDTA eguiv. to total s~~1Cl.te x 32• 06 
We~ght of sulphur (mg.) - vol. EDTA equiv. to 1 ml. Ba soln. 100 

where the volume EDTA in the numerator is the theoretical volmne of 

EDTA equivalent to t he volumes of Ba++ ru1d ~~++ solutions added, less 

the volmne of EDTA solution used in the titration. 

(ii) In the absence of the precipitate (series H, J, K and L). 

The following procedure was followed: 

The aliquot was brought to the boil in a 250 ~~. beaker, 

9 ml. standard approxiiilately 0. 01 1·~ Bariu:rn chloride solut ion was rU..Yl 

into a 50 nl. beaker from a micro-burette and also brought to boiling 

point. The hot barium chloride solution was carefully washed i nto the 
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250 ml. beaker and the solution boiled for a further 5 minutes. After 

thorough cooling, the solution was filtered through a No. 4 sintered 

glass crucible (series H, J and K) or Gooch crucible with asbestos 

pad (series 1) into a 250 ml. Buchner filter flask. The precipitate 

was carefully washed with water and the filtrate and washings titr-

ated with standard approximately 0.01 1-1 EDTA solution as described 

in (i) . 

In series K, after reaching the end-point, a further 0.5 

ml. ¥~++ solution was added and the solution again titrated to the 

end- point. In series L, three end-points were obtained viz. after 
. . . 

the addition of 2.5, 3. 0 and 3.5 ml. l·.g-H- solution respectively. For 

each aliquot, a mean sulphur-content was calculated. 

JLBLl;l I.ll 

CONP1EXOMETRIC ANALYSIS OF DILUTE STANDARD SULP:HJ\1..1L.9Q1UTION. 

Sulphur content of soln. = 18.75 p.p.m. 

j Number Si ze of pH of Vol. of Tvol. ofTl~an ! J~an 
Series of deter- aliquot solution !-.~ soln. I Ba. soln' vrt. d') 1 error 

minations. s (mg. 1o 

D 6 100 ml. 10 3. 0 rn)_ , 10 raJ... 1.857 -1.0 

E I 6 50 111~. 10 3. 0 ml. ,10 ml. 0.945 +0.8 

F 3 50 ru. 10 3-5 ml. 10 ml. 0.929 - 0.9 

G 6 50 ml. 11 3. 5 nl. 10 ml. 0.932 -0.6 

H 12 50 I:1l . 11 3.5 ul. 9 ml. 0. 9L~3 +0.6 

J 5 50 !)1~. 11 3. 0 ml. 9 ml. 0.948 +1.1 

K 10 50 :raJ... 11 3. o, 
3. 5 ril.. 

9 ml. 0.937 -0.1 

1 28 50 ml. 11 3. o, 2. 5, 
3.5 ml. 9 ml. 0.920 -1.9 
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disappearunce of any pink colour) , the colour wcs foQ~d to ch~nge 

back slowly to a dull purple, further EDTA additions proving necessary 

t o restore the pure blue colour to the solution. 

The errors resulting from the presence of phosph~te ions 

in solution ore recorded in Tuble V and are also shown gTnphic~lly 

i n fig. 1. 

TABLE V 

AHALYSES OF STA.l,iDARD SULPHATE SOLUTIONS CONTAINING PHOSPHATE. 

Sulphur content of solution = 18·75 p. p. m. 
Aliquot size = 50 ml. 

Number of 
.3 •. 

Mean wt. I }'Iea Series Vol. P04 Wt. of P (mg.) determiP..a t i ons so ln. (rill.) of S (mg.) Erro 
-·--

p 6 10 0·030 
I 

1·000 6· 

Q 6 20 o·06o 1·029 9· 

R 6 35 0·105 1·042 ll· 

s 6 50 0·150 
1 

1·055 12· 
-

3.8 Attempts c.t Removnl of PhoQ£Jhate Interferenc~. 

(i) Anion exchange after precipitation of the.sulpha.t~~ Bu~Q~. 

The colQcml used wus 20 x 50 mra. mnberlite IR4B ; (Cl- ; 

20 - 50 mesh ) . 

This method was unsuccessful, both when the precipitate 

was filtered off using sintered glass crucibles a.nd when cotton- wool 

plugs above the rosin coltlr.'!!l!"> -vrere used. This was almost certainly 

due to the fnct that the phosphate interference wus caused by pre-

cipitntion of barium phosphate; bcriun was t hus r emoved from solution 

by the phosphate before the solution was passed through the colwm1 
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and hence the ion exchange had little or no effect. 

(ii) Precipitation of the phosphate by means of ferric chloride soln. 

The use of a 1% ferric chloride solution to precipitate the 

phosphate, followed by filtration through Whatman No. 31 filter paper 

also proved unsuccessful. This was probably due to a number of factors, 

among which may be mentioned the very low concentration of phosphate 

ions, adsorption errors with the phosphate precipitate and the effect 

of excess ferric ions in solution after filtration. 

(iii) Precipitation py means of zirconium chloride solution. 

To each 50 ml. sample was added 1 ml. 2% zirconium chloride 

solution (prepared from zirconium carbonate and hydrochloric acid). 

To complex the excess zirconium ions, 4% ammonium citrate solution 

was added. With insufficient citrate, the excess zirconium ions 

formed zirconium hydroxide on making the solution alkaline with the 

buffer solution, This precipitate adsorbed a certain amount of the 

indicator and remained pink even after the end-point had been reached, 

even though the rest of the solution changed to blue at the equivalence 

point. Thus the colour-change was missed during the constant shaking 

of the solution. When an excess of citrate was added, the entire 

solution remained pink, even beyond the equivalence point. The un­

suitability of zirconium ions for the removal of phosphate ions had 

also been confirmed by Palaty (42) . 

(iv) Adsorption of the P04
3- ions on ferric ions on a cation exchanger. 

A tentative attempt was made to remove the phosphate ions 

by passing the solution through re column of Nalcite HCR, previously 
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saturated with ferric ions, which, it was hoped, would adsorb the 

phosphate ions. ~he attempt was unsuccessful. 

(v) Precipitation of the phosphate ions with uranyl acetete solution. 

A 0•2% uranyl acetate solution wa s added to the phosphate­

contc.ining sulphate solution but, nlthough the uranyl phosphate vms 

satisfactorily precipitated, the excess uranyl ions interfered o::1d the 

errors in the method were only sli ghtly less than those obt~ined with 

untreated solutions. The removal of the urlli~yl phosphate precipitate 

by filtration through Whntman No. 42 filter paper or No. 4 sintered 

glass crucibles renulted in no improvement. The excess uranyl ions 

showed no tendency to be adsorbed onto a co.tion exchc..nger such as 

Nalcite HCR. Various other methods of complexing the excess urcnyl 

ions (49), which included tre:\tment with solutions of thallous acetate, 

ammonium chloride, o- hydroxy quinoline and hexametbylene tetrrunine, 

proved ineffective, as nlso did an attempt to complex the ions using n 

potassium iodate solution. In some cases the indicator appecred to be 

oxidised or partially destroyed by the rec.gents in solution; in o·L 11er 

cases, the error was pc.rtially reduced but results were not reproducible. 

(vi) Extraction of the pho?~~te as.the phospho- molybdo comp1~~ (39). 

An attempt was made to remove the phosphate ions by the 

method of Collier (39) . An cliquot of the phospho. to- containing sulphc. te 

solution wc.s pipetted into a. 125 ml. sepnro.tory funnel, 2 ml . concentr­

ated hydrochloric aci d was added for each 40 rti. of sample, 20 ml. of 

1 : 1 n-butanol - chloroform rrCL~ure was added followed by 10 ml. of 

20fo runrnonium molybdate solution. The funnel was inunedir..tely stoppered 
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and shaken vigorously for 1 minute, after which it was allowed to stand 

for 1 minute. The yellow bottom layer was drained off and tho extract­

ion repeated using 20 ml. and 10 ml. of the solvent mixture. The 

aqueous layer was then treated with barium chloride as before but the 

added reagents interfered, a blue colour developing in the solution 

on boiling and no end-point being obtainable i n the titration. 

Variations in tho extraction procedure, including substitution of 

amyl alcohol for n-butanol and carbon tetrachloride for chloroform 

and carrying out an additional extraction with chloroform or carbon 

tetrachloride alone, failed to produce better results and this extract­

i on procedure had to bo abandoned. 

(vii) Initial determination of phosphate followed by sulphate deter­

mination. 

As already mentioned (page 14), attempts to analyse phosphate­

containing solutions by the method of Bakacs-Polgar and Szekeres (47) 

were unsuccessful. 
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4. THE MJDIFIED EDTA COMPLEX:O:METRIC METHOD FOR DEl'ER.l\ITNATION OF 
SULPHUR IN SOLUTIONS NOT CONTAINING INTERFERING AIUONS. 

REAGENTS. 

(i) Water~ 

All water used in preparing standnrd solutions, buffer 

solutions and any other solutions used in the analysis, should 

be deionised distilled water. 

(ii) Standard }hgnesimn Sulphate Solution ~ 

An exactly 0•010 M solution of magnesium sulphate is 

prepared from dried 11 Specpure" :tv1gS04 • 7Hz0 crystals. 

(iii) Standard }.hgnociur: Solution: 

An approximately 0• 01 M solution is prepared from A.R. 

!1gClz.NH4 Cl.6HzO crystals, dried us far as possible. The sol­

ution is standardised against the EDTA solution (iv). 

(iv) Standard Versenate Solution: 

An approximately 0· 01 !-i solution of disodium ethylene-
:,_, 

diuminetetraacetue is prepared from the A.R. salt. The solution 
,,~ .. 

is standardised against the standard magnesium sulphate solution (ti). 

(v) Standard Barium Chloride Solution: 

An approximately 0·01 M solution is prepared from the 

A.R. salt. Provided the dried salt is used, the concentration 

may be calculated from the exact weight taken and me.y be checked 

by titration against the standard verselli~te solution (iv) in the 

presence of standard magnesium solution (iii) in o. magnesium to 

barium ratio of approx:iJnately 1 : 1. 

(vi) Buffer Solution (pH 11): 

6·75 g. A.R. o.mmonium chloride o.nd 500 ml. A.R. 
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concentrated ammonium hydroxide solution is made up to 1 litre 

with deionised distilled water. 

(vii) Indicator solution: 

A solution is made of approximately 0•1 g. solid Erio­

chrone Black T indicator in 25 ml. absolute ethyl alcohol. The 

filtered solution is stored in a small pyrex glass bottle having 

a ground-glass stopper fitted with a dropper which is closed 

by a rubber teat. The bottle is kept in u light-tight v10oden 

container (see fig. 2). 

(viii) Cation Exchange Resin: 

The resin used is a colWllil 12 x 100 rn~. of Nalcite HCR 

(Dowex 50), (H+ ; 16 - 40 mesh). The resin is prepared as 

follows: About 50 g. of the resin is shaken with 100 ml. 4N 

hydrochloric acid and allowed to stc.nd for i an hour. This is 

repented with a. further three 100 ml. portions of 4 N hydrochlor.l.c 

acid, ~owing the resin to stand for 2 hours in contact with the 

last portiono Tho resin is fi1~~ly washed with water by decant­

ation Q~til the supernatant water is free from aP~ yellow color­

ation. 

STORAGE OF REAGENTS. 

The versene solution is stored in a pyrex glass aspirator 

since, kept thus, it appears to suffer very little change in concentr­

ation over a. considerc.ble period. Unless otherwise sta.ted, all other 

rea.gent solutions should be stored in polythene bottles, previously 

cleaned thoroughly a.nd well rinsed out with deionised distilled water. 



- 36 -

GLASSl.JARE. 

All gla.ssvm.!'e used should be cleo.nod thoroughly with 

'Toepol' solution and, cltor this und between each nna.lysis, severul 

times with deionised distilled wutor, Only finest qua.lity burette 

grea.se should be used for burette 2nd exchange column stopcocks. 

PROCEDURE. 

For the cation excha.nge, pyrex gla.ss colWlli!s, 12 em. long 

and 1·2 em. internal diameter, with a reservoir a.t the top, and a 

gla.ss stopcock with 2 ~. delivery bore, a.re used (see fig. 3). The 

resin is packed into the column a.s follows:- A small gl ass-wool plug 

is pushed to the bottom by means of a. long glass rod. A slurry of the 

resin is poured into the column a.nd tapped down into a. firm bed with 

the glass rod, a colum..11 10 em. long being formed, A second glass-wool 

plug is pushed dmvn on top of t he resin bod. The resin is wa.shed Hi th 

200 ml. wa.ter with the stopcock fully opened, the l evel of water never 

being a.llowed to drop below the1evel of the top glass- wool plug, in 

order to prevent a.ir bubbles from entering the resin bed. 

Al1 a.liquot containing between 0·8 o.nd 1•6 milligrnns sulphur 

is pipetted carefully into the reservoir of the exchange coltunn and 

lea.ched into a. 200 r:ll. erlen:.1eyer flask at the rate of about 2 drops 

per second. The resin is wo.sbed with a number of small portions of 

water (npproxil-nately 5 nl. portions) until 40 :ml. water has been used. 

After ench addition, the water level is nllowed to drop to the level of 

the gla.ss-wool plug before the next a.dditio~ is mnde. The colu~1 is 

now ready for the next scmple . After 6 - 8 so.mples, the co1m.u1 should 

be regenerated by leaching 100 ml. 411J hydrochloric acid through the 
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colur.m o..nd wc.shing the resin free of a.cid tvi th a. bout 100 ml. water, 

added in s~~ll portions as before, 

Fron a micro-burette, 9. 00 ml. standnrd ba.riW11 chloride 

solution (v) is run into a 50 nl. benker. The beaker and erlcr:meyer 

flask are heated on an electric hot-plate until the solutions are 

c.lmost at boiling point when the bl:!.riWil chloride solution is c..ddod 

r apidly and qua.ntitQtively to tho sulphate solution and the beaker 

washed out well into the erlel:11!leyer flask with small portions of 

deionised distilled wo.ter from a polythene wash-bottle. The solution 

is c.llowed to sinr:J.er gently for a Iilinimwn period of five P.l..inutEJs 

{preferc.bly lone;cr) i'nd cooled to between 300 and 40°C. To the 

cooled solution, 5 r.u. pH ll buffer solution (vi) is added, followed 

by 2•50 r.~ . standard ma.gnesiULI solution (iii) from a Iilicro-burette. 

Ethc.nolic Eriochrome Black T solution is added, the number of drops 

used depending on the drop-size. A little more than 0·5 r.ll. indicator 

solution is generally required. The solution is then titrated with 

standard versena.te solution (iv) from a micro-burette until the last 

trace of pi11k colour has disappeared from the solution, leaving a 

pure-blue solution. The volune of versenate solution added is noted, 

a further 0· 50 ml. sto.ndnrd magnesiur.: solution (iii) is added and the 

solution again titrated to the end-point with versenate solution. 

Finally, a third 0·50 1nl. standard magnesium solution is added and 

the solution titrated to the end-point. Throughout the titration~ 

the flask is constantly swirled. 

Fron the volum.cs of bariun chloride, r,ngnesium ammonium 

chloride and versenate solutions, and the previously cclculc.ted EDTA 
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equivalents of the bariw~ and Lmgnesium solutions, the sulphur content 

of the snnple aliquot :mcy be cnlculnted o.s deJcribod on page 25. 

Tho mD.in modifications introduced as cor1po.red with the 

method of H.mger, Ni::?pler nnd Ingols o.re o.s follows~-

(1) A time of boili ng tho solution (nfter barium nddition) of longer 
than a few seconds is o.dvoco.tod, a rainimun of five r.1inutes being 
advis::ble. 

(2) The solution is cooled down only to between 30° and 40°C. since 
the end-point colour-change is clec.rer nnd more rapid c.t this 
te~>npera ture. 

(3) A solution of mgnesium annoni'LJL1 chloride is used in plc.ce of 
n:.J.gnesium chloride owing to the difficulty of preparing tho latter 
salt. Yngnesium nvJ~onim~ chloride, although slightly hygroscopic, 
is very f:l.Uch easier to hnndle and the n .. iu."Jonium chloride has no 
harmful effect in tho titration, the latter snlt being used in tho 
buffer solution. 

(4) The titration is cc.rried out at Q. pH of 11 rQ.ther than 10 G.S tho 
colour-change of the indic:ttor is clearer a.t this pH. 

(5) Three end-points are obtained for each sample, a nonn value for 
the sulphur-content being fom~d. This reduces the orrors in the 
titration, inc.luding rocogni tion of the end-point. 

The totJ.l cupaci ty of a colur.m of Na.1ci te HCR prepared in the 

above wny W".l.S determined as follows:-

100 ITl~ . 51: NaCl solution was lec.ched through the coluxm, the 

eluate being tit~ated agai~st stnnd~rd sodiun hydroxide solution. The 

total exchange capacity was found to be 17• 5 meq. cation. 

An exchange isoplane or breakthrough curve was plotted for 

t he colur .. n, a 0· 04 N sodiw-1 chloride solution being leached throu[;h the 

column and 3 v~ . portions of the effluent tested for sodiQD content 
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using an EEL flane photoneter. The curve is shown in fig. 4. Assuxling 

the first 10 nl. effluent to be water originally in the colu:n1, the 

total capucit~r of the resin was calculated to be 18· 5 ;::1eq. cation and 

the breakthrough capaci t~{ to be 7 • 6 neq. cation. Since the r.mximm 

concontrn.tion of cations in a plant solution is usually of tho order 

of 40 neq./litre, the resin ru13r be used for 200 r:u. plant solution 

before reeeneration is necessary. 
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TABLE VI 

·---- · 
ANALYSIS HI PRESENCE OF PRECIPITATE 

~ro" -
p.g. 3 (~r - m)" 

1 940• 5 16·81 
2 937·5 1•21 
3 916•5 396•01 
4 940• 5 · 16"81 
5 918· 5 320•41 
6 930• 5 34·81 
7 945·0 . 37•96 
8 916·5 396· 01 
C' 9CR· 5 723•61 / 

10 926•0 108·16 
11 944• 5 65•61 
12 937·0 0•36 
13 926·0 108•16 
14 937•0 0·36 
15 922•0 207• 36 
16 938·4 4•00 
17 9.35·0 1•96 
18 936·5 0·01 
19 947"9 132•25 
20 945•8 88•36 
21 943·6 51•84 
22 942•3 34•81 
23 944•8 70• 56 
24 941"2 23•04 
25 937•6 1"44 
26 934•4 4•00 
27 9.32•3 16·81 
28 937•6 1•44 
29 941•2 23•04 
.30 937·6 · 1•44 
31 948•2 139•24 
32 936·9 0•25 
33 947•5 123·21 
34 938•7 5•29 
35 939•7 10•89 
36 942•3 34•81 
37 939•7 10·89 
38 947•5 123•21 

TOTAL 35584•2 3372•44 

MEAN 936·4 

Std. Deviation: 9•55 pg. Sulphur 

fo Std. Deviation: 1•02 %~ 

------
IN ABSENCE OF PRECIPITATE 

.--·--·· 

pg. s (y - m)" ------
933•7 79·21 
991•0 2342·56 
938·3 18·4S 
925•5 292·41 
913•1 870•25 
944•8 4·84 
947·9 28· CfJ 
963·2 424·36 
968•7 681•21 
949·1 42•25 
935•3 53• 29 
947•3 22•C9 
938·3 18•49 
937·6 25•00 
928·7 193·21 
944·1 2·25 
951·0 70• 56 
9.35"5 50•41 
937·0 31·36 
949•2 43·56 
925•0 309• 76 
942•5 0•01 
983•0 1632•16 
948"5 34•81 
942•8 -- 0• 04 
919•5 533•61 
941"0 2·56 
931•3 127•69 
938•9 13•69 
939•9 7•29 
937·6 25•00 
936·9 32•49 
938•7 15·21 
939•7 8•41 
947•5 24•01 
942•3 O•C9 

. . 

33934·4 8o60·72 

942·6 

15•18 pg. Sulphur 

1•60 %· 

l 
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P A R T II 

THE METHYL~1E-BLUE METHOD FOR Tlill SPECTROPHOTOMETRIC DETER~ITNATION QE 
SULPH.!JE. 

1. REVIEW OF PUBLICATIONS ON THIS l'.iETHOD. 

1.1 The Colour Reaction. 

In 1883, Emil Fischer (51) suggested that Care's Methylene 

Blue (MB) reaction be used for the detection of small quantities of 

hydrogen sulphide. Lindsay (52) was the first to apply the method 

practically for the estimation of sulphur in pig-iron. Almy (53) 

later modified the method of Mecklenburg and Roserucr&nzer (54) for 

determining sulphur in proteinaceous foods. 

The solution containing hydrogen sulphide is mixed with an 

acidic solution of p-arnino-N, H-dimethylaniline (or N, N-dimethyl-p­

phenylenediamine) and ferric iron is addedo The solution becomes red 

due to the formation of an intermediate compound but changes to blue 

as the :f\1B is formed. 

The reaction believed to take place is:-

l 
,fAy /.' 1 NH2 NH2Q N 

II ' Fe~) I i Y1 V + ox~d. + 
(cH,),! ~(cH,), (cH ) ND U(cH ) 

HCl HCl L 3 
.2 • 3 .2 HCl 

__§_§_-+ 
oxid. 

HCl 

-·, Wurster 's Red 

Cl 

Among other products, sulphide green, leuco methylene-blue 

and methylene-red are said to be f ormed. 



- 43 -

Rabinowitch and Epstein (55) investigated the molecular 

state of ~ffi and thionine. They found that the absorption curve for 

MB was made up by the superposition of two bands, one with a liJ.B.J..rimt~':J. 

at 656•5 m~ and the other with a maximum at 600 mp, the latter being 

more prominent in more concentrated solutions. This could be explained 

as due to the for mation, in concentrated solutions, of dimeric ions 

(l'iB)~+. They also found that the transmission decreased with rise in 

tern.perature, the effect on the 656• 5 m).l. band being the greater. This 

would be due to the dissociation of the dimcric ions. 

In 1929, St. Lorant (56) developed a method for the reduction 

of microgram amounts of sulpr..ate to hydrogen sulphide which he then 

determined colorimctrically as MB. 

In 1948, Kosior (57) applied the method to determine hydrogen 

sulphide in nn.turnl gas, measuring the colour by compe.rison with stand­

ards or using a photoelectric colorimeter. He found that the presence 

of thiosulphate had a t-v;o-fold effect on the .NB formation; a fine 

colloidal precipitate (probably sulphur) was produced on mixing the 

reagents and this prevented the formation of lv'lB unless it wo.s removed; 

also, the thiosulphate itself formed a 1'-ffi colour when mixed with the 

reagents. A year later, Fogo and Popowsky (58) used modern spectro­

photometric instruments in their measurements. 

Sands et al. (59) in their research for the U.S. Bureau of 

}lines, investigated the MB method as an ultrasensitive technique for 

determining hydrogen sulphide in gases. In their report they gave the 

most favourable conditions for the colour reaction. 

Roth (60), and Johnson and Nishita (7) further developed 
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St. Lorant's method, tho latter authors adapting tho procedure specifi­

cally for the determination of sulphur in plant materials, soils and 

irrigation waters. 

In tho same year, Budd and Bewick (61) outlined a procedure 

for determining sulphide and reducible sulphur in alkalis by means of 

the MB reaction. 

In 1953, Treiber et al. (62) stated that pure fresh dirunine 

dissolved in water to give a solution having a pale brown colour. A 

rod colour was then produced on the addition of ferric chloride but 

not if there was a considerable quantity of hydrochloric acid present. 

Most commercial preparations, however, darkened considerably on exposure 

to light and air and gave a product which had an orange-red colour in 

solution. The maximum absorption of this solution, which was little 

influenced by hydrochloric acid, occurred at 503 mp. As alternative 

reagents, they suggested an iodine compound of MB as used by Kuhlberg 

( 63) or 11Bindshedler 1 s green" as used by Wright et al. ( 64). 

In 1958, Freney (65) described a procedure for the determin­

ation of water- soluble sulphate in soils, based on the method of Johnson 

and Nishita (7). He had found that their method was not specific for 

sulphate, since other forn1s of sulphur were also reduced. He modified 

the method to include a step in which sulphates were removed from other 

sulphur compounds. 

Iismaa (66) modified the method of Johnson and Nishita for 

plant materials by replacing the 'wet combustion' procedure by a 

hydrogen peroxide oxidation. 

During 1959, Lilly Gustafsson made an intensive study of 
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the NB colour reaction, both from tho point of view of the reduction 

procedLITe and the colour reaction (67, 68). She studied the effects 

of acidity, variations in the concentrations of the reagents, temp­

ere.ture, traces of l'.eavy metals, and also the susceptibility of the 

sulphide in zinc acetate solution to air oJddation, the stability of 

the colour, the relation to Beer 1 s Lavl and the yield of the l J3 reaction. 

In 1960, Tyou and Humblet (69) published a method for deter­

mining sulphur in steel, pure iron and cobalt, which employed the :tvlB 

reaction, while KcKinlcy and Jones (70) made use of the reaction for 

determining sulphate in chromium plating solutions. 

1.2 The Reduction of SulRhur to Hydrogen Sulphide. 

vfuere sulphur in forms other than sulphide is to be deter­

mined, it must inltially be reduced quantitatively to hydrogen sulphide 

wt ich is then absorbed in a suitable solution prior to the application 

of the colour reaction. Considerable research has been carried out 

to find the most suitable reduction mixture. 

Except in a few isolated instances where other reducing 

agents have been employed (as for example an ammoniacal solution of 

a silver salt by Sheppard and Hudson (71); also, stannous chloride 

and hydrochloric acid -vlith alwninium strips by Budd and Bewick (61)), 

most authors have employed mixtures contnining t-vro or more of the 

following reagents: Hydriodic acid, hydrochloric acid, formic acid, 

acetic acid, hypophosphorus acid or its sodium and potassiun1 salts, 

and red phosphorus. The mixtures used vn.riccl not only in their 

constituents but in the relative quantities of these constituents. 
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St. Lorant (56) appears to have been the first to make use 

of hydriodic acid as a reducing agent, employing 100 ml. 50fo HI 

together with 75 ml. formic acid and 15 g. red phosphorus. The red 

phosphorus served to reduce any iodine to hydrogen iodide. MOre 

recently, Luke (72) employed a reducing mixture of hydriodic acid, 

hydrochloric acid and hypophosphorus a.cid, while Roth (60) replc.ced 

the red phosphorus in St. Lorant 1s mixture by 1 g. potassium hypophos­

phite. Gustafsson (68) investigated tho reducing action of seven 

different reducing mixtures viz. HI + P ; HI + P + HCOOH ; HI + P + 

HAc ; HI + P + H3 P02 ; HI + H3P02 + HCOOH ; HI + Na~02 + HAc ; HI + 

H
3
P0

2
• In addition, the proportions of the constituents wore vnried. 

As a result of her experiments, she found thnt the reagent consisting 

of 100 ml. hydriodic u~d (S.G. 1·7), 25 ml. acetic acid and 2·5 g. 

sodium hypophosphite gave the best precision and the lowest blanks. 

She recommended boiling the mixture under reflux for 1 hour, bubbling 

a stream of nitrogen (about 50 ml. per minute) through tho solution. 

In this way traces of sulphur were removed and free iodine was reduced 

to hydrogen iodide. She also recom~ended storing the mixtt~e in the 

same flask, closed by means of a glass stopper, in subdued light. 

In 1956, in a personal communication to Betbge, Johnson and 

Arkley advocated the usc of a reduction mixture containing JOO ml. 

hydriodic acid (S.G. 1·7), 75 ml. hypophosphorous acid and 150 ml. 90fo 

formic acid. The initial boiling of this mi;~ure was carried out for 

only 10 minutes. In addition, the mixture wus not regenerated after 

use owing to the danger of phosphine formation. ~~Kinley and Jones (70) 

in their method for determining sulphate in chromium plating solutions 
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~ave used a mixture of 200 ml. hydriodic a.cid (S.G. 1•5- 1•7), 200 ml •. 

hydrochloric acid (S.G. 1•18) and 50 ml. hypophosphorous acid (501o), 

rofluxed for 1 houx and stored in a brown glass bottle in a refriger-

a tor. 

Apart frorn the action of formic or acetic acid in destroying 

ox~cising 2gcnts, the chief reactions involved are as follows:-

MS04 + 10 HI-+ :tv1I2 + 4 I 2 + 4 H2 0 + H2 S 

2 I 2 + P02
3- + 2 H20~r 4 HI+ P04

3-

1.3 The Washing of the Gag. 

St~ Lorant (56) prevented the carrying-over of hydrogen 

iodide from the ~eduction flask into the absorber by means of a wash-

bottle conta.ining a solution of sublimed pyrogc.J.J_ol and sodium di-

hydrogen phosphate. He claimed that, in spite of the solution turning 

brownish, it nev: rtheless maintained its usefulness month-long. 

Joh1;1son and Nishita. (7) preferred, however, to prepare the wash-solution 

fresh dQily. 

GustafGson (68) found that very little hydrogen iodide and 

iodine ~oms curried over during the distillation and stated that deion-

ised distilled vmter could be substituted for the wash-solution of 

pyrogallol and l·~H2?04 pro\dded it was replaced after about six 

successive &~te~minations. 

Tyou and Humblet (69) used a wash-solution of 0•2 N hydro­

chlo~ic acid and 0·1% hydriodic acid. 

1.4 Carrier Gas. 

St. Lorn.nt (56) ·used hydrogen, carbon dioxide and nitrogen as 
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currier gases and claimed that even ordinary ~ir was usable. However, 

carbon dioxide was not recommended us carrier gas as a considerc.ble 

pressure developed us ~ result of aci dification. He prefbrred to use 

nitrogen gas from a cylinder of the gas . Tho gus was purified by 

passage through a 2fo solution of pota.ssiun1 permunga.no.te containing a 

largo a.mount of mercuric chloride. 

Budd and Bewick (61) stressed on the other hand that it was 

essential to sweep all traces of o~~gen out of the apparatus before 

cur rying out the reduction procedure and advocated the rapid pcssage 

of nitro~en through the apparatus for 10 minutes before commencing tho 

reduction. Gustafsson (68), while ruling out the use of air o.s a 

currier gus owing to tho rapid forLmtion of free iodine ir- the ~pparatus 

by the oxidation of hydrogen iodide, nevertheless clai med tho.t the 

complete removal of air was unnecessary. 

During the reduction, varying flow-r ates of currier gas have 

been recormnended, from 40 - 50 ml. per l.Jinute ( 73) to 150 - 200 rnl. per 

minute ( 68). A rn to between 100 and 200 L11. per minute seemed generally 

acceptable, lower r ates necessitating excessively lone reduction tLmes 

while higher rates resulted in hyoxogen iodide being carried over into 

the absorber. The reduction times, depending o.s the3' did on the 

carrier gas flow-rate, varied from 10 minutes (68) to 1 hour (7). 

1.5 Cleunigg_~he Apparatus. 

When not in use for a period longer than n few minutes, 

iodine droplets were found to condense on the walls of the condenser 

due to oxidation of the hydrogen iodide. Gustnfsson (68) stated 

that in this case, the apparatus should be washed out with distilled 
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water before re-use. Most r esearchers washed the distillation u~parv.tus 

with distilled water dnily before usc. St. Loro.nt (56) instructE::d that 

the inner wulls of the condenser should be dried after washing. Hogan 

and Breen ( 74) described n procedure fo:r washing c. battery of si:;; dis­

tillation apparatuses thoroughly in about 5 minutes by drawing distilled 

wuter through the condenser section in situ while the gns- w.2shing column 

was being recharged. 

~~st researchers have found that tho f irst reduction on any 

day, or after washing the apparatus, gave a low value for the sulphur 

content. Johnson and Nishita (7) gave the error a s about 5;:. I t 

appeared that the appur:1tus required to be 11 conc:l.itioned 11 before use 

and i t has been recommended that a preliminary run be curried out with 

a sample containing a small anount of reducible sulphur, the develo:~­

nent and measurenont of the colour being unnecessary (7, 68, 69). 

Gustnfsson attributed tho error in the first determination of a series 

to absorption of hydrogen sulphide in tho apparatus in spite of pro­

cautions tcken to keep the glass vm.lls and water in the -vrashin ~ cohmm 

free from traces of metals. 

1.6 The Absorption Ste~. 

Prior t o determinn.tion of hydrogen sulphide oi thor by tho i.·J3 

method or iodimetrically, the quantitative absorption of tho gas is 

essential. In the MB method, it is also essential that tha hydroge11 

sulphide be readily liberated from the absorption solution in order to 

ensure quantitative reaction with the colour reagents. 

To absorb the gas, A1my (53) used two flasks, the first 
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containing 20 D~. and the second 30 ml. 0·6% zinc acetate solution. 

St. Lorant (56) used a solution containing 50 g. zinc acetate, 10 g. 

sodium acetate end 0·05 g. sodillin chloride in 1 litre of solution, 

20 rnl . being used in each 50 r:u . absorption flask. Roth (60) also 

used this absorber. 

Shepp~rd and Hudson (71) used 130 nu. 1% zinc acetate solution 

and 5 ml. 10% sodiUL1 hydroxide solution in n 250 ~~. absorption tube. 

Kosior (57) and Fogo n.nd Popowsky (58) o.lso used alkaline solutions of 

zinc acetate. Tyou and Humblet (69) acidi fied tho stock zinc acetate 

solution with 2 - 3 drops of acetic acid per litre to avoid the pre­

cipitation of hydroxides on keeping. 

Sands et D.l. (59) stnted thnt the use of o.n alkaline solution 

was inadvisable due to its rapid oxidr.tion by the air. They found that 

neutrnl or alkaline c~dniun acetate or ca~iun1 chloride solutions, while 

giving complete absorption of the hydrogen sulphide, did not lend them­

selves to dilution due to the formation of a heavier and Bore rnpidly 

settling precipitate than zinc acetate, which gave an almost colloidal 

precipitate. In fact, they .found that if the zinc sulphide precipitate 

was perceptible at all, it invariably meant that tho resulting colour 

would be beyond the useful range of the method. In their OW11 work~ 

they used a 2% zinc acetate solution in order to give increased 

assurance of co~plete absorption. Ench litre of solution was acidified 

with about 3 drops of acetic acid. 

Jacobs et al. (75) nevertheless preferred to use a solution 

containing 4·3 g. cadmiuT:l sulphate and 0•3 g. sodium hydroxide in 

1 litre of absorber solution. 
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Johnson and ilishita (7) used a solution containing 50 g. zinc 

acetate and 12•5 g. sodium acetate per litre of solution, filtered after 

making t o volume. Gustafsson (67) advocated the use of a solution 0·25M 

with respect to zinc acetate and 0•10 M with respect to sodiun acetate. 

Traces of heavy metals were removed by precipitation as sulphides by 

the addition of 2 ml. 0•05 M sodium sulphide solution to 1 lit re of t he 

absorber solution. The zinc acetate solution after standing overnight 

and swirling of the precipitate, was filtered. 

1.7 The Colour Developnen1. 

In Teble VII ~ summary is given of the reagents used in the 

MB colour development and their concentrations. Froo this table it may 

be gathered that considerable variation was found permissable, the main 

criterion being constancy of pH and temperature in each determination. 

It was found necessary to add the amine before the ferric ions 

and to nrl.x t he contents of the flask thoroughly after each addition. 

Agitation of the flask, following the additi on of the arndl1e, resulted 

in part of t he hydrogen sulphide going into the gaseous phase and, 

unless great care was excercised, part of this might be lost when the 

stopper was removed for the ferric ion addition. Vigorous shnking after 

the addition of the ferric ions was also found to be essential to ensure 

reaction of all the hydrogen sulphide, including that in the gaseous 

phase. The use of fast-delivery pipettes to ninimise losses of hydrogen 

sulphide wus advised, the accuracy of the volUr.J.e added not being crit­

ical (58). Fairly large variations in concentrc..tions produced only 

slight effects. 



TABLE Vli 

METHYLENE BLUE COLOUR REAGENTS AND CONCRNTRATIONS 

AUTHOR DI.AMINE REAGENT FERRIC REAGENT 

I 
wt . /litre vol . acid/1 . reagent/ wt . /litre ! vol . acid/1. I reagent/ 

I 100 ml . 
I 

Almy (53) 0·4 g . c 500 rnl. E 5·0 ml. 5•4 g. G 100 ml. E 

St . Lorant (56) 0·5 g. B 200 ml. D 15 · 0 ml. 125 g. F 25 rnl. D 

Kosier (57) 1 · 0 g . c 500 ml. E 12 · 5 ml. 2 •7 g. G -

Fogo, Popowsky (58) 1 · 0 g. B 487 ml . E 10 · 0 ml. 6·12 g. G 106 • 2 ml. E 

Roth (60) 0·5 g . B 200 ml . D 15 ·o ml. 125 g. F 25 rnl. D 

Johnson, Nishita (7) l •O g. B 200 ml . D 10 ·0 ml. 125 g . F 25 ml . D 

Sands et al . (59) 1•0 g. B 667 rnl. D 10 ·o ml. 27 g. G 500 m1 . E 

Budd , Bewick (61) 6 ·8 g . B 500 ml . D 3•0 ml. 1000 g. G -

Sheppard, Hudson (71) 1·0 g. B 500 ml . E 10·0 m1 . 5 . 4 g . G -

Jacobs et al . (75) 3"75 g. A 500 m1 . D 1•2 ml . 1000 g. F -

Gustafsson (67) 0· 93 g . B 186·8m1 . D 10•0 ml . 66·5 g . F 27 · 25 ml. D 

Tyou, Humb1et (69) 1 ·0 g . c 460 ml . E 10 •0 ml. 6 -7 g. G 100 ml. E 
I 

A= diamine, B = diamine sulphate, C = diamine hydrochloride, D = H2so
4

, E = HCl, 
F = ferric ammonium sulphate, G = ferric chloride. 

100 ml . 

1 •0 ml. 

4•0 ml. 

2•0 ml. 

2 · 0 ml . 

4•0 ml. 

2 •0 rnl. 

2 •0 ml. 

5 drops 

2 •0 ml. 

2 drops 

2 •0 rnl. 

2·0 ml. 
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Almy (53) stressed that all solut ions should be within 0·5°C 

when developing tho colour while Fogo and Popowsky (58) adjusted the 

temperature of their solutio~s to 24 ± 3°C. Sands et al. (59) cooled 

their solutions to 10°C as this was found to give mxim.um colour inten­

sity. Changes in temperature after colour development had no effect on 

the intensity. 

In general, it wn.s found that the finnl st:J.ble colour -vro.s 

reached sooner when more concentrated reagents were used. Hence, Almy 

(53), using comparatively dilute solutions, found that two hours wn.s 

required for the r.rud mum colour intensity to be reached, whereas Johnson 

and Nishitu (7) stated that the absorption might be neasured ten ninutes 

ufter naking tho solutions to volume. 

The colour, once fully developed, was fom1d to be relatively 

stable. Fogo and Popowsky (58) recor.rr,lended that tho colour be read not 

later than 20 hours after developnent, while Johnson and Nishita (7) 

ga.ve the maxi mum a·s 24 hours. Gustnfsson (67) stated that the colour 

should be read the same day. 

Since a certain amount of zinc sulphide adhered to t he de­

tachable absorption delivery tube, a number of authors have reconmended 

that the absorption tubes be detached and allowed to re~~in in the 

flasks during colour development. Gustnfsson (68) added that the anine 

solution shov~d be pipetted through the delivery tubes so that t hey are 

well rinsed. Before making tho solutions t o the mark, the delivery 

tubes were r emoved by meano of tweezers and wn.shed well (60, 76). 

Altermtively, they were left i n the flasks while the solutions were 

mde to the mark, provided that the tubes had the SaLle internal and 
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external diameters and that the graduation marks on the volumetric 

flasks were at the same level (7). 

Sands et al. (59}, after studying the variables affecting the 

colour reaction, arrived at the conclusion that the use of the amine 

sulphate rather than the hydrochloride was preferable. Reports on the 

stability of the amine and ferric reagent solutions have been conflict­

ing but most authors have found the solutions to be stable for several 

weeks. 

l.S Sensitivity and Relation to Beer's Law. 

In the earliest work, visual comparisons were used and acc­

ordingly, as photoelectric measuring instruments came into more general 

use, the reported sensitivities increased. 

Kosior (57) stated that for a nntt~al gas sample of 1 cubic 

foot, an amount of hydrogen sulphide as low as 0· 2 grain per 100 cubic 

foot of gas could be measured quantitatively. This sensitivity might 

readily be improved still further by making use of increa sed volumes of 

gas in the analyses. Should the NB colour be too intense, dilution with 

distilled water to bring the intensity within tho prepared range of 

standards was found not to impair the accuracy. A year l ater, Sands 

et al. (59), in their r eport, gave the lower limit of sensitivity as 

0•001 grain hydrogen slliphide per 100 cubic foot of gas for a sample 

volume of 1 cubic foot. 

Fogo and Popowsky (58) gave the range of sulphur which could 

be determined as 3•5 to 500 pg. sulphur per 250 ml. absorption solution. 

They stated that the sensitivity might be increased still further by 

decreasing the volume of the absorption solution. 
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Johnson and Nishita (7) found that ~ill solutions obeyed Beer ' s 

Law i n the range from l to 50 .)lg. sulphur per 100 ml. and that t he range 

might be increased to .300 pg. sulphur by diluting 10 ll'l~ . of the intense]y 

coloured MB solutions (from samples containing above 50 ug. sulphur) to 
I 

100 ml. by the addition of 10 ml. amine reagent, 2 ml. ferric reagent 

and distilled water to volume, thus showing that the deviations were due 

to deviations from Beer's Law and not decrease i n the yield of ~ffi . In 

their work, a Beckmann ~bdel B spectrophotometer and 1-cm. cells were 

used. At about the same time, Roth (60) stated that the greatest 

accuracy was obtained when the sample tested contained between 10 and 

40 pg. sulphur, while Iismaa (66) advocated the use of plant samples 

containing 20 to 70 )lg. sulphur. 

Budd and Bewick (61), in 1952, gave the lower and upper limits 

for determining sulphide and r educible sulphur in alkalis as 0•2 and 

100 p.p.m. respectively. However, they used a calibration curve having 

the range 0 - 40 )lg. sulphur. 

In 1958, Fr eney (65), in his application of the method of 

Johnson and Nishita to the determination of water-soluble sulphate in 

soils, found that the l~ solutions obeyed Beer' s Law over the range from 

1 - 80 )lg. sulphur. 

In 1960, Gustafsson (67, 68), in her investigation of t he ~ffi 

method for determining sulphate, found a noticeable decrease in specific 

extinction at 667 mp for concentrations larger than about 20 to 25 pg. 

sulphur per 100 ml. , the deviations above these concentrati ons being 

greater than t he experimental errors. She also confirmed Johnson and 

Nishita 1s method for diluting mor e concentrated solutions. 
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1. 9 Critical Revi ew of the Procedures . 

The MB method appears from the literature to have boon 

applied to the determination of r educible sulphur i n practically 

every typo of mnturinl, i ncl uding as it docs tho determination of 

sulphur in such diverse substances as alkalis, plating solutions, 

plant materials, soils and blood. In a r ecent volume on methods 

of determining non- metals colorlinctricully (77) , no fewer than five 

of t ho thir teen methods for sulphur determination involve tho ~ill 

r eaction. 

In view of tho pocu1i ar r equir ements of pl ant analysis anc1 

since their work appoars to have boon tho first i ntensive r osoarch 

i nto tho application of tho MB method to plcnt materials, the method 

of Johnson and Nishita (7) has boon selected as tho basis of tho pr e­

sent invostiga.ti ons . In addition, their method utilises the wot- a shing 

t echnique which is also f avoured by tho pr esent author . Howovor, mnny 

later modificati ons, and i n particular those of Gustafsson (67, 68) ~Dd 

Hogan and Breen (74), bavo beon applied. 
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2. THE METHOD OF JOID~SON AND NISHITA. 

In 1952, Jo~~son and Nishita published their method for the 

micro-estimation of sulphur in plant materials, soils and irrigation 

waters, usL1g the methylene-blue colour reaction. 

A description of the method follows:-

Reducing :l.ti.xture. 

This consists of 15 g. reagent grade red phosphorus, 100 ml. 

hydriodic acid (S.G. 1·7, methoxyl grade), and 75 ml. 90'foformic acid 

(reagent grade) . Details of tho preparation nre given li1 the original 

paper (7) and also in "Colorimetric Determination of Non- metals" (77). 

Stability and regeneration are also discussed. 

Nitrogen puri ficati on solution. 

Add 5 - 10 g. mercuric chloride to 100 ml. 2'/o potassium 

permanganate solution. 

Pyrogallol - sodium Rhosphate solution. 

Dissolve 10 g. sodium dihydrogen phosphate and 10 g. pyro­

gallol i n 100 ml. stuphur-free distilled water with the aid of a stream 

of nitrogen bubbling through the solution. Prepare fresh daily. 

Sulphur-fr ee distilled water. 

If necessary, distil from alkaline permanganate in an all­

glass still. 

Zincacetate - sodium acetate solution. 

Dissolve 50 g. zinc acetate dihydrate and l2o5 g. sodium 

acetate dihydrate in sulphur- free distilled vmter; dilute to 1 litre 

and filter. 
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Arninodimothylo.nilino solutiog. 

Dissolve 2 g. p-amino-d.imethylaniline sulphate (Eastman Kodak 

No. 1333) in 1500 ml. distilled water. Add 400 ml. concentrated sul­

phuric acid, cool and dilute to 2 litres. 

Ferric ammonilli~ sulphate solution. 

Dissolve 25 g. ferric c.:".".l:~onitlr.l sulphate in 5 ml. reagent grade 

concentrated sulphuric acid and 195 ml. distilled water. 

stancia.rd sulphate solution. 

Dissolve 5•434 g. reagent grade potassium sulphate in l litre. 

This contains l mg. sulphur per ml. and may be further diluted as 

required to give working solutions of desired concentrations. 

Sulphur-free groltnd joint lubricant. 

Mix approximately 5 g. Dow-Corning silicone stopcock lubri­

cant with 10 1Ul. of an equal volume of hydriooic acid and hypophos­

phorus acid. Heat to boiling with frequent stirring for about 45 

minutes, pour off the acids and wash the lubricant thoroughly with 

sulphur-free water. Lubricate all joints with a minimal amount of 

this lubricant. 

PROCEDURE: 

A procedure is described for samples containing a consid­

erable amount of nitrate. The sulphur is precipitated as barium 

sulphate by the addition of ethanol and bariUJ~ chloride solution. 

The solution is centrifuged ru1d the precipitate, together with any 

insoluble pl ant residue, is transferred quantitatively to the digest­

ion flask, after which it is treated as for samples containing not more 
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than 6 mg. nitrate. 

When little or no nitrate is present in the sample, the 

procedure is as follows: The gas-washing vessel is charged with 10 ml. 

pyrogallol - sodiu.m phosphate solution and 10 :ml. zinc acetate -

sodium acetate solution and 70 ml. sulphur-free distilled water is 

placed in a 100 ml. volumetric flask which acts as a receiver. The 

gas is bubbled into this flask through a glass tube connected to the 

top of the gas-washing column ~· a short length of sulphur-free rubber 

tubing (boiled in dilute alkali and vrashed). An aliquot of the sample 

or standard, evaporated dovn1 if necessary, so that the volume does not 

exceed 2 ml., is introduced into the digestion flask. The aliquot 

should not contain more than .300 micrograms sulphur. 4 ml. of recently 

agitated reducing mixture is introduced into tho digestion flask which 

is quickly attached to the reflux condenser, the upper end of which is 

connected by means of a u-shaped glass tube to the gas-washing vessel. 

The nitrogen flow is started, using nitrogen washed by bubbling through 

the HgCl2 - ~~04 solution. The flow-rate is adjusted t o 100 - 200 ml. 

per minute and the heating begm1, a low boil being maintained for 1 ~. 

The. volumetric flask is removed, leaving the connecting glass tube in 

it so that no adhering zinc sulphide is lost. 10 ml. of the p-a¢-no­

dimethylaniline solution is quickly added, t he flask stoppered, the 

contents mixed, 2 ml. ferric solution added, the flask restoppered and 

the contents again mixed. The solution is .rmde to volume nnd thoroughly 

mixed. After 10 minutes but before 24 hours, tho absorbance is read at 

670 mp or by means of a suitable filter photometer. 

A HN03 - HC104 wet digestion procedure is described in some 

detail to ensure that the solution is sufficiently low in N03 - and Cl04-

to prevent interference in the sulphate reduction and MB s,ynthesis. 
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,3. EXPERH1ENT.AL STUDIES ON THE METHYLEi'Jl!: BLUE {:t.-.IB) METHOD. 

,3 . 1 The Preparation of a Standard Sulphate Solution. 

The 250 p.p.m. stock solution of potassium sulphate pre­

. pared for use in the EDTA method was also used in these studies. 

Two diluted standard solutions were used~ 

(u) 400 ml. diluted to 1 litre, to contain 100 p.p. :m. sulphur. 

(b) 200 ml. solution (a) further diluted to 1 litre to provi de u 

solution contai ning 20 p.p. m. sulphur. 

All standard solutions were stored in polythene bottles. 

,3.2 Stor~gq of Solution~. 

Hith tho exception of the standnrd solutions of potassium 

sulphate and the reducing m.i.nure, all other solutions required to be 

kept for any length of time were stored in the volumetric flasks in 

which they Here prepared and showed no deterioratioi1 on keeping. 

The sulphur- and copper-free wnter used in tho studies was 

stored in a large polythene bottle. 

The reduction mixture was stored in r. glass-stoppered amber­

glass bottle and appear ed to suffer no deterioration even after a 

period of four months . 

.3 • .3 Transmission Curves for ~~thylene Blue and the Reagent Solutions. 

Using a Uvispek spectrophotometer with 4 em. cells, trans­

mission curves were plotted for a solution of commercial methylene 

blue (fig. 5), a solution containing all the methylene blue reagents 

but no sulphide and hence no blue colour (fig. 6), and a solution pre­

pared by reducing a sample containing approximately 20 }lg· sulphur, 
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absorbing the hydxogen sulphide and developing the colour in the 

normn.l rnmmer (fig. 7). This last transmission curve corresponds 

almost exactly with the extinction curve obtained b-.f Gusto.fsson 67). 

The differences between the curves in fig. 5 and fig. 7 are 

almost certainly due to the other coloured. compounds formed in the 

reaction and already mentioned in section 1.1, and which a.re responsible 

for the transmission curve in fig. 6. 

From fig. 7 it wa.s deduced that the maximum absorption 

occurred o.t about 667 mp but that, for intensely coloured solutions, 

the absorption mnximtu:l o. t 740 np. might o.lso be used. Since the max­

imum at 667 mp. is so shnrp, co.reful adjustmei1t of the i nstrument is 

required to ensure that measurol"l<mts o.re made o.t the oxnct wuvelength 

of maximum absorption, since absor bance r eadings di.tuinish rapidly on 

either side of this peak. 

3.4 ~erimental Studies on the Reduction Procedure .• 

3.41 Tho Reduction l'1Jixture .• 

Reduction mixtures of hydriodic acid, formic acid a.nd red 

phosphorus (7), hydriodic acid, formic acid a.nd hypophosphorous acid 

(74) and hydriodic acid, acetic acid and sodium h)~ophosphite (68), 

were used. 

The mixture containing rod phosphorus, n.ftor an in.iticl trio.l , 

was discarded owing to the difficulty experienced in dispensing the 

reagent satisfactorily. The present author found the inixture which 

contained formic acid preferable to t ho.t containing acetic acid since, 

i n his estimation, the volatile acid vapours from the hot solution in 
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the former case were less m1pleasunt than in the latter case. From 

the practical viewpoint, however, both r~ures were fom1d to be 

equally efficacious. 

Attempts ut regenerating the mixture or distilling off the 

unused hydriodic aci d fr~ctio~lly proved lli1successful owing to the 

decomposition of the sodim~ hypophosphite or hypophosphorous acid, 

resulting in the formation of phosphine, readily detectable by its 

odour. On using r eduction 1nixtures in which this phosphine wus present 

us a dissolved ir.1purity, seemingly random copious white fumes were 

fom1d to be evolved o.nd serious negative errors r esuJ:tod (Ta.ble VIII). 

[ Sulp;~ content (?g. S) 

Sulphur found (?g. S) 

TABLE VIII 

-·r-
4·00 8 • 00 12,00 

1·20 4 •00 11·65 

45 7·10 

00 

2·95 7· 

2•40 7· 

2·80 5· 
Lll-50 
~ ~1·40 

16•00 20•00 

7·40 17·90 

5·50 11·20 

14·70 12·40 

13·50 16·30 

It will be noti ced from the Table tho.t the mo.gnitu::le of the 

errors vo.ried considerably. There was found to be s ome correla tion, 

however, between tho rJngnitudo of the error and the quantity of white 

furaes observed in the distillati on apparatus. Those f ur.IDs wore found 

t o be absorbed by neither the wnsh solution of pyrogallol or pure wnter, 

nor the acetate absorption solutions. Various r,1ethods vTOro employed in 

an effort to remove tho phosphine fron the reduction mixtures but no 
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successful method was found. In o.dcl.ition, varying the heating of the 

reduction flask a.nd adjusting the heating mantle, with its asbestos 

gu<'rd, in order to r:1i;.1imise the possibili ty of overheating the wo.lls 

of the flask, proved to have little or no effect on the evoluti on of 

those fur~es. 

Provided that the Q~ount of nitric acid, perchloric acid a.nd 

other oxidisi ng a.g0nts i n the sanple a.liquots used W<'S not too high, 

it proved possible to use the reduction a ixture for two or even three 

deterrnirw.tions without reheating or any other form of regeneration and 

without loss in efficiency. 

Where the cost of the reduction i:rl.xture is of i mportance, 

the use of the mixture containing red phosphorus is advisable owing 

to the possibility of its regeneration. 

The present author 1 s researches confirE1ed Gustafsson' s 

findings thnt dilution of the reducing agent seri ously reduced its 

efficiency (68) . Even with sample aliquots of only 0·2 ml., errors 

of up to 5fo resulted (see Table IX). 

Effect of_g~uting the reduction r~ture . 

I S~phur -~ontent (pg. sulphur_) _ __ ·--- -·----

Sulphur found (sample heated to dryness (pg. S) 

(i) 
SUlphur found (not heated to dryness) (p.g. S) 

(ii) 
----------- ·------·-----r 

16·50 

16· 06 

15·67 

(i) - 2•8 

·--·-----~ 5•2 

10· 83 
-~----·· .. 

10· 81 
-------~ 

10· 52 

10·46 

- 2·9 I 
- 3·4 

- -- ---.1 
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For all subsequent determinations, the samples were heated to 

dryness in an oven at about 120°C. 

Throughout the present author 1s researches, the reduction 

mixture was stored in a bro~n glass bottle fitted with a ground glass 

stopper. No noticeable deterioration was obser ved after a period of 

over one month. 

3.42 Reducti on Time and Nitrogen Flow- rate . 

The time requir ed for the complete reduction of all the 

available sulph1..1r in the sample ali quot was found to be lar gely depend-

ent on the flow-rate of the nitrogen carrier gas. When using a flow­

rate of about 50 nu./ rrin., between 30 minutes and an hour was found 

necessary; however, when the flow- rate was increased to 100 ml./min., 

the reduction and absorption was completed within 10 minute.s. A 

further 5 minutes was allowed, however. Tho more rapid flow-rate was 

found to givo gr eater reproducibility of results. 

3 . 5 ~imental Studiqs on tho Absorption Procedure and Colour 
Development. 

3.51 Variations in tho compositions of tho aq§££Ri~ solu~~ons . 

Zinc acetate - sodiura acetate solution, as prescribed by 

Johnson and Hishita (7), was employed for most of the research work 

carried out and proved entirely satisfactory, both with regard to 

quantitative absorption of tho hydrogen sulphide and stability at 

r oom temperatures . On tho addition of tho acid amino- reagent, 

quanti tativo recover~: of the ~-dragon sulphide was also obtained. 

The zinc acetate - sodium hydroxide solution as prescribed 0:' Tyou 
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and Humblet (69) was also tested and found to be equally satisfactory. 

However, the 121c aqueous solution of sodium hydroxide was found to be 

less satisfactory to store and dispense and, in addition, time is 

saved in dispensing the single ZnAc - NaAc reagent as opposed to the 

two solutions required for the ZnAc - NaOH reagent. 

The addition of a few drops of glacial a:cetic acid t-rhen pre­

paring the stock absorption solution was definitely found to be advan­

tageous in preventing, or at any rate delaying, the precipitation of 

hydroxides in the solution on keeping. 

3.52 Concentration of the reagents. 

The concentration of the zinc acetate and sodium acetate in 

the absorption solution as prescribed qy Johnson and Nishita (7), viz. 

0·5 g. -zinc acetate and 0·125 g. sodium acetate in the 100 ml. absorp­

tion flask, were found to be entirely adeqt~te and the considerably 

higher concentration suggested by St. Lorant (56) and confirmed qy 

Roth ( 60) vrould appear to be unnecessary. 

Time did not permit an investigation to be made into the 

effects of altering the concentrations of the amine reagent constit­

uents and the resulting pH affects. It may however be mentioned that, 

since no fresh p-amino dimethylanili:ne sulpbn.te was available, a sol­

ution of p-amino dimethyl aniline in sulphuric acid solution was used. 

This solution proved satisfactory and, although fresh supplies of the 

reagent solution were prepared three times, no special care being 

taken to prepare tho solutions exactly alike, no noticeable difference 

in the absorbance measurements was detected. It would thus nppoar tl1.e.t 
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a limited error in making up the reagent solutions is allowable. 

3.53 The addition of tho colour reagent~~· 

Tho addition of the colour reo..gents proved to be one of t ho 

most sensitive factors influencing the accuracy of the method. Tho 

amine reagent and tho ferric reagent must be added successively; how­

ever, the sulphll.ric acid i n the amino reagent liberated hydrogen sulph­

ide from tho zinc sulphide and, during mixing, part of this gas onterod 

the space above the solution and, on adding the ferr i c reagent, a 

certain c.mount of tho go..s oocapod into the air m1d lovT sulphur re­

coveries resulted. 

Hashi ng of the detachable glo..ss tube and its removal before 

the colour development vTc. s complotod o.lso increased the possibility 

of hydrogen sulphi de losses in this wo..y. Allowing the glass tube to 

remain in the flask while making tho solution to t ho :mc.rk was found. 

to suffer from the diso.dva.ntage that it necessitated tho use of lengt hs 

of glass tubing of identical internal n::lCl external dimensions, a.nd o.lso 

the use of volumetric flo.sks having their volume mrkings at identical 

positions on the flo.sk necks so t hc.t, for each solution, the same 

volume of glo.ss tube wo.s submerged. Tho following procedure, described 

by Kilmer and Nearpass (76), was thus followed& 

Ten minutes after tho o.ddition of the colour reo..gonts, tho 

glass tubes wore removed b;- meo.~1s of tweezers, washed well a>1d the 

solutions mde t o tho mark. Novortholoss, care was required while 

sho.king tho flc.sks since, unless tho doto.chnblo glass tubes fitted 

o:xo..ctly into tho flo.sks, their movement i nside tho flasks tended to 
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result i n the chipping off of smnll frag1nonts of glass from tho tubes 

o.nd, ii1 one cuse, tho gln.ss stopper usod, boi:.1g hollow and of rolut·· 

ively thin glass, wns frc.ctt1I'oc1. 

For tho o.ddi t ion of tho roagm~ts, fv..st-dolivor;r pi pettes 

wore usod, the most effective pr oceduxc proving to be t he addition 

of tho runine r eagont through tho dotachod glass tube so that tho acid 

solution formed a layor at tho bottom of t ho f l a sk and :mixing onl~' 

occurred after stoppering the flask . The flask was then thorou.ghly 

swirled and the ferric reagent rapidl y added. Blowing to speed up 

the pipette delivery was tried but cannot be advocated since the 

hydrogen sulphide was found to be r eadily lost when blowing was em­

ployed. Each flask was then thor oughly shaken for 30 seconds to l 

minuto beforo removing tho tubas and making to tho mar k. 

3~54 Tho effect of temperature on colour do3elo2~~· 

Time did not pormi t a t horough statistical i nvostiga .. tion 

to be carried out on t ho effects of te:rnporattiTe changes on the ex­

tinction of i''1B solutions. Howovor, prolim.inar:Jr tests shovmd slight 

variations in tho t emperature during tho colot1I' dovolo~~ent to affect 

seriously tho absorbance of t ho l-·1B soluti ons and all l ater wor k was 

carried out i n a const ant-tor1poraturc r oom at 24°C ± 0· 5°C. The 

actual spectrophotometric measurements, however, were carried out at 

various room temperatures between 15° and 23°C. 

The findings of Crustafsson (67) wore largely confirmod and 

experiment showod that a tomperaturo deviati on of o.bou.t l 0 from 24 °C. 

rosul ted i n a mean error of o.pprox:i.m.."!.tely 0· 3% i n the % sulphur . The 
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te;·aperaturo _of all t ho roo.gonts and soluticns should thus bo co11trollcd 

within about 1 °C dv.ring tho col our dovolopmont. After tho rnaximtu:1 

col our has boon o..tto.i nod at tho.t tomporatnrc, vnrio..tions i n tho temp-

ernturc -vroro found to have li ttlc or no effect . 

3. 55 ~lashing i!_l]..§~]}yc1.r9£.eJ.L.1?..qlphi~e and_ cleaning_ the dist il:J_ati o_g 
appa:r:a~):!.§• 

In the initial research work, the py-rogall ol wash- solution 

described by Johnson and Hishita (7) was empl oyed and renewed daily . 

Later, the use of deionised distilled water was testec and fom1d to be 

equally effective i n removing t races of acid carried over by the nitr o-

gen, provided the water was replaced after si:~ to ten successive re-

ductions. No yellow i odine coloration was over observed in t his water . 

After use, the water was r un out, tho stopcock closed, a 

beaker of dei onised distilled water placed under tho condoi1sor i n 

place of t ho reduct i on f l ask, and tho water sucked through tho con-

denser and wash-colunn1 by Beans of a long~h of tubing attached to th~ 

outl et tuba of tho wash- colwan at tho poi nt vrhore the detachable t ube 

to tho absorption flask was norr{l.ally attached. This procedure was 

repeated four t i.mos, t ho rinsing soluti on being Cl.rainod off after each 

washine; except tho final washing when about 15 ml. was allowed to r e-

main in tho vTa.sh-column for tho f ollowi:•.1g determinations. Tho inner 

surface of tho condenser was nllo-vrod to cl.rai n overnight until dr y . 

This washing procedure eliminated tho necessity for dismantling t h9 

apparatus. 

/ 3. 56 The stability of tho __ col2~~· 
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3.56 The stability of the colour. 

The colour intensity of IviB solutions was found to decrease 

fairly rapic:Uy if exposed to light but, kept in the dark, the absorb­

a nce of solutions was found to be unaltered even after 48 hours. Under 

normal circu111stances, ho\-rever, it should prove possible to measure the 

absorbance within 12 hours. 

3 ~ 57 Relation to Beer 1 s Law. 

Fig. 8 shovrs the relation to Beer 1 s Lavl of solutions of 

methylene blue prepared accor ding to the usual procedure, from samples 

containing from 0 to 100 pg. sulphur. Neasurements were made usin~ 

1 em. cells. A Hilger Uvispek Spectrophotometer (fi g. 9) was used at 

a wavelength of 667 rnp· Fr om tho calibratiOi.1 curve, it was reac:Uly 

deduced that for aliquots containing more than about 25 pg. sulphur, 

tho mothylono blue colour shovwd a marked deviation from Beer 1 s Law. 

Hence, the range f r cm 0 - 20 p.g. sulphur was used forJator determinations. 

Johnson and IJishita 1 s method (7) for the dilution of more 

concentrated r~ solutions was found to bri ng such solutions within 

the range i n which Beer Is Law was obeyed. vlhero possible, however, it 

was found very much more convenient to choose ali quots of plant solution 

which would contain less than 20 pg. sulphur . 

3.58 Magnitude of blanks. 

Blank readings wore obtained by carrying out the complete 

procedure, omitti ng mu:- the sulphur-containing aliquot of sample. 

Throughout tho determinations, Fisher Colloseal lubricant was used for 

all ground- glass joi nts in place of the su~phur-free silicone 1 ubricant 
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FIG. 9. HILGER UVISPEK SPECTROPHOTOMETER . 

FIG. 10. UNICAM SP600 SPECTROPHOTOMETER. 
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suggested by JODj1SOn and Nishita. For 1 em. cells, the bla~~s ranged 

from 0•004. t o 0•007 and, f or 4 om. cells, from 0· 015 to 0•019. A 

reduction carried out using a s sample an amount of lubricant approx-

imately five times t hat normally used i n lubricating the gr ound-glass 

joints gave an absorbance of 0• 016 f or 1 em. cells. AsstU11ing t hat a 

minimum of l ubrica11t would norraa.lly be used, an absorbance of 0· 004 

appeared to bP- the normal blank value f or 1 em. cells . 

Since the cow~onest metallic ions · foQ~d in distilled water 

are copper i ons, an investigation was carried out i nto t ho effects of 

t r a ces of copper and also manganese, morc't.1.r:r and lead i ons in the ab-

sorption solution. The r esults are shown in Tablo X. The amounts of 

metals present ar c per 100 nll. absorption flask. 

TABLE X 

The Effect_of Tr aces of Hoayy I.Bt als in the Abs9rbor. 

f.Total ions 

Copper 

}'anganese 

m rcury 

Lead 

Sulphur content of sample = 10•28 pg. 

added ,ug. metal added -
5 

10 

20 

30 

5 

10 

5 

10 

20 

----------.-......... --- ---. --r--

g. sulphur f ound p f., Error 
--- ----+-----1 

7•71 

9•34 

7· 75 

10· 28 

- 100· 0 

0·0 

3· 8 

9·1 

24·3 

0· 0 
- -- ----·-------' 
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Tho molar ratio (copper added ~ loss of sulphur) is approx­

imately 1 : 1 which indicates tho formation of cupric sulphide more or 

loss quantitatively. Tho molar ratio (mercury added : loss of sulphur) 

appears to appr oach 1 2 indicating tho probable formation of the 

complex Hg(SH) 2 • Smull quantities of raangancso have little effect 

and lead appears to be without effect. Additions of those clements 

after colour development had no effect on tho absorbance of tho !B 

solutions . In view of the very serious interference of copper ions, 

all water used wus deionised by passage through a r esin column con­

t aining Amberlite MB 1 and i..!B J. 

3.6 GENERAL OBSERVATIONS. 

3.61 Cleaning of Apparatus. 

Lewin (78) has dravm tho attention of research workers to 

the danger s involved in tho usc of chro~c acid mixture for tho clean­

ing of glasswar e. Tho sulphuric acid is very strongly" adsorbed by tho 

glass and, even after o.s :many as twelve wushings, sulphate is still 

detectable by tests such as the LB procedure. The present e.ut hor had 

experience of these errors ancl accordingly avoided tho use of chronuc 

acid i n the cleaning of glass apparatus. 

After use, the reduction flasks were rinsed out twice with 

distilled vmtor and twice with deionised distilled w~ter, all lubricat­

ing grease being removed by means of a cotton wool pad on a glass rod. 

Finally each flask was rinsed out with acetone, redistilled from an 

all- gless apparatus and later reclaimed. This removed the l ast traces 

of grease and facilitated drying of the flasks. .All other apparatus 
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was cleaned using dilute teepol solution, when necessa~J, and thoroug~ 

washed with distilled 1vater follo-vmd by deionised distilled water. 

3.62 Preparing Sa.'!!Rles for the Reduction Procedure. 

The plant solutions used in the present investigations were 

prepared as described in .Section 4 (page 73). A trial analysis showed 

that the volume of plant solution required was 0·4 - 0·5 rfll. This 

volume was transferred to the reduction flask by means of a 1 ml. 

graduated pipette and the flask, contained in a suitable beaker, was 

heated in a drying oven at about 120°C for 45 minutes to 1 hot~. The 

flask was then allowed to cool in the air. It proved convenient to 

have six such reduction flasks so that the drying of six sample aliquots 

might be carried out simultaneously, the drying stage being the most 

lengthy in the analysis, apart from the preparation of the leaf solu­

tions. 

3.63 ~trophotometric Measurements. 

Throughout the above investigations, two instrwnents were 

used viz. the Hilger Uvispek Spectrophotometer (fi~. 9) and the Unicam 

SP 600 Spectrophotometer (fig. 10) ~ using 1 em. and 4- em. cells. As 

the blank, deionised distilled -vmter was used. 
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4. THE PREPARATION .9F . THE_ PLAl'Yr SOLuriOiJ. 

4.1 Prepcg:ation of the Leaf Sample. 

il1neoiately after sampling and picking (79) the sru~ples were 

transported to the laboratory in open- wove cloth bags with a minimum 

of delay, transferred to polythene bags and stored in a refrigerator. 

The leaves were then prepared for analysis as described b; Stern (80) :-

Five polythene dishes were prepared as follows. The f irst 

contained about 750 ml. 0·1% teepol solution, the second and third 

each contained 750 ml. distilled water, the fourth an equal volume of 

deionised distilled water and the fifth dish was used to receive the 

wet leaves. In order to remove surface dirt and soil particles, each 

lea£ was individually sponged in the teepol solution with cotton wool 

and then rinsed consecutively in the three sets of water. The mid-ribs 

were not removed as originally described (80) since their presence was 

found to have little effect on the values obtained in the elemental 

analysis. 

The loaves were folded into a sheet of V.lhatman i'Io. 1 drying 

paper and placed in a forced-draught oven at 65°C for 48 hours. The 

dried leaves were finally ground finely i n an agate ball mill and the 

intimately mixed samples stored i n screw-capped bottles. Immediately 

before analysis, each sample was oxied f or a further 2lr hours at 65°C, 

since t he dried leaf powder was fairly hygroscopic. 

4.2 Preparation of the Leaf Solution~. 

To 1 g. leaf powder, weighed into a 100 1nl. wide-necked 

Erlenmeyer flask (fig. 11), was added 12·5 ml. acid digestion 1nixture 



F IG. I I. LEAF SAMPLE DIGEST ION FLASKS . 



- 74. -

(800 ml. distilled C.P. N'itric Acid rlli.."'fed with 200 ;·"l. Perchloric Acid, 

pro art..alysi). Cover glasses t o fit the co::rical flasks, shaped. like 

small funnels, each with a tapered li 11 glass r od fuseG. to the e.pex, 

were placed over the flasks \vhich 1-rere left over nighJG i n the cold. 

The flasks "\>Tere t hen heated Di1 a Simmerstat electric hot- plate for 

1~ hours at about 75°C, ~ hour at about 95°Cj l hour at abont ll5°C 

and i hour at about J40°C. The cover glasses were then rinsed and 

removed. When all the nitric acid had boiled off, t he tenperature 

was raised to about 180°C for a further i hour or almost Q~til dryness. 

The residue was taken up ,.,ri th boiling rmter a:1d 1 drop of concentrated 

hydrochloric acid was added. The hot soluti on was filtered through 

Uhat:man Ko . 40 filter paper into a 100 ml. voltunet.ric flasl~, the 

filter having previously been well washed with boiling 1-1ater. The 

erlenmeyer flask a;.1d filter were rinsed six or more times 1d th boiling 

water and the volumetric flask allowed to stand overnicht. After 

standing for 1 hour in a thermostat at 20°C, the solution was ~de to 

the mark with deio11ised distilled water. 
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5.. THE 1-DDIFIED PROCEj)D~:E FOB. THE DET&lLii-!ATIOi\f OF .§_ULPHUR +E. PLANT. 
IAT&IAL AS IErl-IYLbi'lE BLUE. 

REAGENTS~ 

(i) Carrier Gas. 

Cylinder nitrogen gas, purified by passage through a strong 

solution of mercuric chloride in potassium permanganate solution. 

(ii) Wash Solution. 

For washing the hydrogen sulphide gas, liberated during the 

reduction procedure, deionised distilled water is used (see belovr) . 

(iii) ~itrogen Purification Solution. 

Bet\oreen 5 and 10 grams mercuric chloride (i.e. an excess) 

is added to 100 ml. 2% potassilli~ per manganate solution. 

(iv) Absorption Soluti on. 

100 g. Zinc acetate dihydrate and 25 grams sodium acetate 

trihydrate are dissolved in dei onised disti lled 1-rater and made up to 

2 litres. About 1 lcl.. gl aci al acetic acid (reagent grade) is added 

and the solution filtered after standing for 4S hours. Any turbidity 

appearing after a period of time may be disregarded. 

(v) Amine Reagent. 

5 !lillimoles p-amino-dimethylaniline sulphate (i.e. 0·93 g. 

of the sulphate, NH2C6H4N(CH3 ) 2 .~H2S04 , F.a.strllan Kodak No. 1333, or 

0·684 g. P-amino-dimethylaniline, Eastn~n Kodak P. 2147) is dissolved 

in 750 nll. deionised distilled water, 2• 50 moles (187 .ul. ) concentrated 

reagent grade sulphuric aci d is added and the cooled solution diluted 

to 1 litre with deionised distilled water. This reagent keeps for 

many months. 
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(vi) Ferric Reagent. 

To 25 g. reagent grade ferric rumnonium sulphate is added 

5 ml. concentrated reagent grade sulphuric acid and the solution is 

diluted to 200 ml. 

(vii) Sulphur-free Distill_~ Water. 

Deionised distilled water sho~d be used in the preparation 

of all reagents. The recommended resin- col~~~ contains a mixtUl~e of 

the monobed-resins, Amberlite hB 1 and £;:8 3. 

(viii) Reduction l.i::,...-ture, 

Great care should be taken in the preparation of the reduct­

ion miA~Dxe. 100 ml. FRESH reagent grade hydriodic acid (S.G. 1·7, 

metho:xyl grade), 50 ml. reagent grade 9C!'fo formic acid and 25 ml. 

reagent grade hypophosphorus acid are placed in a three-necked 250 ml . 

1 quickfit 1 flask. Nitrogen is bubbled through the solution and the 

flask i s heated by means of a heating mantle. After boiling for five 

minut es, the flask is fitted with a reflux condenser and the solution 

i s boiled f or a further five minutes. The solution is then allo-v1ed to 

cool in the flask, t he 11itrogen flow is discontinued and the reduction 

mixture is transferred to a brown gl a ss- stoppered bottle for storage . 

The 1quickfit 1 apparatus used i n the prepar2tion of the reduction 

mixture is shown in fig. 12. Provi ded that plant samples used in the 

reductions are evaporated to drJrness and contai n little perchloric 

acid, the reduction reagent may be used two or even three times. It 

should not be reheated to boiling point for regeneration owing to the 

danger of phosphine f ormation. 

/ (i x) Standard Sulphate Solutioi"~ .. 
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(ix) Standard Sul.12hate_ SoluJiQ!!. 

A standard potassiwu sulphate solution is prepared containing 

1 · 087 g. of the reagent grade salt in l litre. This solution contains 

200 p.p.~. sulphur and is further diluted as required. A solution 

containing 20 p.p.m. sulphtiT proves convenient since; in the preparation 

of the calibration curve, sample volumes less than l ml. may be evapor­

ated to dryness fairly rapidly, 

(x) Lubricant for Glass Joints. 

Fisher ' Celloseal 1 burette grease is suitable proviGed that 

very small quantities are used. 

STORAGE OF SOLLITIOi.JS. 

Solutions may be stor ed in pyrex flasks or bottles without 

deterioration. The r eduction mixture should, however, be stored i n a 

elass- stoppered brow~- glass bottle. 

CLEANING OF GLASS'lJAR~. 

The use of chromic acid should be avoided. Glassware shou~d 

be thoroughly cleaned with 1 teepol 1 solution and deionised distilled 

water as described in section 3o6l. 

APPARATUS. 

The apparatus used in the preparation of the reduction 111.Dr­

ture is shown if fig. 12 and the distillation apparatus used i n the 

methylene blue determinati on is shown in fig. 13. The ground~glass 

joints above tho condenser and gas-washing coltmm may be omitted since 

the apparatus is washed in situ. In addition, a capillary flow-meter 



FIG . 12. PREPARATION OF REDUCTION MIXTURE. 



FIG. 13A MB REDUCTION & DISTILLATION APPARATUS. 

FIG . 13s REDUCTION FLASK . 
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may be i nsert ed between the ni t r ogen-purification wash- bottle and the 

r eduction f l ask. A 'glas-col' heati ng mantle is used for heati ng the 

r eduction flask. To avoi d overheati ng the wal ls of the fl~sk, a ~~11 

sheet of asbestos board, 1-1ith a centr al hole 1± inches in di ameter, 

may be pl aced between the mantl e and the flask. ~Jgon tubi ng is used 

for all glass-to- glass connecti ons. 

PROCEDli"R.E. 

The sa...1!lple aliquot~ pr eferably not exceedi ng 2 ml. i n volume, 

i s carefull;T i ntr oduced i nto the r educti on f l a sk. The flask i s sup­

por ted i n a sui table beaker and the sample evaporated to OIY118SS i n a 

drJQng oven at about 120° for l hour or until evaporation i s complete. 

The flask i s allowed to cool to room temperature. Since 10 - 15 ml. 

deionised distilled water i s siphoned into the gas-washing column 

after the washing of the appar atus, the column will not r equire f illing 

at this stage. 

20 lnl. Absor bi ng solution (i v) in pipettad into a 100 ml. 

volumetric flask and a further 60 ml. dei onised di st i lled water added. 

A shor t length of glass tubi ng is attached to the exit tube of the 

gas-washi ng colLmm ~- means of n shor t length of 1 tygon1 tubing and the 

volumetri c flask is cla-nped in position so that the detachable glass 

tube almost r eaches the bottom of the flask. 

The reducti on flask i s attached to the condenser and. nitr ogen 

i nlet tube by means of spring- fa stenings and the nitrogen flow is ad­

justed to 150 - 200 ml. per minute. Through the smaller neck of the 

reduction fla sk (see fig. 13 b), 3 ml. r eduction mixture (viii) is 
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rapidly introduced using a fast-delivery pipette and the lightly greased 

grom1d-glass stopper is L~ediately replaced. 

The heating mantle (pr eferably alread~- at the requi:red te:':lp­

erature) is moved into position below the redu.ction flask. The temp­

er ature s hould be contr olled so that the mixture co~es to a gentle boil 

within about 1 minute. The reduction is continued for 15 mi:.1utes. 

The r;lass abso:rption tube is ca:refully det ached and allow·ed 

to drop i..r1to the absor ption flasl: which is then stoppered and removed. 

'I'he heating ma>.1tl e is swu..11g away from the :reduction flasl~ which is 

carefully l oosened and removed. Anothe:r absorption tube is attached 

t o the gas-washing colUii1ll7 another prepa:red absorption flask is place0. 

in position, a f urther reduction flask is attached t o the condenser 

anC the reduction procedure repeated as described above. 

By means of v veiJr fast-delivery pipette, 10 ml. amine 

r eagent (v) is int r oduced into the absor pti on flask by pipetting into 

the upper end of the detached absorption tube so that it forms a laye:r 

at the bott om of the flask. The stopper is inrrnediately :replaced and, 

after gently swirling two or three tb1es to :mix the co11tents, 2 m.l. 

ferric reagent (vi) is added ~? means of another fast-delivery pipette . 

The flask is immediately stoppered and shaken vigorously for ~ to 1 

minute. 

After 10 minutes or longer, t he det ached absorption tube is 

carefully r emoved fr om the volur'letric flask b~r means of tweezers, 

rinsed thoroughly and the s olution is made to the mark 1.dth deionised 

distilled 1-rater. The extinction of the methylene blue solution is 

measured the same day on a suitable spectrophotometer at 667 1~. 
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This wavelength is critical and the instrument shotlid be checked reg­

ularly to ensure that readings are taken at the wavelength of :max:i.n1um. 

absorpt i on. Until the absorbance is measured, the :flasks co11taining 

the met~rlene blue soluti ons should be stored in subdued light. 

Washi~he Apparatus. 

After six to ten determinations (depending on such factors 

as the nitrogen flot-r- r ate, the efficiency of the condenser, the heati ng 

rate and the time of reduction), the water in the gas-washing column is 

run out, the stopcock closed and a beaker of deionised distille& water 

placed under the condenser in place of the reduction flask. The water 

is sucked through the condenser and wash-column by means of a length 

of glass tubing inserted at the point where the detachable tube to the 

absorption flask 'tvould normally be attached. This procedure is repeat­

ed four times, the rinsing solution being drained off after each washing 

except in the case of t he final washing when about 15 ml. is allowed to 

romain in the coluntn for the next group of determinations. The iru1er 

surface of the condenser is allowed to drain overnight m1til c~. 

Calibration Curve. 

The calibration cturve is prepared exactly as described for 

plant samples but using aliquots of standard sulphate soluti<u (ix) 

containing 0, 5, 10, 15 and 20 pg. sulpht~ respectively, and plotting 

the extinction of the methylene blue solutions against the sulphtw 

concentr ations. 

/ Additional Notes. 
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Additional Notes. 

l. A preliminary run$ using an aliquot conta.ining a small amount of 

sulphur, should be carried out before beginning a series of deter­

minations, since the first determination frequently yields low 

results. The preliminary aliquot need not necessarily be evap­

orated to dryness and the colour need not be developed in the 

absorption flask. 

2. There should be a L1.iniraum of delay between successive determinat­

ions in order to avoid the atmospheric oxidation of traces of 

hydriodic acid in the condenser. 

3. The temperature of all the reagents and solutions should be main­

tained at a fixed temperature (within± 0·5°C), preferably near 

room temperature, until t he coloux has been completely developed. 

4. ~fuere possible, all determinations should be performed in duplicate, 

since erratic results sometimes occur due to traces of phosphine 

in the reduction miJ~l~e, losses of hydrogen sulphide on addition 

of the colour reagents or other factors. 
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6. eTATISTICAL STUDY OF THE ACCURACY AND PRECISION OF THE PROPOSED }ffiTHOD. 

The modified methylene blue method was subjected to rigorous 

statistical tests to evaluate the acct~acy and precision of the method 

under routine laboratory conditions. 

6.1 Calibration Curve. 

A calibration curve (fig. 14) was prepared following the 

procedure described in section 5. The results obtained are recorded 

in Table XI. 

TABLE XI 

Calibration CUrve. 

Unicam SP 600 3pectrophotometer - 4 em. cells- 24°C. 

- -I 

p..g. sulphur f. transmission at 667 mp. pg. sulphur 'to transmission 

0 0·017 10 0· 5.30 

2 0•105 12 0•640 

4 0•225 15 0·782 

5 0•272 16 0•8.35 

8 0•411 20 1· 0.31 

The calibration curve obtained was a straight line. 

6.2 Accuracy of the Ysthod. 

The absolute accuracy of the method was examined by the 

addition of sulphur as sulphate to the citrus leaf saLlples, as follows. 

Twenty 0•5 g. aliquots of the homogeneous plant sample, prepared as 

detailed i n section 4.1, were weighed separately. 1·250 mg. sulphur as 

standard potassium sulphate solution was added to each sample. Each of 
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the samples was brought into solution following the procedure detailed 

ii.1 section 4. 2. The sulphur content of each sample was determined as 

described i n section 5$ in duplicate. The result s obtained are re­

produced in Table XII (page 84) . 

The sulphur content of the plant material in p.p.m. sulphur 

was calculated from the weight (mg.) of sulphur determined anc: the 

sample weight. The 1·250 mg. sulphur aliquot added was deducted in 

each case. The results are recorded in collli-nn 5. The mean of the 

thirty precision determinations (see section 6.3) was found to be 

2680 p.p.m. sulphur. The ratio of each individual determination t o 

this mean was calculated as a percentage. 'l'his value is given in col­

umn 6. From these data it was concludeo. that this procedure gave a 

true reflection of the sulphur content of the plant material. 

6. 3 Precision of the Kethod. 

The precision of the method was evaluated as follows. A 

homogeneous plant sample was prepared. This was dried in an oven at 

65°C. and fifteen 1 g. samples vrere weighed out. Each sample vTas 

individually dissolved i n the acid digestion mixture and the solution 

prepared as detailed in section 4.2. The sulphur content of the 

resulting solutions was deterrained using the recormaended procedt~e. 

This series of tests was performed under conditions closel~r 

approxi.mat ing those in a routine laboratory. The tests were performed 

over a period of several days. The temperature of the reagents was 

kept constant at about 24° ± 0·5°C. Fresh reagents were prepared as 

required. The results are recorded in Table XIII (page 85). 

These results revealed that the procedure could determine down 

to 2·7 mg. sulphur in plant material with a coeff. of variation of l·?io. 
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TABLE XIII 

THE PRECISION OF THE MDDIFIED PROCEDURE. 

I Determination ! 
! ---

Se..mp1e weight Sulphur foUs.'1d lv1 - y (11- y)Z 
(n) g. p .. p.m. 

1 1• 057 2634 46 2116 
2 2634 46 2116 
3 1•015 2625 55 3025 
4 2644 36 1296 
5 1•019 2752 72 5184 
6 2655 25 625 
7 1· 023 2681 1 1 
8 2604 76 5776 
9 1·006 2686 6 36 

10 2572 100 11664 
11 1· 025 2678 2 4 
12 2696 16 256 
13 1•027 2670 10 100 
14 2700 28 784 
15 1·010 2603 77 5929 
16 2659 21 441 
17 1•027 2689 9 81 
18 2700 28 . 784 
19 1· 017 2735 55 3025 
20 2735 55 3025 
21 l•OC9 2662 18 324 
22 2760 80 6400 
23 1•014 2687 7 49 
24 2706 26 676 
25 1· 008 2722 42 1764 
26 2762 82 6724 
27 . 1· 015 2686 6 .36 
28 2686 6 36 

29 -+ 1· 022 2686 6 36 
30 2668 12 144 

~-
.. 

n- l 2680 62.457 
= 20 . (mean) ::: L(l<1 - Y)2 

/ i 
~-

The Standard Deviation ( {)) = /j:(M- Yl~ = 46•40 p.p.m. 
n- 1 

Coefficient of Variation (f. Std. Dev.) = ~~cf0° x 100::: 1•73 f.. 
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7. A PRELHJINARY TEST ANALYSIS OF CITRUS LEAF SAJ:·lPLES FROil T~_GAHI'OOS 

VALLEY. 

The methylene blue procedure was applied to the analysis of 

citrus samples from the Gamtoos River valley. These citrus trees had 

been undergoing treatment with various fertilizers. The results are 

given in Table XIV. 

TABLE XIV. SULPHUR ANALYSI S IN GANll'OOS VALLEY CITRUS LEAF SANPLES. 

·-· 
Sample Variety Age (years) 

Soil Fertilizers Percentage 
number type applied sulphur 

R
1
Ia Navels 7 Light 

sandy Ammonium sulphate 0•.384 

S:2Ia Navels 5 Heavy AmmoniQm sulphate 0•245 loam 
·-

K-I-V Valencias 8 Sandy Ammonima sulphate 0·262 loa..11 Potassi~11 sulphate 

If-I-V Valencias 15 
Sandy 
silt AmmoTI.ium sulphate 0·.319 
loam 

P-I-N ravels 22 Silt Ammonium su~pha te 0• .320 loam 

A-.3- H Navels 25 Sandy No sulphate 0· .3.39 
,_, 

A4 Navels 10 Sandy AmmoniQm sulphate 0•261 

B4 Navels 10 Sandy Ammonium sulphate 0·258 Superphosphate -
c 4 Havels 10 Sand~r .Anl!11onium sulphate 0•267 

Potassium sulphate 

D4 IITavels 10 Sandy Ammonium sulphate 
0·258 Potassium sulphate 

I Superphosphate 
I 

I 
i 

i 

From the Table it would appear that there is no deficiency 

in sulphur in any of these citrus leaf samples, since 0•2 - 0•4 1o is 

considered satisfactory for the percentage sulphur. 
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8. THE lYIOLYBDENTm BLUE NEI'HOD. 

8.1 The }blybdenum Blue Reduction. 

This method, recorffinended b,y Bethge (81) in 1952, makes use of 

the coloured compound, usually referred to as molybdenwn blue, whose 

composition is lli1certain. This blue compound would appear to be formed 

by the reduction of molybdates by any strong reducing agent in the 

presence of the correct acid concentration. 

Little if any relevant work appears to have been carried out, 

previously or since, on the application of this compound to the color­

imetric determination of sulphur. However, ·Hoods and 1•.iellon (82) have 

mentioned the instability of the molybdenum blue colour, the difficulty 

of obtaining complete development of the colour, and the importance 

of the reacent quantities. They also found that the colour conformed 

to Beer's Lai·T for only very low concentrations. 

Basically, the method involves the absorption of hydrogen 

sulphide (formed by reduction of the sulphur) in zinc acetate solution 

and the re"tction of the hydrogen sulphide w·ith am.monium molybclate on 

the addition of a suitable amount of acid. 

Bethge studied the respective efficiencies of sulphuric and 

phosphoric acids and found phosphoric acid more suitable since the 

colour intensity was not influenced so markedly by slight variations 

in the acidity and the absorbance was found to attain constancy 20 

minutes after nrixing. In addition, the calibration curve was found to 

be linear when phosphoric acid was used but not when sulphuric acid 

was used. 

He also investigated what quantities of all the reagents 
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would yield optL~ttm coloured solutions for spectrophotometry. 

8.2 THE UETHOD OF BETHGE. 

REAGENTS. 

Zinc acetate solution. 

50 g. zinc acetate dihydrate and 10 g. sodium acetate 

trihydrate are dissolved in 500 ml. distilled water, set aside over­

night, the s olution filtered and diluted to 1 litre • 

.Ammonium molybdate solution. 

100 g. ~~onium molybdate tetrahydrate is dissolved in 1 

litre of '~ter qy gentle warming and the solution filtered after 2 days. 

Phosphoric acid. 

342 ml. of 55/~ orthophosphoric acid are diluted to 1 litre. 

All reagents are reagent grade. 

PROCEDURE. 

The hydrogen sulphide is absorbed in 10 ml. of the zinc 

acetate solution and the mixture transferred to a 50 ml. volumetric 

flask. 2. 5 ml. ~1llllonium molybdate solution is added, followed by 6 ml. 

phosphoric acid solutiono The white precipitate, formed when the first 

ml. of phosphoric acid is added, dissolves easily on the addition of 

the remainder of the acid. The solution is diluted to the mark with 

distilled water and the absorbance of the blue solution is measured 

at 7,000 R, not less than 20 1ninutes nor more than 50 minutes after 

mixing. 

The calibration curve is obtai ned using a solution of sodium 
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sulphide, standardised iodometrically. 

It is claimed that the above reaction, unlike the methylene 

blue reaction, is not at all sensitive to iodide ions . 

8. 3 EXPERH1ENTAL STUDIES ON THE NOLYBDEl'Ttn>f BLUE MET!:!Q±?. 

8.31 Transmission Curve of Vblybdenum Blue Solutiog. 

A transmission curve (figure 15) was prepared using a molyb­

denum blue solution, prepared according to the recommended procedL~e 

of Bethge. 

Although greater absorbance occurs in the infra-red range, 

and at 825 mp, the absorbance maximum at 700 mp was used for all 

further experimental studies, being more convenient than either of 

the other ~~ima. 

8.32 Tests carried out . 

Although the calibration curves prepared were invari ably 

straight lines, it was found i mpossible to reproduce any one line. 

The srune series of solutions, measured a short while later, but still 

within the limits set by Bethge, showed a general increase in absorbance 

despite very careful thermostatic control of temperature. 

An investigation was carried out on three identical solutions 

made up as follows: -

To 50 ml. ZnAc - NaAc solution was added 7•5 ml. sodi wn 

sulphide solution, 12•5 ml. ammonium molybdate solution and 30 ml. 

phosphoric acid, and the solution was diluted to 250 rnl. After 15 

minutes, the absorbance of each solution was measured and the mea'sv.re­

ments repeated at 5 min. intervals. The results appear in Table XV. 
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Variat;9n in absor bance of three. identical, molybdate solutions. 

Time Absor bance Time Absorbance 
after af'ter 

mixing. Soln. Soln. So ln. mixing. Soln. So ln. So ln. 
(mi n.) No. 1 No. 2 i'fo . 3 (min. ) No . 1 No. 2 No. 3 

15 0·197 0•230 0•223 50 0•2CJ7 0· 247 0•232 
. . 

20 0· 200 0·231 0·223 55 0·2CJ7 0•241 0•233 

25 0•200 0•234 0•224 60 0·204 0•243 0•236 

30 0•200 0·237 0•226 65 0•2CJ7 0•247 0•234 

35 0·201 0•238 0•221 70 0·208 0•245 0·240 

40 0·204 0·243 0•230 75 0·208 0•248 0• 237 

45 0· 212 0·243 0·231 80 0•210 0•251 0•245 I 
i 

Fr om this table it was obvious that a seri ous, somewhat 

erratic increase in absorbance occurred, and at no stage was a def-

inite maximum reached. 

Varying the quantities of reagents, and taking every possible 

precaution agai nst t emperature effects, yielded no improvement in t he 

results obtained. 

Solutions, prepar ed by absorption of hydrogen s ulphide formed 

according to the methylene blue r eduction procedure, behaved in a 

similar fashion and the taking of readings at fixed times after mixing 

did not irr.pr ove the constancy of readings. 

In addition, i t was found that the molybdenum bl ue solutions 

r apidly discoloured the spectrophotometer cells and these required 

thorough cleaning after each reading. 
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8.4 CONCLUSIONS. 

These studies confirmed the findings of Woods and }~llon and 

contradicted the experimental findings of Bethge. Since the ~oloured 

solutions appeared to be unsuitable for the spectrophotometric deter­

mination of sulphur, this method was abandoned. 
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PAR T III. 

THE BARIUM CHLORANILATE METHOD FOR THE SPECTROPHOTOMETR!C DETERMINATION 
OF SU~PHlffi. 

1. REVIEW OF PUBLICATIONS ON THIS METHOD. 

1.1 The Colour Reaction. 

Chloranilic acid (225 - dichloro 3:6 - dihydroxyquinone) 

was first synthesized and named by Erdman (83) in 1843. It was 

found to be a strong dibasic organic acid, dissolving sparingly in 

water to give intensely coloured solutions, resembling in colour the 

purple-violet of permanganate solutions. 

E.H. Tyner (84), in 1948, investigated the absorbance of 

chloranil:.c acid solutions, finding a maximum at 430 mp. and a minimum 

at 550 mp. The graph of percentage transmission versus chloranilic 

acid concentration was fotmd to conform to Beer's Law for all values 

from 0 to 20 mg. per 50 ml. at 430 mp and from 4 to 14 mg. per 50 ml. 

at 550 mp, the latter wavelength proving more sensitive. It was also 

found that the transmission decreased as the pH decreased, being more 

constant on the a:cid side of the chloranilic acid pH. Temperature 

also proved to be an important factor, the transnrission decreasing if 

the precipitation was carried out at a higher temperature. 

Tyner determined calcium in plant material, utilising the 

diminutio:.J. in colour accompanying the precipitation of calcium chlor-

anilate from the intensely coloured chloranilic acid solution. 

In 1957, Bertolacini and Barney (8) made use of the highly 

coloured acid - chloranilate ion to determine sulphate. They used 

barium chloranilate, the sulphate being precipitated as barium sulphate 

while the chloranilate ion was liberated. The reaction was ce.rried out 
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at pH 4 in a 50fo ethanol medium, the precipitate being removed by 

centrifuging or filtr ation. Since the solubility product of barium 

sulphate vlas considerably less than that of barium chloranilate, the 

reaction vras quantitative. The absorbance of the filtrate was measured 

at 5.30 mr against a blank prepared in the same manner. (This absorbance 

maximum has also been reported at 5.35 and 550 mp (85)). 

In 1958, Bertolacini and Barney (86) described a procedure 

in which the absorbance measurements were made at .3.32 ~' the absorbance 

being greater at this wavelength since the absorption of light by the 

chloranilate i on was .30 times greater than at 5.30 ~· They stressed 

that glassware should be cleaned with l r- 1 hydrochloric acid since 

detergentc absorbed strongly in the .300 - .3.35 mp r ange. 

In 1959, Lysyj and Zarembo (87) confirmed the use of this 

wavelength, giving it accurately as .3.32 mr and recommending it for use 

with samples containing 0·2 to 0•.3 mg. sulphur. Lloyd (88), however, 

advocated measurements at .350 mp while Spencer (89) carried out meas­

urements at .327•5 mp. 

1.2 The Medium of Preci_Ei_tation. 

Ber to1acini and Barney (8) found the optimum medium for the 

precipitati on to be a 501o ethanol solution. They quoted the following 

sol ubility f i gures (20°C) : -

Barium sulphate in vrater 

Barium chloranilate in water 

Bar:Lum sulphate in 50fo ethanol 

= 9·6 x 10- 6 mole/litre. 

-4 I = 2•2 x 10 mole litre. 

= 2o5 x 10- ? mole/litre. 

Barium chloranilate in 50% ethanol = 5•2 x 10-6 mole/litre. 

The use of 50fo ethanolic soluti on thus reduced appreciably 
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the solubility products of barium sulphate and barium chloranilate 

and the sensitivity of the method was correspondingly enhanced. Later 

research work confirmed these findings. 

1.3 pH Control. 

The careful control of pH has been stressed in all the pub­

lications on this method. The interference of phosphate ions qy react­

ion with the barium chloranilate above pH 4 made it necessary to carry 

out the reaction at a pH value under this figure. Lower pH values, 

however, resulted in greater solubility of the barium chloranilate with 

corresponding loss in sensitivity. 

Bertol acini and Barney (8) made use of a 0•05 M solution of 

potassium acid phthalate as a pH 4•0 buffer, the pH being approximately 

adjusted to this value beforehand by the addition of dilute ammonium 

hydroxide or hydrochloric acid and the use of pH paper. 

In 1959, Klipp and Barney (90) used a sodium acetate - acetic 

acid buffer (0•1 M with respect to each), while Spencer (89) used a 

0•5 M acetate buffer. In 1960, Scharrer and Deloch (91) used an 

acetate buffer according to Gottschalk (92). They mixed 1980 ml. 5N 

acetic acid with 20 ml. 5N ammonium acetate solution. This buffer 

solution, while having a pH 2•73 in aqueous solution, had an apparent 

pH 3·63 in 50% alcohol solution. 

The acetate buffer systems appeared to have a greater 

buffering capacity than the phthallate buffer. 

1.4 The Effect of other Ions in Solution. 

It was found that, with the exception of the ammonium ion, 
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all cations interfered and hence cation exchange necessarily preceded 

each determination carried out. Dowex 50 was generally employed though 

Magar and Pollard (93) made use of Zeo-carb 225. 

Bertolacini and Barney (8) found that phosphate, oxalate, 

bicarbonate, chloride and nitrate did not interfere and as little as 

2 p.p.m. sulphate could be determined in the presence of 100 p.p.m. 

other conmon anions. Scharrer and Deloch (91) found that the addition 

of 500 pg. N as nitrate, Cl as hydrochloric acid, co3 z- as ammonium 

carbonate, oxalic acid, citric and tartaric acids, to 500 pg. sulphur 

in solutions had no influence on the absorbance. The addition of 

5000 pg. silicon as Na2Si03 increased the absorbance by 1•9% while the 

addition of 5000 pg. phosphorus as phosphate caused an increase of 2•9fo. 

However, ouch unsatisfactory S : P or S : Si ratios were scarcely 

likely to be encountered in biological samples. 

1.5 Stability of the Colour. 

Bertolacini and Barney (8) found that the colour stability 

was reached 15 minutes after adding the barium chloranilate and the 

absorbance increased by 5% in 24 hours, the temperature being kept 

constant. Klipp and Barney (90) instructed that the absorbance should 

be measured within 2 hours. Scharrer and Deloch (91) found the colour 

to be practically constant for 12 hours after development. 

1.6 The Sensitivity and Accuracy of the Method. 

Bertolacini and Barney (8) stated that the ff,Vstem obeyed 

Beer's Law at least up to 400 pg./ml. i.e. the original sample con­

tainli1g up to 40 mg. sulphate made up to 100 ml. sample solution. 



- 96 -

They found the sensitivity to be 1 pg./ml. in the final solution, using 

5 em. cells at 530 ~· The standard deviation and relative error of 

the method were 1%. Working at 332 ~· and using 1 em. cells, the 

standard deviation was found to be 0•2 p.p. m. for the analysis of 

ammonium sulphate solutions containing 0·96, 1•93 and 3•86 p.p.~ S. 

Klipp and Barney (90) gave the lower limits of sensitivity 

as 1 pg. sulphur at 330 mp using 1 em. cells and 18 pg. sulphur at 

530 ~ using 5 em. cells. The standard deviation at 375 p.p.m. sulphur 

level was 5•5 p.p.m. 

Scharrer and Deloch (91) claimed that the method was suitabl3 

for samples containing 75 - 2500 pg. sulphur at 530 ~' it being possible 

to increase the sensitivity by using 1 em. cells at 332 ~· The standard 

deviation of determinations for 75 - 2500 ~· sulphur was 2f, and the 

maximum deviation from the mean was 1.7%. 

1.7 Preparation of the Barium Chloranilate Reagent. 

The preparation of barium chloranilate has been described by 

Bertolacini and Barney (8) and Thomas (94). 

In the former preparation, 1 litre of 5% barium chloride 

solution was mixed with 1 litre 0·1% aqueous chloranilic acid and 

allowed to stand overnight at room temperature. The aged precipitate 

was washed well with water until the supernatant liquid was free of 

chloride ions. Water was removed by centrifuging the precipitate 

three times with alcohol and once with diethyl ether. The crystals 

were then dried for 1 hour at 60°C in a vacuum oven. 

In the preparation described by Thomas, about 700 ml. water 
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and 300 ml. acetone ~ms added to 16 g. chloranilic acid in a 3 litre 

beaker. The mixture was heated until the acid had dissolved. While 

8t~rring vigorously, a hot, freshly-filtered solution of barium hydrox­

ide, containing 20 g. of the hydroxide per litre, was added until the 

purplish-red colour of the solution diminished in intensity to a pink 

colour. Overshooting the end-point caused excess barium ions to be 

absorbed onto the precipitate. If the end-point was overshot, more 

chloranilic acid, dissolved in acetone, was added until a decidedly 

pink colour was again obtained. The tan, somewhat curdy precipitate, 

formed initially, changed into a dense purplish-brown crystalline 

material on ageing. After standing overnight, the supernatant liquid 

was decanted and the crystals ymshed free of excess chloranilic acid 

with several portions of 1:1 aqueous ethanol. The yield ivas claimed 

to be almost theoretical. 

1.8 !EE!ication of the Method" 

The acid-chloranilate ion was first used for spectrophoto­

metric determination of calcium in plant material (84). Lysyj and 

Zarembo (87) applied the barium chloranilate method of Bertolacini and 

Barney (8, 86) to the determination of small amounts of sulphur in 

organic compounds. In the same year, Klipp and Barney (90) determined 

sulphur traces i n naphthas by this method, while Lloyd (88) used 

barium chloranilate to determine enzymically liberated sulphate. 

Scharrer and Del och (91) described a general method for the determin­

ation of small amounts of sulphur in bi ochemical substances, while 

:tv'agar and Pollard (93) applied the method to sulphate de·cermination 

in Mor gan extracts of soils. 
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2. THE ME.I'HOD OF BERTOL.ACHIT AND BARNEY. 

In 1957, Bertolacini and Barney published their paper on the 

application of the coloured acid-chloranilate ion to the determination 

of sulphate. A description of the method follows: -

REAGENTS. 

Barium Chloranilate. 

This is prepared from reagent grade barium chloride and 

c~~oranilic acid as described on page 96. 

Buffer, pH 4· 0. 

A 0•05 M solution of reagent grade potassium acid phthalate 

is prepar ed. 

Ion exchange resin. 

Dowex 50 x 8, 20 - 50 mesh, hydrogen form, is used. 

Eotassium sulphate. 

Reagent grade potassimn sulphate is used for the pr eparation 

of standards. 

PROCEDURE. 

An aqueous solution containing sulphate ions is passed through 

a column 15 ems. long containing Dowex resi n. The effluent is adjusted 

to pH 4 with dilute hydrochloric acid or ammonium hydroxide and pH paper. 

To an aliquot containing Up to 40 mg. sulphate in less than 

40 ml. in a 100 ml. volumetric flask are added 10 ml. of the buffer 

and 50 ml. of 95% ethanol. The mixture is diluted to volume with 

distilled water. 

Appr oximately 0· .3 g. barium chloranilate is added and the 
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flask shaken for 10 minutes . The excess barium chloranilate and barium 

sulphate precipitate are removed by centrifuging or filtering. The 

absorbance of the filtrate is measured with a colorimeter or spectro­

photometer at 530 ~ against a blank prepared in the same manner. The 

sulphate concentration is then obtained from a calibration curve pre­

pared from standard potassiurn sulphate solutions. 
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3. ErJ'ERHIEriTAL STUDIES ON THE BARiffivi CHLORANILATE :METHOD. 

3.1 The Preparation of Standard Sulphate Solutions. 

The 250 p.p.m. stock solution of potassium sulphate prepared 

for use in the EDTA method was also used in these studies. 

In addition, a 100 p.p.m. soluti on was prepared bJ diluting 

400 ml. of the stock solution to 1 litre. 

All standard solutions were stored in polythene bottles. 

3.2 Storage of Solutions. 

The standard sulphate solutions, buffer solutions and deion­

ised distilled water were stored in polythene bottles. The 95% ethanol 

was stored in a pyrex glass bottle. 

3.3 Tranp'llission Curve for the Acid-Chloranilate Ion. 

An aliquot of standard sulphate solution containing about 

0• 5 mg. sulphur was passed through an exchange column containing 

Nalcite HGR, ~form (see page 36). The colour was developed as 

described in the procedure of Bertolacini and Barney, in section 2. 

The transmission of the filtrate was measured using a Hilger 

Uvispek spectrophotometer with 1 em. cells (fig. 9). A transmission 

curve (fig. 16) i·Tas plotted. 

From fig. 16 it was deduced that maximvm absorption occurred 

between 310 and 340 mp. in the ultraviolet region and at about 535 m(l 

in the visible region. This agreed with the findings of earlier 

research workers. For most of the following experimental studies, the 

absorption maximum at 535 mp was used. This maximum is not so sharp as 

the MB na::d.mum at 667 mp. 
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3.4 Preparation of the Barium Chloranilate Reagent. 

The commercially produced reagent was found to be rather 

unsatisfactory, va:r·ying considerably in quality. Large crystals were 

found, on crushing, to contain a large proportion of the unsatisfactory 

tan-coloured powder and, generally, it proved impossible to obtain 

reproducible absorbance values even from identical solutions. 

Accordingly an attempt was made to prepare the reagent from 

chloranilic acid as described by Bertolacini and Barney (see page 96). 

However, e"~;en on ageing, a tan-coloured, somewhat colloidal product was 

obtained. The preparation described by Thomas (see page 96-7) was then 

applied. The first yield of the reagent closely resembled that obtained 

using t he r.:ethod of Bertolacini and Barney, the solution being allovred 

to stand overnight immediately sufficient barium hydroxide had been 

added. The method was repeated but the solution was boiled for 40 

minutes after sufficient barium hydroxide had been added and only 

then was it allowed to age overnight. A deep purple, very fine, 

crystalline pr oduct was obtained and this reagent proved to be very 

satisfacto~1f for all later work. Considera~le care was excercised in 

the addition of the barium hydroxide solution since the end-point was 

easily overshot. This Has due to the fact that the final mother liquor 

was orange in colour and difficulty was encountered in distinguishing 

between the pink solution of the chloranilic acid and the final orange 

coloured solution. 

In vievr of the cost of the reagent and the fact that, in this 

procedure, it is used in considerable excess, much thus being wasted, 

the author found it convenient to reclaim part of the chloranilic 
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acid, after sulphate determinations, as follows. From the weight of 

used barium chloranilate (filtered off after use), the weight of sulph­

uric acid required to react with about two-thirds of this weight of 

barium chloranilate was added, the solution boiled, stirred well and 

filtered through V.lhatman No. 40 paper. It was important that the bariuin 

chloranilate should be in excess as excess sulphate ions would be 

troublesome in later determinations. The solution was then evaporated 

dowD considerably and the chloranilic acid (orange-red crjrstals) 

filtered off and dried for future use. 

3.5 Buffer Solutions and pH Control. 

Initially, the potassium acid phthalate buffer, recommended 

by Bertolacini and Barney, was employed but this was later discarded 

in favour of an acetate buffer as described by Scharrer and Deloch (91) 

and prepared by -dissolving 3•85 g. ammonium acetate in 297• 25 g .. . glacial 

acetic acid and diluting to 1 litre with deionised distilled water. 

This solution proved to have a greater buffering capacity and, for 

dilute solutions, it was hoped that preliminary approximate adjustment 

of the pH by means of dilute hydrochloric acid or ammonium hydroxide 

would be obviated. Hm..rever, in the preliminary work, it appeared that, 

since 10 ml. plant solution was required in each deter:minatio11, the 

buffer solution ( 5 ml. buffer per 50 ml. volumetric flask) was unable 

to control the acidity of the resin effluent. Each 10 ml. sanwle of 

plant solution -vras accordingly evaporated in a small beaker in a drying 

oven at about 150° and finally heated at 180° until perchloric acid 

fumes were no longer evolved. The residue was taken up in a little 
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water and the cations removed by passage through the resin column. 

Although the pH values of the resulting solutions vrere much closer 

to that of a blank solution, they remained slightly low and this 

caused serious errors. It proved necessary to measure the pH of 

each solution using a pH meter and to adjust the acidity by means 

of a dilute ammonium hydroxide solution. 

The follovTing table shows the errors introduced by slight 

variations in the pH of t he final solutions:-

TABLE XVI 

Effect of pH on Chloranilate Absorbance Values. 

Solution pH of Blank pH of Solution Absorbance mg. S ~prox. 
{a Error 

1 3·80 2•72 0·338 8·468 216 

2 3·80 2•85 0•289 7· 307 173 

3 3•80 3·25 0•186 4·863 81•5 

4 3·80 3•40 0•134 3•629 1 35·4 

5 3·80 3•80 0· (1)4 2·680 1 0 
I 

Absorbance vaJ.ues for solutions 2 and 3 were obtained \vhen 

the 10 ml. plant samples 'tvere not evaporated to dryness. Values for 

solutions 3 and 4 were obtained when the solutions were evaporated to 

dryness but the final pH was not adjusted with dilute Iffi4 0H solutio:.-1. 

Solution 5 was evaporated to dryness and the pH of the final solution 

adjusted qy means of dilute NH4 0H solution. 

An error of as little as 0· 05 pH unit introduced an error of 
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These results corrt~adictcd the findings of Bertolacini and 

Barney (see section 1. ) ) • Hovwver, provided reac..ings are take:1 as 

soon as possible after co~pletc colour development, no great error 

should result from any instability of colour. 

3.8 Rela!>~on to Beer's Law. 

Solutions were prepared according t o the recommended pro-

cedure (s~ction 4) containing 100, 200, 300, 400, 500, 600, 1000, 2000, 

3000, 4000 p.g. sulphur per 50 ml. volumetric flask. Above about 2000 

pg. the colours were too intense for the absorbance to bo read accurat­

ely. The Tesul ts are illuntrated g:raphically in fi g. 17. The Law is 

apparently only obeyed in the range 100 - 600 pg. sulphm~ . 

3.9 Addittonal note~. 

Time did not pel·lilit a thorough invetsigation to be mde 

into the Jtedium of precipitation and the effect of other ions in 

solution. Hovrever, these factors appear to have been thoroughly 

investigated by previous research workers. 

In order to reduce the size of the required plcu1t solution 

aliquot, e:1. attempt was made to make measurements i n the UV range at 

327• 5 mp.. Accordingly, a calibration curve was prepared using 0· 20, 

0·40, 0·60, 0·80 and 1·00 ml. standard sulphate solution (100 p.p.m.) . 

However, a:!:. this , ravclength, the on.l~r available spectrophotometer was 

unstable and each absorbance reading constantly diminished, altering 

by about 0•04 units or about l o% of the absorbance within a period of 

3 minutes. vlor k at this wavelength had thus to be abandoned. 
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4• THE IiODIFIED BAHIUli CHLORANILAT2 l'·:lETHOD FOH THE DETERliTilATION OF 

SULPHATE I H PLAi·fl' NATERIAL. 

REAGENTS. 

(i) Hat~. 

Deionised distilled ·v;ater should be used in the preparation 

of all solutions. The recommended resin colurun contains a raixture of 

the monobe:d resins, Amberlite NB 1 and liB 3. 

(ii) Ethyl Alcohol. 

:':teagent grade 95/~ ethyl alcohol is used. 

(ili) Cation Exchange Resin. 

The resin used is a coluJDn 12 x 100 mm. of lJalci te HCrt or 

Dowex 50, prepared as described on page 35. 

(iv) Buff~r Solution. 

The buffer solution is prepared ~J dissolving 3·85 g. reagent 

grade a.mmo11it'Ull acetate in 297· 25 g. glacial acetic acid and diluting 

to 1 litre with deionised distilled water. 

(v) Baritun Chloranilate Reagent. 

The use of the commercial product is not advocated. 

About 700 ml. wat er and 300 ml. acetone is added to 16 g. 

chloranilic acid in a 3 litre beaker. The mi."'Cture is heated u..'Yltil 

the acid has dissolved. While stirring vigorously, a hot, freshly­

filtered solution of barium hydroxide, containing 20 g. of t he 

hydroxide per litre, is added until the purplish-red colour of the 

solut~on has diminished in i ntensity to a pink colour, not to be 

confused vd.th the orange-red .. colour of the mother liquor. For con­

venience, the hot hydroxide solution my be filtered directly into 
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the chloranilic acid solution. If the end-point be overshot, further 

chloranilic acid dissolved in acetone should be added until the sol­

ution is decidedly pink again. The solution is maintained at boiling 

point for a further 40 minutes or longer and .allm..red to stand overnight. 

The supernatant liquid is decanted. and the crystals filtered off and 

washed with several portions of 1;1 aqueous ethanol to remove excess 

chloranilic acid. The yield is almost theoretical. 

APP ARATU.S. 

(i) Six ion exchange columns (see page 35). 

(ii) Six numbered 50 ml. volumetric flasks. 

9±i) Seven 50 ml. test tubes (pyre::~), fitted with stoppers and rubber 

'collars' (on which the number is marked) to enable the seven tubes 

to be shaken simultaneously in the hand wit,hout slipping. 

(i-0 An accurate pH meter. 

(v) Spectrophotometer with 1 em. cells. 

(vi) Seven s.m.all short.- stemmed filter funnels to take 7 em. circles of 

filter paper, and seven ordinary 5/c 11 diam. pyrex test tubes. 

PROCEDURE. 

The plant solutions are prepared as described li1 detail on 

pages 73 and 74. 

An aliquot of 10 ~. of plant solution is evaporated for about 

1 hour in a drying oven at 150°C and finally at 180° until perchloric 

acid fumes are no longar eyolved. The residue is taken up in a little 

water and washed into the prepa.red resi.11 column, the effluent being 

ooUectad in a 50 .ml. volumetric flask containing 25 ml. 95% ethanol 
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a.nd 5 ml. buffer solution. The beaker io rinsed. i nto the column \vith 

a number of sr:Jall portio:1s of deionised distilled water. After each 

addition, the water level is aJ..louec~ to d:rop to the level of the glass­

,.,ool plug before the next n.ddition is made. This procedure is repeated 

rn1til each flask has been filled to the mark. 

The flasks are well shaken and the levels again adjusted t o 

t he mar!{ if necesrery, since a contraction occtu-s on mixing. A stock 

blank solution is prepared, comprising 507~ ethanol, 10~ bt~fer solution 

and 4ofo distilled water. Using an accurate pH mete:r, the pH of the 

blank solution is measured and the pH of each ethanolic sample solutio:1 

is adjusted to the same pH using a clilute a.nunonium hydroxide solution 

containing 10 rnl. concentrated reagent grl;l.de ammonium hydroxide per 

100 ml. solutio;:1. 

Into each of the seven 50 ml. test tubes is weighed out, 

a.pproximatel;}rJ 0· 03 g. ba.ritun chloranilate. Approximately 12• 5 m1. 

of each ethanolic sa:.nple solv.tio~'l is transferred to each of six of the 

ntunbered test tubes and an equal vol'i.J.!21e of the stock blru1...'lc solution to 

the seventh tube. The tubes are stoppered and, while held together in 

a bundle, the tubes are s.haken vigorously for 2 minute periods at 2 

minv.te intervals until the~· have beeil shaken for a tota).. of 10 minutes. 

Using sro.a.ll funnels, the solutions are the~1 filtered through 7 c.tll. 

"i'lhat;.nn I~o. L~O filter circles into ordinary pyrex test tubes and the 

absorbance is measured against the blank solution at 535 mp. on a suitable 

spectrophotometer -vrith 1 em. cells~ A calibration curve is prepared in 

the same :manner using 1, 2, J, 4, 5, and 6 ml. 100 p. P·ill~ sta.'l'ldard K2 S04 
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solution in place of the plant solutions, but without heating them to 

dryness. 

The sulphur concentration of each plant solutions is then 

obtained from the calibration curve. 

Duplicate or triplicate detenainations may be carried out 

using further 12•5 ml. portions of the ethanolic sample solutions 



- llO-

5. STATISTICAL STUD:~ OF 'l'HE ACCURACY ~:D ]RECISION OF THE PROPOSED LETHOD. 

The modified barium chl oranilate method was subjected to 

statistical tests to evaluate the accurac:r and precision of the :method 

under r outine laborator y conditions. 

5.1 CALIRT'..ATION C1J8.v.l!;. 

A calibration curve was prepared at 535 LlJ-l according to the 

recommended procedure (see section 4) using 1, 2, 3, 4, 5, 6 ml. of 

100 p . p . lil. sta.nc.ard KzS04 solution. 

The absorbance values obtai ned are given in Table XVII and 

the curve obtained, using 1 em. cells, is reproduced i n fig. 18 . 

TABLE :XVII 

Absorbance of Chloranilate Solutions - Cali b_!ation C~. 

p.g. Sulphur 100 200 300 400 500 600 
.. . 

Absorbance 0·024 0·066 0·100 0·153 0·190 0·235 
- .. 

The curve 1vas a strai ght line which did not pass through the 

Q;rigin, thus co11..firming the fii1dings of Scharrer and Deloch (91) . 

5.2 THE ACCUP..ACY OF TEE 1'-El,HOD. 

The plant soluti ons used in t he accuracy determinations in 

section 6 .2 (page 82) were also used in the determination of the 

accuracy of t h e ba.riun chloranilate method. The sulphur conte:Gt of 

each soluti on was deterninec~ as clescribeet in secti.on 4 (page 106): 

although time clid not permit duplicate determinations to be carried 

out. The results obtained are recorded in Table Xlliii. 
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TABLE XVIII 

THE A.CCU:RACY OF THE PROPOSED BARIUI ~ C!-ILOHA.l,!ILATE PROCEDURE. - . --

Dete1~-
Height of Height of Weight of Sulphur Percentage 

mil18.tion Plant sample s added s founcl fou_"ld Recovery 
(g. ) (mg. ) (mg.) (p.p .w.) 

--
1 0·5113 1•250 2•704 2844 108·10 

2 0· 5041 1•250 2•6CR 2702 1C2•70 

3 0·5074 1·250 2•704 2866 103·93 

4 0· 5023 1·250 2•538 2564 97·45 

5 0·5042 1•250 2•538 2555 97•11 

6 0·5199 1·250 2•728 281;.3 108· 06 

7 0· 501~2 1•250 2· 562 2602 98·90 

3 0·5134 1·250 2· 704 2832 107· 64 

9 0· 5036 1· 250 2· 538 2558 97•23 

10 0·5119 1•250 2•609 2655 100·91 

11 0· 5129 1•250 2• 585 2603 9G •94 

12 0•5212 1 ·250 2· 728 2836 107·79 

13 0·5331 1· 250 2·562 2461 93·54 

14 0·5272 1·250 2· 6GO 2712 103· 00 

15 0•5177 1·250 2•538 2488 94·57 

16 0· 531~6 1•250 2•728 2765 105·10 

17 0·5037 1·250 2· 538 2558 97·23 

18 0·5288 1·250 2·752 2841 107·98 

19 0•5218 1•250 2•585 2560 97 ·30 

20 0· 5045 1· 250 2· 680 2834 107·72 
-- -

l'lE.AI~: 102• 01 
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From the weight of sulphur determined a11d the srunple weight, 

t he sulphur content of the plant mater ial in p. p. m. was calculated., the 

1•250 mg. sulphur aliquot added being deducted in each case. The 

results are recorded i n colmm1 5. The mean of 15 precision determinat ions 

(see sect i on 5.3) was found to be 2631 p.p. m. sulphur. The rat i o of 

each individual determinati on to this ;·!lean was calculated as a per­

centage. This value is gi ven i n colman 6. (Ha~ the mean value of 

2680 p.p.m. sulphur (l~t~rlene ID.ue determinat i on) been used, the 

mea11 percentage would have been 100•2 f..) Fr om these data i t 1~s 

concluded that this procedure gave a fair ref lecti on of the su~phur 

content of the plant material. 

5.3 THE PRECISIOiq OF THE l·XI'I-IOD. 

The precision of the methoe was evaluated as follo-vJs. The 

s oluti ons used were those prepared for the precision determination i n 

secti on 6. 3 (pa~e 83) . The sulphur content of these s oluti ons was 

det ermined by the recov...T.J.ended pr ocedure detailed in section 4 (page 106). 

This series of tests was performed under conditi ons closely 

approx:Una.t ing t hose i n a routi!1e labor atory ai"1C were perfor med over a 

period of several days. The temperature was not maintained constant 

a...id varied between 19° and 26°C. It is possible that :L-nproved pre­

cision would have been obtained lJ:· carrying out the determir.ations at 

a cons tant t emper ature but unfortur...atel~r thi s cot1ld not be tested. 

TI1e result s of the p~ecision deterni;~tions are recorded in 

Table XL~. These results revealed that the pr ocedure could det er­

mine down to 2·7 mg. s ulphur i n plant material with a coefficient of 

variation of 4•6fo. 
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TABLE llX 

THE PRECISION OF THE PROPOSED BARilJ.i.i CHLORANIIATE PROCEDURE 

Determination Sample weight Sulphur found. M-y (H- Y) z 
(n) (g.) (p.p.m.) -
1 1•057 2491 140 19600 

2 1· 015 2594 37 1369 

3 1•019 2631 0 0 

4 1·023 2571 60 3600 

5 1• Oct> 2500 131 17161 

6 1•025 2662 31 961 

7 1•027 2518 113 12769 

8 1•010 2842 211 44521 

9 1•027 2633 2 4 

10 1·017 2450 181 32761 

11 1•0(1) 2775 144 20736 
.. 

12 1•014 2784 153 23409 

13 1• 000 2707 76 5776 

14 1•015 2548 83 6889 
-

15 1•022 2762 131 17161 

n - 1 2631 206717 
= l4 (mean) = L:::<n - Y)

2 

-
The Standard Deviation (a) = jL:O·I - Y) 2 = 121·51 p.p.m. 

n- 1 

Coefficient of Variation (fa Std. Dev.) = l~~;f1 X 100 = 4•62 fo. 
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SU~~RY A}ID CONCLUSIO~. 

In an effort to find a more suitable routine method for 

determining su~phur in plant material than the BaS04 precipitation 

method, the following three methods vrere investigated; the indirect 

complexometric method involving the precipitation of the sulphate as 

BaS04 and titration of the excess bari~~ ions with standard EDTA 

(disodiQm ethylenediaminetetraacetate), the reduction of the stuphur 

to hydrogen sulphide and subsequent determination of the sulphide 

colorimetrically as methylene blue, and the precipitation of the sul­

phate as BaS04 with barium chloranilate and spectrophotometric meas­

urement of the liberated acid chloranilate ion. 

In the complexometric method, phosphate vre.s found to interfere 

seriously and the author was unable to remove this interference satis­

factorily. The method is thus not applicable to plant nnterial unless 

the phosphate concentration is very low and only an approximate figure 

for the sulphur content is required. vllien carried out in the absence 

of phosphate and in the presence of the &.S04 precipitate, tho percent­

age standard deviation was found to be 1• 02% nncl. in tho absence of the 

precipitate 1·60Yo. 

The methylene blue procedur e was found to bo satisfactory and 

extremely sensitive. The reduction mixture vias found to be the most 

sensitive factor and considerable care is required in its preparation. 

~Jdrogen sulphide in the air must be avoided and the colour development 

must be carried out at a constant temperature. The standard deviation 

-vras found to be 46· 40 p . p.m. for a sample containing 2680 p . p . m. 

sulphur, i.e. a percentage standard deviation of 1•73fo. 
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