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ABSTRACT

The ultimate objective of this research project was
to establish an HPLC method that allows the quantification
of most of the major components of a circulating Stretford
process liquor using one sample. The criteria that had to
be met were reasonable retention times, resolution approach-
ing 1.0 and quantitative results (ie. with an uncertainty in
the accuracy and precision of the results less than *

10%) . Ion chromdtography was the route chosen since the
major components of the circulating liquors are present as
either inorganic or organic anions. Ion pair chromatography
and ion exchange chromatography were the general method-
ologies investigated during the study.

Ion pair chromatography, specifically soap chromato-
graphy, was successful in the isolation of the NaSCN, NapySOy4
and Nay$S303 species of the circulating Stretford liquors.

It was unsuccessful in the quantitative separation of these
species. The method was abandoned in order to find a method
which could quantify these species as well as the other
components of the circulating liquors.

The ion exchange chromatography studies fell into
two categories, that being columns with a silica based

packing and columns with a polymer based packing. The

iii



silica based columns had a limited operating range of pH
for the analysis and the backbone of these columns degraded
at pH values exceeding pH 5.5. The polymer based ion
exchange columns had a much wider operating pH range and
allowed for the analysis of the Stretford liquors without
the need to change the pH of the solution.

The best possible method of analysis was the polymer
based technique. All of the components of the Stretford
liquors, with the exception of the ADA (anthraquinone
disulfonic acid) could be quantified in under 15 minutes.
The method provided quantitative results and very good

resolution between the species eluted.
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CHAPTER 1
INTRODUCTION
1.1 Setting

The Stretford process is a liquid redox desulfuriza-
tion technology used for the removal of hydrogen sulfide
from sour gas streams. A typical process flow diagram is
illustrated in Figure 1.1. It is an alternative to the
Claus process which involves the conversion of the HyS to
elemental sulfur and steam by reduction with oxygen. The
Stretford process is a less capital intensive technology
that can be applied directly. Thus, it is being considered
in the synthetic fuel area as a possible scrubbing techni-
que.

The Stretford process basically involves the
absorption of HyS into a circulating, aqueous base followed
by the oxidation of HS~™ to S° through a redox reaction
involving the reduction of V3* to v4*. The HS~ forms solid
sulfur and water at this stage. In a separate vessel, the
vi+ jg regenerated through the use of dissolved oxygen in
the presence of anthraquinone disulfonic acid (ADA).
Depending on the composition of the feed gas stream and on
operating conditions, various by-product ions can form in
solution, as well. Regular on line analysis of process

liquors could provide the information required for process



monitoring, and process control and optimization. No such

analytical methodology is available.



1.2 Overview of Current Analytical Methodologies

for Stretford Process Analyses

A Stretford process assay is comprised of many
parts. In order to do a full analysis the following streams
must be considered: the sour gas feed, the exiting sweet
gas, oxidizer vent gas, the melt tank vent gas, the liquid
waste, the solid waste, the product sulfur and the circula-
ting liquors. In order to obtain a better understanding of
the chemistry of the Stretford process precise and accurate
quantitative methods for the analysis of the circulating
liquor are necessary. Presented here is a review of past
and present methods commonly used to determine the composi-
tion of the circulating Stretford liquors.

Virgin Stretford ligquors are composed of
Naj;CO0g3/NaHCO3 (25.0 g/L as NayCO3), NavVOog (1.5 g/L as V),
trisodium citrate dihydrate (10.0 g/L) and sodium anthra-
quinone disulfonate (commonly known as ADA)(3.0g/L).
Ideally, the ADA should be the 2,7- isomer but an isomer
mixture is more commonly encountered. It is usually
composed of the 2,6- and 2,7- isomers, with varying amounts
of the 1,5-, 1,6- and 1,7- isomers present as well.

When HyS is passed through the Stretford liquor, the
end products are ultimately solid sulfur and water. The

solution is deep red to brown in color. Intermediate



species, such as polysulfides, and various by-products are
formed, however. The most common by-products are NapsSO4 and
NasS,03. The concentration of each range up to the solubil-
ity limit. If hydrogen cyanide is present in the feed gas
stream, NaSCN will also be produced. Most suites of
analytical methodologies for the Stretford process quantita-
tively analyze for all of the compounds noted thus far. In
as much as the analytical methodologies for the Stretford
process were established in the early to mid sixties for use
as quality control techniques in the coke making industries,
the method development approach taken was based on classical
techniques.

The standard method for the determination of the
NazC03 and NaHCO3 was developed by W.C. Holmes Ltd. (now
Peabody Holmes Ltd.).l1 The Stretford liquor is titrated
against a standard HyS04 solution with a pH meter indicating
the endpoint. The endpoint used is either that of methyl
orange, known as M-alkalinity, or that of phenolphthalein,
known as P-alkalinity. Methyl orange has a pKa of 3.46 and
a pH transition interval between 3.1 and 4.4. Phenolphtha-
lein has a pKa of 9.5 with a pH transition range from 8.0 to
9.8. The respective endpoints indicate the carbonate
bicarbonate reactions:

H* + HCOg~ ---> HyC03 for methyl orange



H* + C032~ ---> HCO3~ for phenolphthalein

Whether chemical indicators are used or not, the
method has drawbacks in addition to the visual interference
with the chemical endpoints. Other species are being
titrated as well as evidenced by a large buffer capacity at
pH 9.35. Interferences can result from a proton from
citric acid which has pKa values of 3.13, 4.76 and 6.40.
The vanadates can also participate in proton transfer
reactions. Depending upon the pH of the solution a variety
of reactions can take place with the vanadium. Possible
species are Vg0174~, V40924~, V3093, Hpvaop(4-D)-, vy0q2-,
HV042-, V043~ which occur at different pH's over the entire

pH range.2 A few of the possible reactions are:

2Hp0 + V043~ + H* ---> [VO3(0H)(H0)2]12"
2[VO3(OH) (H0)2]1%™ ---> Vy074~ + 5Ho0
2[VO3(0OH) (Hp0)2]12~ + H* ---> HV,093~ + B5H,0
(VO3 (OH) (H20)2]12~ + HV5073~ + 2H* ---> V3093~ + 4Hp0
2V3093~ + 2HY ---> Vg017%~ + HpoO

There is also the possible participation of the by-products

in proton transfer reactions. Typical pKa's are as fol-
lows3:
Compound pKa
HSCN -1.85

HpS,03 1.74



Compound pKa

HaSO4 -3, +1.96
H2S03 1.89, 7.21
HoS 7.05, 14.0
HyS3 -1.00
HS4 ™ 7.00
HS5~ 6.10

The pKa's of these by-products are in the range to allow for
proton transfer. The method is claimed to be accurate to
¥ 0.53 g/L NayCO3 and to * 0.84 g/L NaHCOgj.

The most common method used for the determination of
the tri-sodium citrate dihydrate has also been developed by
Peabody Holmes Ltd.4 It is a colorimetric technique in
which the citrate ion is reacted with acetic acid in
pyridine. Two mL of the Stretford liquor are reacted with 5
mL of concentrated HyS804 in order to remove the sulfides as
HoS and to remove the carbonates as COp. This is then
diluted to 100 mL with Hp0. One mL of this solution is then
added to 1.3 mL pyridine and 5.7 mL acetic anhydride at
32C. The reaction proceeds through acetocitric acid
r-anhydride which, in the presence of pyridine, gives a red
color visible at 420 nm. Ultimately, a polyvinyleneketo-
anhydride is formed with pyridine which also gives this red

color. The reaction sequence follows9:


http:Hs5-6.10
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This is a very temperamental method in that the
quality of the control of the temperature and laboratory
technique greatly affect the repeatability of the results
obtained. If proper care is not taken, the reaction will
not go to completion. Furthermore, the reaction is not very
specific since other compounds which may have hydroxyl
groups or double bonds can react in a similar manner.
Interference from vanadium species can be prevented by the
addition of NaSCN, if not originally present. This method
is claimed to be accurate to * 0.5 g/L tri-sodium citrate
dihydrate. It is, however, very labor and time intensive

requiring upwards of 30 minutes for each analysis.6



In the wet chemical analysis of vanadium the first
method to be considered is recommended both by Peabody
Holmes Ltd.7 and the British Gas Corporation.8 It involves
a redox titration. The indicator used is Analoid, a
commercial name for sodium diphenylamine sulfonate. The
Stretford solution is first acidified to remove the sulfur
species and carbonate.

€032-,8,032" S + S042~ + HpS

polysulfide, HS™ + COo
The vanadium is oxidized to V9* with KMnOg4.

HoO + 5V02* + MnOg4~ ---> Mn2+ + 5V0p* + 2H?
The V5* is then reduced with Fe2* as titrant.

2H* + VOt + Fe2* ---> Fed3* + v02* 4+ Hy0

The method is claimed to be accurate to * 0.02 g/L of
vanadium.® Possible interferences result if the HjS,
polysulfide and thiosulfate are not completely removed.
This method has drawbacks. When operating on the laboratory
or bench scale 50 mL of Stretford liquor may be a consider-
able fraction of the total liquors to use for one analysis.
Furthermore, the method is very labor and time intensive
requiring 30 minutes for each analysis.

An extraction technique that allows for the selec-
tive determination of V5+ has been established by Thornton,

of McMaster University-9 With this method the V5t is selec-



tively extracted into trioctyl phosphine oxide from the
Stretford liquors. It is then stripped from the trioctyl
phosphine oxide by a liquid-liquid extraction technique
using 0.5 M NayCO3. The optical density of the solution is
measured at 690 nm. Problems arise since at best only 87% *
5.5% of the V5* is extracted. Furthermore, the presence of
SCN™ and 0032" decreases the ability of the trioctyl
phosphine oxide to extract the V9* from the liquors. The
results tend to be on the low side. They are repeatable,
however. Thus, one can run standards to correct for these
deviations.

A potential new method based on an extraction and
the formation of an organic complex with the V5t has been
developed by Shcherbakova, et. al..10 a spectrophotometric
finish is used. There are many complexes which can be
formed and detected using a UV/Visible spectrophotometer.

In this particular case the vanadium forms a complex with
1~-phenyl-3-methyl-4-benzoylpyrazolone-5 (PMBP) in n-pentan-
ol. The V5* can be detected in the presence of V4* using
this method. It is potentially useful method since it shows
high sensitivity and allows for quick analysis.

To analyze for the ADA, Peabody Holmes Ltd. recom-
mends the reduction of it to anthrahydroquinone with NajS,0,4

followed by a spectrophotometric finish.11 The reaction.is


http:finish.11

10
monitored at 440 nm or 445 nm using a spectrophotometer and

is as follows:
— 0 - H- 0 - OH -
0zS SO3 _2 0 o) -
SRR € 8 AR
0 OH

Very little Stretford liquor is required for the assay (5
mL). The method is claimed to be accurate to * 0.2 g/L

and the time for analysis is roughly 15 minutes.® Possible
errors could arise from the incomplete reaction of the ADA
and by-products could result. These other species would
probably absorb in the same region as the anthrahydro-
quinone. One potential by-product of this reaction could

be:

0
||IIH::::I )
OH

The response factors for the various sulfonate isomers are

0<S

different from each other and this could affect the result-
ing absorbance. Other, though unlikely interference at 440
nm or 445 nm could result from citrate or the vanadate. The

by-products such as sulfide (HS™ Apzax:230 nm) (where Apax is



11
the absorption maximum), thiosulfate (Apgyx:215 nm) and thio-
cyanate (Apax:240 nm) all absorb at low wavelengths.

Typical absorbances for the polysulfides are as follows12:

Species Apax(nm)
ss2- 410

Sp82- 416,333,286
S3S82- 416,367,303

The above could very likely interfere at 440 nm or 445 nm.
As a note, one generally observes a decrease of ADA concen-
tration in the solution as the liquor is used but this does
not seem to affect the functional ability of the solution.

A potential technique to be considered is infrared
spectroscopy. This technique has been used to quantify the
2,6 ADA isomer since 1982. KBr pellets are formed and at
wavelengths 10.35 pum and 10.75 um transmissions are taken.
These are converted to weight percent 2,6-ADA by calibration
curves. It should be noted that the error associated with
quantitative IR is usually very large.

By-product analysis has generally focussed on
traditional methods. Peabody Holmes Ltd. analyzes for NaSCN
using a colorimetric technique.13 vyery little Stretford
liquor is needed and a 1:500 diiution is usually done.

FeCly is added to 10 mL of the solution and an Fe(SCN)g3

complex is formed.
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FeClg + 28CN~ ~--> Fe(SCN})s + 2C1°
This complex is detected spectrophotometrically at 470 nm.
The reaction has drawbacks since it is not stable in bright
light. Thus, the reaction should be quickly carried out.
Possible by-products could be FeS303, FeS04 and even a
vanadium complex with the iron, however, the sulfate and
thiosulfates can not be detected spectrophotometrically.
The advantages of this method are that very little Stretford
liguor is needed (1 mL) and the method is gquick, requiring
only 10 minutes. One disadvantage of this method is that
it is repeatable only to * 4.0 g/L.6
A common method for the analysis of NapS04 involves
the acidification of the Stretford liquors to remove the
carbonates and any sulfides.14
HCOz3~ + HY ---> Hp0 + COy
2H* + S2° ---> HyS
Formaldehyde is added to remove sulfite interference and
iodine is added to remove thiosulfate interference.
NaHSO3 + HaCO ---> HoC(OH)SO3 Na*t
285032 + Iy ---> S40g2° + 2I-
The sulfate is then precipitated out of solution as BaSO04.
BaCly + 8042~ ---> BaS04 + 2C1°
The BaSO4 is filtered off, dried and weighed. Interferences

could arise from unreacted thiosulfate ion reacting with the
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13
barium. Likewise, the sulfite ion and sulfide ion could
also react with the barium and precipitate out of solution
if not adequately removed. There rests a possibility that
the vanadium could react with the barium and form a precipi-
tate. The method is accurate to * 3 g/L and the analysis
time, that is for the operator, is said to be 5 minutes.®
The actual time for the reaction takes upwards of twelve
hours.

An indirect method to determine NasS04 follows on
from the determination of soluble fixed sulfur.1® The fixed
sulfur technique allows for the determination of the total
amount of sulfur in the liquors. The Stretford liguor is
reacted with NaOCl to oxidize the sulfoxy anions to sulfate.

S2- + 40C1l- =---> 4Cl- + 8042~
Any excess hypochlorite ion is decomposed with HCIl.

H* + HC1 + 0Cl- ---> Clga + H20
A measured amount of BaCl,; is added to react with the
sulfate

BaCly, + S042° ---> BaSO4 + 2C1-

The excess barium is then back titrated with EDTA using
Eriochrome black T as the indicator. The NajS04 is deter-
mined as the result after subtracting the NaSCN and NayS,03
which have been determined by other methods. This method is

presently used by Peabody Holmes Ltd. It has many draw-
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backs. If the dissolved salt concentration is small then
upwards of 250 mL of Stretford liquor are needed in order to
determine the NajS0,; concentration. The method is accurate
to * 0.6 g/L and the approximate analysis time is 60
minutes .6

The determination of total dissolved salts is an
important technique in by-product analysis. This method is
also used by Peabody Holmes Ltd.16 It basically involves
the collection of 10 mL of Stretford liquor, filtration and
then evaporation overnight at a temperature of 150 C. This
method is accurate to * 1% of the recorded total dissolved
salt.6

Some work is presently being carried out using Raman
spectroscopy as a possible technique to quantify the
by-products.17 Anp argon ion laser has been used with a slit
width ranging from 5.6 cm~1 to 27.8 cm~1, It has a detec-
tion limit of 8.64 to 8.97 g/L. A drawback to this method
is the high capital cost involved with the Art Jlaser and the
temperamental nature of present laser technology, thus,
limiting its scope in routine analytical chemistry.

The most common method used for the determination of
NayS,03 involves a back titration.18 It has been recom-
mended by Peabody Holmes Ltd. It is an I, titration where

thyodene powder has been added and one titrates the excess
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iodine with NayS503. The drawbacks to this method are that
it is labor and time intensive requiring 20 minutes for each
analysis. Interference problems can result from the vo+
which will oxidize the I. Thus, hydrazine is added prior
to the addition of the I, to reduce the V5* to V4*. This
method is accurate to * 0.3 g/L.6

Thus, traditional methods are time consuming and
labor intensive. No significant attempt has been made to
analyze various components of the circulating liquors from
one sample. Since these methods are based on wet chemical
techniques the possibilities of various sources of contamin-
ation and error arise. This could and does effect the
accuracy and the precision of the results currently obtain-

ed.

1.3 Some Potential Rapid Analyvtical Methodologies

for the Analysis of the Stretford Liquors

Chromatography, in particular HPLC seems to be the
most reasonable route to take to analyze for the various
components of the Stretford liquors. Since all of the major
Stretford components exist as either inorganic or organic
anions with the charge balance being provided, primarily, by

sodium ions, two possible chromatographic routes exist.
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They are ion pair chromatography and ion exchange chromato-

graphy.

1.3.1. Ion Pair Chromatography

The principles behind ion pair chromatography rest
in liquid-liquid extraction techniques. Ion pairs are
created using an appropriate counter ion. The counter ion
should have a long enough alkyl chain to allow for inter-
action with the organic phase while maintaining enough ion
character to allow for interaction with the species being
investigated or separated.

Atag + BTaq ---> ABorg
The ion pair will then favor the organic phase and thus a
phase equilibrium is facilitated. Since the ion pairs are
nonionic, they can be separated using either reversed phase
or normal phase chromatography techniques. The extent to
which these ion pairs are retained on the column is deter-
mined by many factors. One primary factor to be considered
is the degree of polarity of the ion pair formed for
reversed phase columns. A more polar ion pair will have
a greater affinity for the stationary phase and, thus, a
longer retention time.

An important variable involved in a separation is
the capacity factor, k'. It is defined as the ratio of the

number of moles of solute in the stationary phase relative
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to the number of moles of solute in the mobile phase. It
is also related to the retention times of the eluting
species relative to the retention time of the solvent front

ie. k' = (tg - tgy)/ty

where tp: retention time of species

ty: retention time of solvent front

It can also be expressed as

k' = Kp(Vstat./Vmob-)

where Kp is the equilibrium constant defined as:

Kp = [conclstat./[conclyep,
Vstat. = volume of stationary phase
Vmob. = volume of mobile phase

The selectivity, or separation factor, a, is another
important variable to be considered and is defined as the
ratio of the capacity factors for two adjacent peaks.

ie. @« = k'ag/k";

This ratio is so defined that the range of a values rests
between one and infinity with a better resolution resulting
from higher a values. In ion pair chromatography the mobile
phase will be defined as the mixture of two components.

They are the organic stock solution and the aqueous stock
solution. The organic stock solution is only composed of
methanol in this work whereas the aqueous stock solution is
composed of water, the buffer solution (HPO42~/H,P04”) and

the ion pair reagent (either cetyl trimethylammonium bromide



18
(CTMA) or tetrabutylammonium hydroxide (TBA)). This is
illustrated in Figure 1.3.1. Adjustment of the pH, the
mobile phase elution strength, the surface tension, the type
of stationary phase used and the temperature used in a
separation will allow for improvement in the selectivity,
resolution and column efficiency obtained in multicomponent
separations.19

Reeve, of Peabody Holmes Ltd., developed one of the
early methods to determine ADA using a reversed phase
HPLC technique.20 He used a Sil 60-D 10-CN column (25 cm
by 4 mm) with a combination of methanol and an aqueous
buffer comprised of 0.1 M NagHPO4 and 0.1 M KHyPO4 as the
eluent. A long alkyl chain in the ion pairing reagent
ensured that there was sufficient interaction with the
stationary phase. Reeve attempted to use two different ion
pairing reagents. They were cetyl trimethylammonium bromide
(CTMA) and tetrabutylammonium hydroxide (TBA) each at a
concentration of 0.1% w/v. A typical reaction with the
anions investigated would be the following.
Rg4N*Br~ ---> RyN* + Br-
Rg4N* + ADAZ~ ---> [ADAZ2-(R4N*),]

This ion pair complex would then interact with the station-
ary bonded phase. A UV detector at 254 nm was used to

detect the ion pairs.
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Reeve had limited success, however. When TBA was
used as the ion pairing reagent the retention time for the
prominent 2,7-ADA isomer was 37 minutes and the retention
time for the other isomers greatly exceeded 37 minutes.
CTMA provided a much more realistic retention time for the
2,7-ADA isomer. It eluted at 18 minutes with the other
isomers following there after. When analyzing for NaSCN and
Najs,03 the UV detector was set at 215 nm to allow for the
low wavelength absorbances of these species. TBA proved to
be unsuccessful for both the NaSCN and the NayS303 with the
NaSCN eluting at 13 minutes and the NajS203 eluting with the
solvent fromnt. Greater success was encountered with the
CTMA as the ion pairing reagent. Retention times of 3
minutes and 2 minutes were noted for the NaSCN and the
Nay3S,03 respectively.

Other limitations to this technique were extensive
tailing and poor peak shape with the thiosulfate peak.
Reeve was unable to detect NayS0O4 using a UV detector since
no chromophores were present. Thus, his technique was
limited to the detection of only the thiosulfate and the
thiocyanate anions found in the circulating Stretford
liquors aiong with ADA and ADA isomers.

Others have also attempted to use ion pair techni-

ques to guantify the ADA isomers. Union 0il used a 10 um
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Spherisorb ODS column (250 mm by 3 mm).21 They used TBA,

also, as the ion pairing reagent and used a fixed wavelength

{254 nm) UV detector. They claimed to have success in the
separation of the 2,7-ADA isomer. An accuracy of 3% and
precision of 3% were reported for the 2,7 isomer. The

accuracies for the other isomers were in the range of 10%.
Pure standards of all the isomers are difficult to obtain,
thus, calibration was difficult to carry out.

The North West Gas Board has also developed an ion
pair technique to analyze ELVADA samples (an industrial name
for a commercial isomer mix of ADA).22 A Hypersil-5um ODS
column was selected and used. Again a fixed UV detector was
used and their eluent was a combination of acetonitrile and
water with CTMA as the ion pairing reagent. This method is
relatively new (September 1985) and little data are avail-
able as to the quality of the method.

From the above results, one can conclude that ion
pair chromatography has a limited scope. At best only three
of the possible seven components of the Stretford liquors
can be separated let alone quantified. Furthermore, the
detector must be adjusted from 215 nm to 254 nm to facilit-
ate detection of the ADA. Thus, in order to simultaneously
detect the three species present two detectors must be used

which naturally increases the dead volume and, thereby,
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results in peak broadening as well. A conductivity detector
would be an alternative to a two detector system provided
that the background conductivity could be suppressed.

With this limited success in ion pair chromatography
it was thought wise to investigate ion exchange chromato-
graphy.

1.3.2. Ion Exchange Chromatography

There are basically two types of systems used for
ion exchange chromatography, suppressed and non-suppressed.
In anion analysis, suppressed systems use a low capacity
anion exchange column to separate the anions. A second
column with a strong cation exchanger then reduces the
conductivity of the mobile phase.

In ion exchange chromatography the mobile phase or
eluent consists of an aqueous stock solution. This stock
solution consists of water and an eluent anion such as the
phthalate anion and its appropriate counter ion. This is
illustrated in Figure 1.3.2.

Consider the eluent anion to be aqueous NaOH and the
samples to elute as halogens, X~. The reactions in the
separating column are

Resin-NRg*OH~ + Na*X~ ---> Resin-NRg*X~™ + Na‘tOH~
and in the suppressor column

Resin-S0g3-H* + Na*OH- ---> Resin-SO3 Na* + Hy0
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Resin-SOg3-H* + Natx~ ---> Resin-S03"Na* + HY + X~
The eluent anion, OH™, is converted to a neutral species,
HoO0, by the suppressor column and the only anion left to
detect is that of the halogen, X™. Thus, the conductivity
of the eluate is eliminated and the conductivity signal is
due to only the halogen anion.

Frequent regeneration of the suppressor column is
necessary to restore the proton to the SO3~ sites. This is
usually accomplished by flushing the suppressor column with
a base to remove the metal cation.

Sunden, et. al. developed a gradient method in 1983
for the separation of 8042”, 82032‘ and SCN~.23 A Dionex
system was used with two Dionex precolumns (4 mm by 50 mm)
in series serving as the separator column. An Amberlite AG
(6.7 mm by 300 mm) column served as the suppressor column.
The eluent system started at 4.8 mM NaHCO3 / 4.7 mM Na,;COg3
and the gradient finished at 7.2 mM NaHCO3 / 9.1 mM NajCOg3.
The detection system was a Conducto Cell with a Conducto
Monitor (LDC). The anions were effectively separated in
under 15 minutes, however, the thiosulfate peak did show
extensive tailing. A drawback to gradient analysis was the
equilibration time needed between sample runs. This allowed
for fewer analysis being run per day and increased the cost

per analysis.
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There were other drawbacks to the suppressed techni-
gque. These drawbacks resulted primarily from the suppressor
column. One significant problem was the band broadening of
the anion peaks which resulted from the added dead volume
due to the suppressor column. Another problem encountered
was that the suppressor column reguired periodic regenera-
tion to restore the ion exchange capacity of the column. A
third problem was that the eluents which could be used in
this system were limited to those which could be readily
protonated in the suppressor column itself.24 Use of a
non-suppressed system effectively eliminated these problenms.

Non-suppressed systems, generally fall into two
categories. Those using high capacity ion exchange mater-

ials and those using low capacity resin or silica based ion

exchange material. The reactions for either case are as
follows:
R3N+ + E- -——=> R3N+E—
RgN*E- + X~ ---> RgN*X~ + E~

where E: eluent anion, X: sample anion
The high capacity ion exchange packings have found limited
use with inorganic anion analysis since this high capacity
resulted in a strong interaction of the anion with the
packing material. Thus, a high ionic strength eluent anion

was then necessary to elute the sample anion. A high ionic
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strength eluate would result in the conductivity detector
being almost useless since the background conductivity is
very large, so large that the background signal cannot be
electronically suppressed. Therefore, electrochemical,
amperometric, UV and post-column reaction detection systems
could be used which would generally increase the cost of the
detection system.

Schmuckler et. al. in 1979 developed a low capacity
resin based anion exchange material.25 When a low ion
exchange capacity resin is used, a dilute eluent with an
eluent anion of low conductivity and ionic strength was
sufficient to elute the anions. Thus, a conductivity
detector could be used which could effectively suppress the
eluent conductivity with the electronic suppression avail-
able. The eluent anions which Fritz used were aromatic
aclds such as phthalic acid, benzoic acid and sulfobenzoic
acid in concentrations of approximately 1mM. Fritz achieved
separations of weakly retained anions such as F~, Cl1l~ and
Br~, however, the resin which he used was not capable of
allowing better resolution between more complicated mat-
rices.

Silica based low capacity anion exchange materials
provided better efficiencies for more complicated matrices.

The most common eluent anion used was phthalic acid and it
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sufficiently resolved the peaks due to sulfate and thiosul-
fate in natural water samples. A problem with silica based
columns is the limited operating pH range (ie. the silica
backbone of the packing material is stable only over a pH
range of pH 2 to pH 5§.5). Thus, to separate the Stretford
liquor anions the liquors must be adjusted from pH 8 to pH
3.5. It was attempted to try and use this technology in the
separation of these anions in circulating Stretford liquors.

In 1981 Dogan and Haerdi reported the successful
separation of HCOO-, C1~, NOy~, Br~, NOy~, S042~ and
$2032.26 pogan used a Vydac 302 IC column (250 mm by 4.6
mm), a precolumn (Wescan 269-003), a conductivity detector
(Wescan model 213), an injector (Rheodyne 7125) and a
Milton-Roy pump (model 396) with a pulse dampener. The
operation temperature was 300 C, With a mobile phase where
the eluent was sodium hydrogen phthalate at a concentration
of 4 mM and pH 3.9 and at pH 5.1 he was able to resolve the
anions in question down to the 0.1 to 0.2 ppm level using a
0.2 mL injection volume. The carbonate peak appeared as a
negative peak at pH 3.9 and as a positive peak at pH 5.1.
This negative peak could be due to the decreased conductiv-
ity of the carbonate relative to the phthalate anion. At
low pH the reaction could be

HCOg~ + Ht ———> HyCOg
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Thus, a neutral species would decrease the conductivity
relative to the eluent used.

Similar success was encountered by Stetzenbach and
Thompson in 1983 in their analysis of ground water for Cl—,
Br—, NO3~, I~ and SCN~-.27 They used a UV detector at 195 nm
and had a lower detection limit near to 50 ppb. Stetzenbach
and Thompson used a UV detection system since they felt that
the conductivity detectors were limited in their sensitivity
range (only good to 1.0 ppm) and the detectors are very
sensitive to temperature fluctuations. Stetzenbach and
Thompson used anion exchange columns such as the Whatman SAX
10 ym (250 mm by 4.6 mm) and a Brownlee 40 mm anion exchange
column. The mobile phase system used was 0.15 M KH,yPO4
buffer. The sample anions were all clearly resolved in 15
minutes or less. They were fortunate in their analysis since
all the sample anions which they were interested in had
significant absorbances in the range 190 nm to 240 nm.

Cochrane and Hillman showed in 1982 that the UV
detector was not limited to the detection of species
which absorb light.28 They showed that by using a UV
detector and a highly absorbing eluent anion one could
detect species (such as Cl1~, NOg~ and 8042‘) which had a
much lower or even zero absorbance at a particular wave-

length. They used a Vydac 302 anion exchange column and a
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UV detector set at 308 nm. The eluent anion which they
used was 5 mM KHP. The sample anions detected were non UV
absorbing or had a much lower level of UV absorbance than
the KHP. (Thus, the sample anions appeared as negative
peaks.) The Apax for KHP was 280 nm, however, 308 nm was
used since the zero suppression was not adequate at 280 nm.
When compared to the response factor for the conductivity
detector the UV detection response was found to be greater
by a factor of 5 to 30 depending upon the sample anion
investigated. The upper limit of the linear dynamic range
also increased for the sample anions investigated. For
example the upper limit for 8042“ was 80 ppm using conduct-
ivity and 100 ppm using UV detection. The detection limit
also decreased from 3 ppm to 0.3 ppm using a UV detector as
opposed to a conductivity detector.

Since some success had been achieved using ion
exchange techniques on inorganic anions Mistry, with the
suggestion of Peabody Holmes Ltd., attempted to use the
technique on the Stretford liquors to determine the vanadium
content.29 He used an Amberlite CG 400(Cl) column in the
sulfate form. The column measured 50 cm. He attempted to
use various eluent anions at different pH levels. Using 1M
(NHg4)2S04 at either pH 8.9 or 9.7 he was able to resolve the

vanadium and thiosulfate peaks from the solvent front and
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from each other. He had similar success using three
different eluent anions. He used 1M (NH4)gcitrate at one of
three different pH levels (pH 8.0, 8.9 and 9.7), or 1M
NaCl04 at pH 8.9 or 1M NaCl. He monitored the UV responses
at 254nm and, therefore, was only able to see those sample
anions with natural chromophores. Thus, at best he was
limited to the detection of possibly Navog, Napg8503, NaSCN
and ADA and the isomers of ADA. By using such high concen-
trations of eluent anions it was impossible for him to use a
conductivity detection signal since the background conducti-
vity could not be suppressed electronically using this one
column system.

Polymer based anion exchange columns have recently
come on the market and show great promise.30 Since the
backbone of the column is a polymer chain rather than a
silica chain it can withstand a far greater operating pH
range. With the Hamilton PRP-X100 column the working
pH range is from pH 1 to pH 13, far more versatile than a
silica based anion exchange column which has a working
range limited to pH 2 to pH 5.5. This polymer column would
be more suitable to the analysis of circulating Stretford
liquors since the natural pH of this solution is at approx-
imately pH 8.5 *1, Thus, lowering the pH of the liquors is

not necessary and the sulfoxy anions will not change.


http:promise.30

29

Many mobile phases with different eluent anions at
various pH levels can be used. A typical eluent anion used
for suppressed systems is NaHCO3/NapsCO3 which could now be
used for non-suppressed systems. A gradient system allowed
Sunden, Lindgren and Cedergren to separate sulfite, sulfate
and thiosulfate using a Dionex system.31 The concentration
of the eluent anion was low enough to be suppressed by
electronic suppression yvet high enough to facilitate a
separation. Concentrations ranged from 4.8 mM NaHCOg3/4.7 mM
NaCO3 to 6.9 mM NaHCO3/8.6 mM NapyCO3 as a final concentra-
tion. The separation was accomplished in 15 minutes.

A novel mobile phase for the separation of organic
and inorganic anions has been suggested by Okada and Kuwa-
moto.32 They used a non-suppressed system and potassium
hydroxide as the eluent anion. The anions which they
separated were F~, Cl1~, Br~, NO2~, and NO3~ to a detection
limit of 1.5 ppb, 2.5 ppb, 15 ppb, 15 ppb and 15 ppb
respectively. They also effectively separated weak organic
acids such as benzenesulfonic acid which with a pKa of 0.07
eluted at 5.97 minutes with an eluent anion concentration of
6 mM KOH.

Organic eluent anions such as benzenesulfonic acid,
citric acid and benzoic acid showed some promise. Fritz, Du

Val, and Barron compared many different organic eluent
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anions as to the retention times for various sample anions
ranging from Cl- to NO3~ to Cl103-.33 These three acids were
successfully separated and detected since reasonably low
conductances (ie. low background signals) and reasonable
retention times (ie. less than 15 minutes) resulted for the
above sample anions. The column used was a 500 mm by 2 mm
column filled with an unfunctionalized XAD-1 resin.

The pH range was low for these separations in the range of
pH 3 to pH 4.

The Hamilton Company has reported some work for the
PRP-X100 column in the separation of common inorganic anions
such as F~, Cl1-, NOg~, HPO4~ and S04~ using p-hydroxybenzoic
acid as the eluent anion at pH 8.6. The separation had been
carried out in less than 10 minutes. Similar success was
shown for the separation of F~, Cl~, NOs~, Br~ and CN~ in
under 6 minutes using 10 mM phenol at pH 10.1.34

Waters Scientific has shown some success using a
similar anion exchange column for the separation of citric
acid using 0.5 mM trimesic acid (1,3,5-benzene tricarbox-
vlic acid) at pH 8.6 in less than 15 minutes.35 Thus, many
possible mobile phases with different eluent anions exist
for the separation of some of the components of the Stret-

ford liquors.
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1.4 Statement of Problem and Approach to Solution

In the present analysis of the circulating Stretford
liquors wet chemical analysis is still the industry stand-
ard. A fundamental drawback to the use of wet chemical
methods is that a mass balance on the sulfur cannot be
accomplished. Also, the results do not lead to a successful
charge balance. Additionally, the total dissolved salts
results do not equal the results of the combined values of
the masses of the salts. The methods give, consistently,
sulfur results that underestimate the feed amounts by
approximately 15%. Thus, there is a large systematic error
in the present analytical techniques. The reliability of
the present approach is, therefore, in question. Other
drawbacks to wet chemical techniques are that different
sample sizes must be used for each analysis, the time per
analysis varies and the overall analysis time is relatively
long.

Since ion exchange and ion pair chromatography
techniques are well established these may be possible
routes to investigate in order to reduce the variability and
decrease the uncertainty associated with the present
techniques. Chromatographic analysis may allow for many of
the components of the circulating Stretford liquors to be

quantified in the same analysis, thus, reducing the time and
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cost for each component. HPLC techniques may also lead to
more sensitive detection levels not currently attainable
with the wet chemical methods.

Ion exchange techniques may show greater promise
than ion pair techniques since both polymer and silica based
anion exchange columns are available. This would allow for
a much wider pH range to be investigated and could possibly
allow one to quantify the components of the circulating
liquors at their natural pH.

The goals of this research project were to gain
insight into the total analysis of the Stretford liquors
using HPLC techniques. Ion pair techniques will be investi-
gated since they showed some success in the analysis of the
NaSCN and the NapS303 in the Stretford liquors as well as in
the analysis of ADA isomers. Ion exchange chromatography
will be investigated both at low pH and at higher pH. Low
pH ion exchange chromatography will be investigated since
water samples containing many of the components of the
Stretford liquors have been successfully determined at low
pH levels. High pH ion exchange chromatography will be
investigated since the pH of the circulating Stretford
ligquor is at a pH of approximately 8.5 and it would be
advantageous to analyze the liquors without the need to

adjust the pH. Adjustment of the pH could lead to a change



in the form of the sulfoxy anions.
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Figure 1.1 Flow Diagram of Stretford Process.
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Figure 1.3.1 Mobile Phase Composition for Ion

Pair Chromatography.
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Figure 1.3.2 Mobile Phase Composition for Ion

Exchange Chromatography.
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EXPERIMENTAL DETAILS



CHAPTER 2
EXPERIMENTAL DETAILS

Three different techniques were used in the attempt
to separate and quantify the components of the circulating
Stretford liquors. These were ion pair chromatography using
a Chrompack $il1-60-D-10CN (250 mm by 4.6 mm) column, ion
exchange chromatography using a silica based Wescan Anion
Column (#269-001) (250 mm by 4.1 mm) and ion exchange
chromatography using a polymer based Hamilton PRP-X100 Ion
Chromatography column (#70433) (250 mm by 4.1 mm). The
difference between the two ion exchange columns rested in the
fact that the Wescan column was a silica based ion exchange
column whereas the Hamilton column was a polymer based ion
exchange column. This allowed for a wider pH range to be

studied.

2.1. Ion Pair Chromatography

This technique was used in the separation of the
NaSCN, NayS,03, NapsS04 and the NaygS. The technique was
similar to that used by Pitts36 for the isolation and
separation of the 2,7-ADA and the other isomers.

The eluent consisted of a mixture of methanol and an
aqueous buffer solution. The buffer solution was prepared in

distilled, deionized water with a concentration of 0.016 M

37
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KHoPOy4, 0.004 M NagHPO4 and 0.1% (w/v) cetyltrimethylam-
monium bromide (CTMA). The eluent mixture was 47.5% methanol
to 52.5% buffer solution (v/v).

The eluent was combined and filtered through a cellu-
lose acetate membrane filter (pore size 1.0 um). The eluent
was pumped by a single piston, reciprocating, constant
displacement pump through the Chrompak column at approxim-
ately 1.2 mL/min.. A pulse dampener was connected between
the pump and the injection loop valve. A silica precolumn
was installed between the pulse dampener and the injection
loop. (The guard column was packed with Whatman CO:PELL PAC
(#4103-010).) The analytical column, eluent reservoir and
conductivity detector were insulated with styrofoam insula-
tion to prevent temperature fluctuations in the conductivity
response. A UV detector set at 215 nm was placed in series
after the conductivity detector. The sample loop had a
volume of 10 uL. The separation was carried out at room
temperature.

Samples for analysis were prepared in the following
manner. A 25.00 mL sample of the circulating Stretford
liguor was taken. This sample was put into a petri dish and
dried at 100 C overnight. A known quantity of NaSCN (approx-
imately 0.025 g) was added to this sample and it was then

redissolved in 25.0 mL of eluent. A 10.0 mL sample was then
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taken and injected into the amalytical column through a 0.2

pm pore size filter, sample loop size 10 uL. A second 10.0

mL was taken and to it were added NayS0O4 (approximately 0.01

g) and NazS,03 (approximately 0.01 g). This too was filtered

through a 0.2 pum pore size filter and 10 uyL was injected

onto the analytical column.

Identification of the components was accomplished by

comparison with individual component injections. The area of

the component peaks was determined by measurement of the

height and the width at half peak height.

The following reagents were used in this study:

Anhydrous NagHPO,4
(Reagent Grade)

KH,P0O4 (monobasic)
({Analytical Reagent)

Cetyltrimethylammonium bromide
({Laboratory Reagent)

Anhydrous NayS04
(Reagent Grade)

NaSCN
(Reagent Grade)

Anhydrous Nay$,03
(Certified)

2.2. Jon Exchange Chromatography:

Baker and Adamson
(New York, N.Y.)

BDH Chemicals Ltd.
(Toronto, Ont.)

BDH Chemicals Ltd.
(Poole, England)

J.T. Baker Chemical Co.
(Phillipsburg, N.J.)

J.T. Baker Chemical Co.
(Phillipsburg, N.J.)

Fisher Scientific Co.
(Fair Lawn, N.J.)

Silica Based Technique

This technique allowed for the separation and quanti-

fication of the NaSCN, NayS04 and the NayS,03 found in the
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circulating liquors. The separation was monitored with a
conductivity detector. The eluent consisted of a 5 mM
solution of KHP dissolved in distilled, deionized water. The
pH of the eluent was adjusted to pH 3.55 * 0.05 with a
saturated solution of phthalic acid (also prepared in
distilled deionized water). This solution was then filtered
through a cellulose acetate filter (0.8 um pore size). The
solution was degassed using an ultrasonic bath.

A "synthetic" Stretford solution was then prepared
containing 3.0 g/L purified ADA, 25.0 g/L NayC03, 10.0 g/L
tri-sodium citrate dihydrate and 1.5 g/L NaVOg. This
solution was used in the preparation of the calibration
solution.

A spiking solution was prepared containing known
concentrations of approximately 6 g/L NaSCN, 6 g/L NajySO4 and
5 g/L NaySp03 in eluent. Aliquots of this solution (0.50 mL,
2.00 mL and 3.00 mL) were added to exactly 10.00 mL of the
synthetic Stretford solution. The pH of this solution was
adjusted to pH 3.5 to pH 3.6 using a 1:10 HC1l solution. The
volume of this solution was further adjusted to exactly 25.0
mL with eluent. The sample was injected onto the Wescan
anion exchange column through a 0.2 um pore size cellulose

acetate filter and a 50 uL sample loop. A calibration curve
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was plotted with area (by measurement) versus amount of
anion injected.

The actual Stretford sample was prepared in a similar
manner. A 10.00 mL sample of the circulating liquor was
taken and adjusted to pH 3.5 to pH 3.6 using the 1:10 HCI]
solution. The volume of this solution was then adjusted to
exactly 25.0 mL using eluent. This was filtered (0.2 um pore
size cellulose acetate filter) and injected onto the column
through a 50 pL sample loop. The concentration of the
anions was determined from area calculations.

The eluent was pumped through the Chrompak column at
approximately 2.0 mL/min. by a single piston, reciprocating,
constant displacement pump. A pulse dampener and silica

precolumn were connected between the pump and the injection

loop valve. The separation was carried out at room tempera-
ture. The guard column consisted of a Whatman Pre-Column Gel
(#4191-015). The analytical column, eluent reservoir and

conductivity detector were insulated with styrofoam to
prevent temperature fluctuations in the conductivity re-
sponse.

Identification of the components was accomplished by
comparison with individual component injections. The area of
the component peaks was determined by measurement of the

height and the width at half peak height.



The following reagents were used in this study:

Anhydrous NayS04
(Reagent Grade)

NaSCN
{Reagent Grade)

Anhydrous NayS$504
(Certified)

Potassium Hydrogen Phthalate
(Analytical Reagent)

Phthalic Acid
(Reagent Grade)

N62C03
(Reagent Grade)

NaV03
(Laboratory Grade)

Sodium Citrate, Dihydrate
{Reagent Grade)

Hydrochloric Acid
(Reagent A.C.S.)

2.3. Ion Exchange Chromatography:

J.T. Baker Chemical Co.

(Phillipsburg, N.J.)

J.T. Baker Chemical Co.

(Phillipsburg, N.J.)

Fisher Scientific Co.
(Fair Lawn, N.J.)

BDH Chemicals Ltd.
(Toronto, Ont.)

BDH Chemicals Ltd.
(Poole, England)

J.T. Baker Chemical Co.

(Phillipsburg, N.J.)

BDH Chemicals Ltd.
(Poole, England)

J.T. Baker Chemical Co.

(Phillipsburg, N.J.)

Fisher Scientific Co.
(Fair Lawn N.J.)

Polvmer Based Technique

This technique was used to separate and quantify

selected components of the circulating Stretford liquor at

their natural pH (ie. pH 8 to pH 9). This was attempted

using the polymer based Hamilton PRP-X100 anion exchange
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column which was connected to the same HPLC system described

in section 2.2. The only significant changes were that the
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tubing leading to and from the analytical column were also
insulated with styrofoam. No silica precolumn was used since
the separation was at high pH. No guard column was used
since the PRP-X100 was still a relatively new product and a
compatible guard column packing for use at high pH was not
yet available.

To facilitate a separation, the eluent used was 25 mM
phenol adjusted to pH 10.15 ¥ 0.05 with a 2 M solution of
sodium hydroxide. Both of these solutions were prepared in
distilled, deionized water. The eluent was filtered through
a cellulose acetate filter (pore size 0.8 uym) and degassed in
an ultrasonic bath.

A calibration solution was prepared in the eluent and
consisted of 25.0 g/L NayCO3, 10.0 g/L tri-sodium citrate, 5
g/L NaVOg, 1.0 g/L NayS303, 1.0 g/L NaySO4 and 1.0 g/L
NaSCN. Aliquots of this solution (0.50 mL, 2.00 mL and 3.00
mL) were taken and diluted to 10.0 mL with eluent. These
samples were injected through cellulose acetate filters (pore
size 0.2 puym) and a 50 nlL sample loop onto the analytical
column

The above yielded a calibration curve with area
plotted against concentration of the anion in question. Area
calculations were accomplished through the measurement of the

peak height and width at one half of the peak height.
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The circulating Stretford liquor was analyzed in a
similar manner. A 1.00 mL sample of the Stretford liquor was
taken and diluted to 10.0 mL with eluent. This sample was
then injected onto the analytical column through a cellulose
acetate filter (pore size 0.2 um) and a 50 uL sample loop.
Once again the area was calculated and the concentration of
the components were determined from the calibration curve.

The following reagents were used in this study:

Anhydrous Na3S04 J.T. Baker Chemical Co.
(Reagent Grade) (Phillipsburg, N.J.)
NaSCN J.T. Baker Chemical Co.
(Reagent Grade) (Phillipsburg, N.J.)
Anhydrous Na3S,03 Fisher Scientific Co.
(Certified) (Fair Lawn, N.J.)
NapCog J.T. Baker Chemical Co.
{Reagent Grade) (Phillipsburg, N.J.)
Navog BDH Chemicals Ltd.
(Laboratory Grade) (Poole, England)

Sodium Citrate, Dihydrate J.T. Baker Chemical Co.
(Reagent Grade) (Phillipsburg, N.J.)
Phenol Merck and Company, Inc.
(Reagent Grade) {Rahway, N.J.)

Sodium Hydroxide BDH Chemicals Ltd.
(Analytical Grade) (Toronto, Ont.)

2.3.1. Linear Dynamic Range Studies

A suite of standard solutions with concentrations of

NaCO3 (2.5 g/L), NaySO4 (0.10 g/L), NavOog (0.15 g/L),
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NasSp053 (0.10 g/L), NagCitrate (1.0 g/L) and NaSCN (0.10
g/L) were prepared. Aliquots of the calibration solution
(0.01 mL, 0.02 mL, 0.03 mL, 0.56 mL, 1.00 mL, 2.00 mL, 3.00
mL, 5.00 mL and 6.00 mL) were taken and diluted to 10.0 mL
with the eluent. These samples were then analyzed according

to the method described in section 2.3.

2.3.2. Eluent Concentration and pH Adjustment

A variety of concentrations of the phenol in aqueous
solution was prepared in distilled, deionized water. The
concentrations were 25 mM, 30 mM and 35 mM phenol. The pH of
these eluents was adjusted to set point values at intervals
between pH 9.7 and pH 10.2. A sample consisting of the 1.00
mL calibration solution was prepared and injected according
the method of section 2.3. The retention times and resolu-

tion were then calculated.

2.3.3. Preparation of Various Eluents

A variety of different eluents were prepared in
distilled, deionized water. The eluents are listed in Table
2.3.3.1 including the pH of the eluent used. Individual
components of the Stretford liquors were prepared in the
concentration used in section 2.3. A solution of NaCl (0.1

g/L) was prepared to determine if a reasonable retention time
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could be expected for the Stretford components. All samples

injected were prepared in the appropriate eluent.

2.4. Spectrophotometric Study

Individual samples of the anions found in the
Stretford liquors were prepared in a 25 mM solution of phenol
at pH 10.15. The concentrations of the anions were NasCoOg
(25 g/L), NayS04 (1.2 g/L), NavVOg (1.5 g/L), NapSp03 (1.4
g/L), tri-sodium citrate (10 g/L), NaSCN (1.5 g/L) and ADA
(3.0 g/L). The concentrations were chosen to be those used
in the calibration curve studies and are typical of those in
the circulating liquors.

An HP 8451A diode array spectrophotometer was used
over the wavelength of 190 nm to 820 nm. The phenol was run
with distilled, deionized water as the reference and all

other samples were scanned with the phenol as the reference.



TABLE 2.3.8.1
ELUENT CONDITIONS

ELUENT CONCENTRATION pH
COMPONENT (* 0.05)
NasCOg 3 mM
NaHCOg4 2.4 mM
NagCOg 1.5 mM 9.80
NaHCOg 1.2 nM
NaoCOg 4.8 mM 10.00
NaHCOg 4.7 nM
KOH 5.79 mM 11.50
Sulfobenzoic 0.5 mM 8.80
acid
Sulfobenzoic 0.5 mM 10.00
acid
Sulfobenzoic 10 mM 8.30
acid
p-Hydroxybenzoic 10 mM 8.55
acid
p-Hydroxybenzoic 10 aM 9.50
acid
p-Hydroxybenzoic 10 mM 10.00
acid
KHP 5 mM 10.10
p-Hydroxybenzoic 10 mM 10.05
acid/phenol 20 mM
Phenol 10 nM 10.13
Phenol 20 mM 9.00
Phenol 20 nM 9.50
Phenol 20 mM 10.00
Phenol 30 mM 9.00
Phenol 30 mM 9.50
Phenol 30 mM 10.00

Phenol 35 mM 9.90

417
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Wet chemical techniques for Stretford liquor
analysis are limited in that they are time consuming,
there is a variability in sample size depending upon which
species 1s being investigated and the sum of the total anion
charges does not equal the sum of the total cation charges
found by the analysis. Also, the analytical results do not
sum to the total dissolved salts. This results in
uncertainty in the analytical results produced. One cannot
optimize the conditions in the Stretford process without
complete knowledge of these components. HPLC techniques
seem to be a viable alternative to wet chemical methods
since they may allow for many components of the circulating
Stretford liguors to be quantified in the same analysis.
HPLC would also reduce the time and cost for each component
analysis. As well, it could lead to a detection level lower
than currently attainable with wet chemical methods. Thus,
the purpose of this project was to gain insight into the
various HPLC techniques which could be applicable to the

analysis of the circulating Stretford liquors. Such
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techniques as ion pair chromatography and ion exchange
(both polymer and silica based packings) will be considered.

virgin Stretford liquors contain vanadium (IV and V)
in various anionic species, 0032‘, HCO03~, citrate, OH~ and
ADA. The charge balance is primarily maintained by Na*t.
Liquors in use also contain by-products of the oxidation of
HS™ to elemental sulfur, such as polysulfides, 8042” and
32032”, and SCN~- if hydrogen cyanide is present in the feed
gas. An ideal method would allow the isolation and quanti-
fication of all of these species in one sample. The highest
priority is assigned to the quantification of the
by-products. An accurate account of their levels allows one
to optimize the reaction conditions and to reduce or
eliminate the by-product streams. The next important
components to be analyzed are vanadium, as V(IV) and
V(V), and the ADA since each participates in the redox
reactions that oxidize HS~™ to elemental sulfur and that
regenerate the solution. Lowest in priority is the quanti-
fication of the trisodium citrate dihydrate and the NayCO0g3.

A successful method allows for the quantifica-
tion of each of the above species. HPLC techniques are the
preferred route due to their previous success in anion
analysis. The criteria for success are as follows. A

Gaussian, or near Gaussian, peak shape, well separated from
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others, is attained in a reasonable time for each species.
A retention time in excess of 15 to 20 minutes is considered
too long since, on a practical level, this would decrease

the number of analysis a technician could be capable of

accomplishing in one day. Less than 10 minutes would be
considered ideal. The next factor to be considered is the
reliabllity of the results. An accuracy and precision

better than * 10% relative should be the goal since data at
these levels are suitable for process analysis, control and
optimization. A final criteria to be considered is the
resolution between the species eluting. Resolution (Rg) is
defined as the following ratio:

Rg = (tpz - tpy)*2 - (JN) (k') (a - 1)
(tw1 + tye (k' - 1)

where tgy and tgRp are the retention times of the two peaks
under study, ty; and tyz are the width of the peaks and N is
the theoretical number of plates. Ideally a resolution of
1.0 or better is sought since 98% of the two peaks in
question would then be resolved. This leads to much better
levels of accuracy and precision in the guantitative results
obtained. Thus, the cpiteria of peak shape, retention time,
resolution and repeatability must always be kept in mind
when developing a method.

The approach taken was to investigate ion pair and

then ion exchange methods. The ion pair route was attempted
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first since Mistry, under contract to Peabody Holmes Ltd.,
used this technique to quantify both NaSCN and NaVO3 in the
circulating Stretford liquors. Ion exchange methods,
especially low pH methods, were then considered since they
showed some degree of success in the analysis of NasS04,
Nas85,03 and NaSCN in ground water samples.37 High pH
methods were investigated since the pH of the circulating
Stretford liquor is at a pH of approximately 8.0 and it
would be advantageous to analyze the liquors without need
for pH adjustment. Changes in the pH could lead to changes
in the speciation and amounts of the sulfoxy anions of the

by-products and in the vanadium catalyst.
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3.1. Ion Pair Chromatography

After reviewing the principles of ion pair chromato-
graphy, two possible models could be postulated to control
the separation process.38 One model involves the formation
of a neutral organic species with the counter-ion. This
species was separated by the variation of the concentration
of the organic component in the eluent. The typical
reactions were as follows with cetrimide (CTMA) as the
ion-pairing counter-ion:

CTMA* + X~ " (CTMAX)gaq

—_—

(CTMAX)aq SV (CTMAX)org
The basis of a second possible model is essentially that
involved in a typical ion exchange process. In this model

the counter-ion coats the stationary phase and the anion

exchanges with the secondary ion. The buffer solution

provides the secondary ion. This is illustrated as follows:
-R-CN(CTMA*HPO4~) + X~ ---> -R-CN(CTMA*X~) + HPOy4~
-R-CN(CTMA*X™) + HPO4~™ ---> ~R-CN(CTMA*HPO47) + X~

This second model is the more accepted version for soap
chromatography because this approach accounts for the
observed role of the secondary ion in the mobile phase.

A reverse phase column (Sil-60-D-10CN)} was chosen as
the analytical column since Pitts had some success with this

column in the analysis of ADA and NayS04. The detectors
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which were used were a UV/Visible detector set at 210 nm and
a conductivity detector connected in series. Both detectors
were used since species that had no natural chromophores and
would not appear on a UV detector could be detected by a
change in the conductivity of the solution.

In the design of an experimental approach to method
development the experimental variables which could be
considered are the counter-ion identity, the counter-ion
concentration, the solvent polarity, the buffer concentra-
tion, the ionic strength, the pH of the solution and the
temperature. Of these possible variables the identity of
the counter-ion, its concentration, the pH and the tempera-
ture were held constant. Thus, the only variables which
remained to be altered were the polarity of the mobile phase
and its ionic strength.39

The counter-ion is generally responsible for
changes in the solvent strength of the solution. This is
usually accomplished through changes in its concentration.
By increasing the CTMA concentration one could effectively
increase the capacity factor, k' of the separation. A
change in the number of -CHy groups in the alkyl chain of
the counter-ion would significantly change the selectivity
of the separation. This was evident through the consider-

able difference in the separations achieved when using TBA
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rather than CTMA. From previous literature CTMA gave
shorter retention times than TBA for disulfonic acids,
therefore, it was chosen. These differences have been
explained in the section 1.2.

Methanol served as the organic component of the
mobile phase and was responsible for changes in the solvent
polarity. By increasing the methanol concentration the
capacity factor, k' decreased. In ion pair chromatography,
the solvent strength played a different role than in most
chromatographic separations. The solvent strength was
responsible for how well the ions and the ion pairs could be
dissolved and stabilized.

One purpose which the secondary ion served was to
control the ionic strength of the solution. By increasing
the concentration of the NaHPO4 the ionic strength of the
mobile phase would increase and the k' would decrease since
the ions would have a greater affinity for the mobile phase

rather than the stationary phase ie., k' is defined as

k' Kp(Vstat./Vmob.)

and

Kp [conclgrat./lconcipop.
In most cases, pH would play a crucial role in the
separation. The pH was controlled by the ratio of NaHPO4 to

K2PO4. Since the pKa's of the various anions were all under
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pH 4.0 (as seen in the introduction) and the mobile phase
pH was approximately at pH 6 to pH 7 the pH of the mobile
phase did not play a significant role. Therefore, the
mobile phase pH did not aid in the ionization of the species
to be separated and was held constant to reduce the back-
ground conductivity signal.

The temperature was fixed for convenience sake. In
general, though a higher temperature would yield a lower
retention time since temperature would increase the
selectivity, «.

In the experimental design, a standard addition
approach was taken. To accomplish this, the sample was
injected onto the analytical column. A second aliguot of
sample was spiked with known quantities of the species in
guestion and injected. This allowed one to determine the
initial concentrations of the species.

By using a standard addition approach the possibil-
ity of interference (ie. peak overlap) caused by the
presence of an internal standard was eliminated. The
concentration of the species was determined by relating the
resulting change in area of the peak to the concentration of
the spike. The area of the peak was determined through
measurement of the peak height and the width at half the

peak height (See Appendix 2 for definition). This method



56
was successful in the separation and determination of the
Najs, NayS0O4, NaSCN and NazS203.

The detection system which was used was a UV/Visible
spectrophotometer adjusted to 210 nm in series with a
conductivity detector. The spectrophotometric detection
allowed for the detection of the chromophores associated
with Nags, NaSCN and NaySp03. Since NapS04 did not have any
chromophores the conductivity detection system allowed for
the detection of this species. This detector also allowed
one to detect the NaHCOz which was found in the mobile
phase. The conductivity detector was placed prior to the
UV/Visible detector since the dead volume associated with
this detector was smaller than the dead volume associated
with the UV/Visible detector. A lag time would occur and
this would result in band broadening since the mobile phase
and samples could remix in this period of time had the
detectors been placed the opposite way in series.

In the preliminary experiments, the buffer solution
was prepared at a concentration of 0.1 M NasHPO4 and 0.1 M
KH2PO04. This gave a high ionic strength for the mobile
phase solution and also had an adverse effect on the
conductivity detection system, that is a large background
signal. Various ratios of buffer solution to methanol were

attempted ranging from 65% buffer to 55% buffer. At high
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ratios of buffer to methanol the analyte or sample anions
eluted slowly and gave asymmetric peaks with extensive
tailing whereas with a lower ratio the sample anions eluted
with the solvent front. The aqueous stock solution of the
mobile phase was lowered in concentration to 0.004 M NagHPO4
and 0.016 M KH2PO4. With a ratio of 54% methanol to 46%
buffer individual samples of the species were prepared and
injected. A retention time of 6 minutes was obtained for
NaSCN, 8 minutes for NajsS,;03 and 5 minutes for NajSO4 and
all of the peak shapes were Gaussian. When a mixture was
prepared there was a loss of resolution. This could not be
explained. The mobile phase was adjusted to 47.5% methanol
and 52.5% buffer to improve the resolution.

Since a water peak showed interference in the range
where the species eluted the actual circulating liquor
samples were taken to dryness and redissolved in the eluent
prior to injection. These raw solutions were not diluted
prior to injection. Freeze drying was also attempted,
however, the apparatus was not successful in removing all of
the water and this technique was not further investigated.

A more practical solution would have been to dilute the
sample with a concentrated stock of eluent. This would have

significantly reduced the interference due to water.
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Thus, the final approach which was used to analyze
for the species was a mobile phase at 47.5% methanol and
62.5% for the aqueous portion and the sample was oven dried
and then redissolved in the mobile phase.

Two different methods could be used in the quanti-
fication of the species present, namely standard addition
or calibration curve. The standard addition approach was
used since any matrix effects would be reduced

Two approaches were taken to select the internal
standard. The first was to use the species which would be
least common in the circulating liquors, that being the
NaSCN which was only present if hydrogen cyanide were
present in the feed gas. The second approach was to use a
species present which would not be a by-product. This
pointed to the use of the NaHCOg3 peak as the internal
standard. Since the NaHCO3 was seen only by the conductiv-
ity detection system it was used as the internal standard
for the NayS04 and the NapSp03. The NaSCN was detected in
both systems and was used as the internal standard for the
UV/Visible detection system. It allowed for the determina-
tion of the NajzS and the NaxSy03.

Comparison of the NayS,03 concentration calculated
from the NaHCO3 and NaSCN internal standards showed a

difference of about 25%. This difference is due to error
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resulting from the use of NaHCO3 as an internal standard.
One did not have control over the concentration of the
carbonate/bicarbonate buffer solution due to dissolved COgy
in the solution. Since the liquors were taken to dryness
and redissolved in the mobile phase further loss of control
of concentration resulted. Thus, carbonate/bicarbonate was
a poor choice as an internal standard and another species
should have been used as the internal standard in conduct-
ivity detection.

The resolution between NajS303 and NaHCOg in
the conductivity detection system and between NaSCN and
NasS203 in both conductivity and UV/Visible detection
systems presented a problem since they were poorly resolv-
ed. Before spiking with aliquots of NayS, NayS04 and
NayS503 the resolution between the species was adequate but
after spiking it decreased significantly. A decrease in the
polarity of the mobile phase would lead to larger k' values,
however, the peaks broadened and the retention times
increased to the point that the areas could not be
accurately determined and the analysis time was signifi-
cantly increased.

A compromise was made between resolution and
analysis time favoring a shorter analysis time. Typical

chromatograms are provided in Figure 3.1.1 and Figure
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3.1.2. These figures show a typical circulating Stretford
liquor sample AHT 020 before and after spiking (ie. APH150-
062685 and APH152062685 respectively) with known aliquots of
the anions involved. Retention times and resolutions for
the species present are listed in Table 3.1.1. Note the
significant decrease in the resolution between the NaSCN and
the NazS,045 after spiking. This effect could not be
explained. Quantitative results for the species are listed
in Table 3.1.2 for a typical Stretford solution (ie. AHT
020). An attempt to use this sample as a quality control
standard was unsuccessful because it showed a wide range in
the 95% confidence interval; thus, quantitative control was
not evident,.

Ion pair chromatography is recommended for the
separation of species which are very polar and that have
multiple ionization states or are strongly basic species.40
Since the components of the circulating Stretford liquors
met most of these requirements it was considered a reason-
able route to follow. Furthermore, previous work had been
done on very ionic and polar compounds such as the amino or
hydroxy sulfonates of naphthalene with soap chromatography.
Standard LC methods could not separate these species,

however, soap chromatography (using CTMA as the counter-ion)
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resulted in separations with fairly good resolution and band
shapes.

This route to the analysis of Stretford liquors had
a limited scope since NaSCN could not be determined but had
to be used as an internal standard. Furthermore, resolution
was inadequate at best. Change in pH had no effect on the
separation and a change in the counter-ion concentration
also had no effect since the species were all fully
ionized. A change in the secondary ion might provide for
better resolution, however, it would lead to a larger
background conductivity which would 1imit the usefulness of
this detector. Thus, of all the parameters available to
change only the solvent polarity could be altered to allow
for detection and separation. This was altered and did not
allow for adequate resolution, therefore, a different route

was attempted.
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3.2. lon Exchange Chromatography

Ion exchange techniques are well established and
have been used in HPLC systems for many years. Their most
common use has been in the analysis of organic acids and
bases. The technique could also be applied to inorganic
anion analysis. Since the main species present in circulat-
ing Stretford liquors are the anions of inorganic salt
species this seems to be a reasonable route to investigate.
Thus, the technique of ion exchange chromatography was
applied to the analysis of the by-products (NayS04, NaySjy0g3
and NaSCN)} as well as to the components of the virgin
Stretford liquors (NaVOg, ADA, tri-sodium citrate dihydrate
and carbonate/bicarbonate).

For any ion exchange method there are basic vari-
ables to consider which will elicit an observable res-
ponse in the separation. They are the identity of the
column, the nature of the species present in solution and
their concentrations, the pKa values and ionic strength of
the eluent anion, the temperature of the analysis and the
kind of eluent anion used from the perspective of how many
protons can be hydrolyzed.41

In this study, the temperature was fixed at

room temperature for convenience. This reduced the number


http:hydrolyzed.41

63
of variables to deal with. Each of the variables will be
discussed in some detail.

When approaching a separation, five factors are
generally encountered. They are the kind of column used,
the eluent used, the detector used, the experimental design
and the methods of calculation. Control of the variables
mentioned above contributes significantly to the success or
failure of a method.

There are two different types of columns to choose
from when investigating single column ion exchange chromato-
graphy; namely silica and polymer based columns.42 Their
differences rest mainly in the working pH ranges. Silica
based columns are well established, are more commonly used,
and have a lower working pH range; ie., pH 2.5 to 5.5. The
polymer based columns are relatively new and it is claimed
that their working range extends from pH 1.0 to pH 13.0.

Structurally speaking, polymer based stationary
phases in ion exchange columns have ionic functional
groups (such as NHg*) attached to a styrene divinylbenzene

backbone as in the following figure:

@CHZNHI gcuzmﬁf

~CH = CHy = CH = CHy =~ CH ~ CHy ~ CH -

:

—CH—Ub“CH—

CHoNH3

CHoNHE


http:columns.42

64

Silica based stationary phases have the functional
groups grafted onto a silica backbone through the use of
organic connecting groups. This is illustrated in the

following diagram:

+
@CHZNH3 ©CH2NH§ @CHZNHg @CHzmHg CHoNHY
0 0 0 O

| | !

O

[ I
/Si\O/Si\O/Si\O/Si\O/Si\O/

Regardless of which stationary phase is being used,
the separation model involved is the same. Two equilibria
should be considered, the first is a distribution of the
species involved between the stationary phase and the mobile
phase or solution followed by the reaction with the ionic
sites of the stationary phase.43 The controlling factor of
the exchange model is not the reaction between the species
and the ionic sites of the stationary phase, rather, it is
the partitioning between the aqueous and the organic
(ie. stationary) phases. Thus, by lowering the pH of the
mobile phase or solution the species investigated would be
retained for a longer period of time on the organic

(ie. stationary) phase. This would result in a longer
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retention time, With a high pH, the eluent anion would be
ionized to a greater extent and this would lead to a lower
retention time for the species in question. This is

illustrated in the following:

HXso01n - ;Hxstat
H¥stat - T HY + X~
RY + X7 < “RX + ¥~
HY < “H* + Y~
HYso1ln < iﬂystat

where HXg,31p: species in aqueous (mobile) phase
HXgtat: species in organic (stationary) phase
HYgo1n: eluent anion species in aqueous (mobile) phase
HYgtat: eluent anion species in organic (stationary)
phase

When choosing an eluent anion, one must consider
many factors already encountered, namely the pH and ionic
strength, the temperature, the concentration of the eluent
anion, the conductivity and the organic sample anions in
question.

The pH dictates the extent of ionization of the
eluent anion. A higher pH will allow for the complete
ionization of any eluent chosen.

The eluent anion concentration affected the capacity

factor, k'. A higher eluent anion concentration would
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result in a greater competition for the ion exchange sites
of the stationary phase. This would cause any sample anions
to be eluted to a greater extent and the selectivity, a, of
the separation would decrease. Eluent anion concentration
also played a significant role when a conductivity detection
system was used. A high eluent anion concentration would
also increase the conductivity of the mobile phase and
affect the capability of the detector to suppress the
background signal. The type of eluent anion used also
affects the conductivity signal. Large organic molecules,
such as phenol, have much lower conductivities than smaller
molecules, such as KOH, mainly due to differences in mobil-
ity. Therefore, higher concentrations of these larger
molecules can be tolerated before it is no longer possible
to electronically suppress the background signal.

The pKa of the eluent anion must also be considered
because it controls the working pH range. For instance,
phthalic acid has two pKa values (2.94 and 5.43) and can
function over a working pH range of 1.94 to 6.43.

Two kinds of detectors are commonly used in single
column electronically suppressed ion chromatography; namely
UV/Visible and conductivity detectors. The detector more
commonly used is the conductivity detector. It is a

universal detector and responds to any change in conductiv-
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ity. Many detectors are now capable of electronically
suppressing the mobile phase (ie. background) signal and
are, therefore, making these systems cheaper to use than the
chemically suppressed two column ion exchange systems.
UV/Visible detectors have been used in some innovative
manners in ion chromatography. A literature example is the
use of this detector with an eluent anion with a large
Apax (where Apax is the absorption maximum). Thus, when the
sample anion elutes, its Apzx is substantially less than
that of the eluent anion and the signal 1s detected as a
negative peak on the chromatogram.

The experimental design can follow two approaches.
They are standard addition and calibration curve techni-
ques. Each method has been attempted to see if there is a
correlation between the methods. The calibration curve
technique required the determination of linear dynamic
ranges for each of the species eluted and then the subse-
quent regression analysis. Once again, as with ion pair
chromatography, the areas of the peaks were calculated
by the product of the peak heights and the width of the
peaks at half height. The data were correlated with the
concentration of the sample in the calibration curve or
with the spike concentration in the standard addition

method.
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3.2.1 Silica Based Technique

Since a silica based anion exchange column was used
in this separation scheme the mobile phase pH had to be
restricted to the range of pH 2 to pH 5.5. By working
inside of this window, one ensured that the backbone to this
column did not degrade as in the following reaction:

SiOH + OH™ ---> 8i0~ + Hy0

The most common eluent anion used for the separation
of aqueous sulfur anions had been potassium hydrogen
phthalate (KHP). This eluent anion was used because it has
a low conductivity, therefore, if a conductivity detector
is used the background conductivity could be easily suppres-
sed. Another advantage is that this eluent anion could
work over a relatively wide pH range with pKa values
of 2.94 and 5.43.

Various concentrations ranging from 4 mM to 8 mM
were considered when HP~ was used as the eluent anion. The
three by-product species of NaSCN, NayS04 and NayS»03 were
separated using this technique and eluted as Gaussian-shaped
peaks. The best resolution between the NaSCN and the
NasS503 was attained at 5 mM KHP and at pH 3.50. It was
then attempted to find an internal standard. From the
species selected, (Cl04~, Crp092-, Cl1-, NO3~), all either

eluted just past the solvent front or with the species of
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the circulating liquors. Thus, the method of standard
addition without an internal standard was used and compared
to a calibration curve method.

The sample anions simply eluted as the singly
charged species followed by the doubly charge species. The
doubly charged species would bind to the stationary phase
with two sites, in analogy with bidentate ligands and had a
stronger affinity for the stationary phase and longer
retention times.44 This is illustrated in the following

diagranm:

- NHY- "0+ ~NHt-"0\ ,0
3 S-S 37U
]
-NHE-—070 -nHE-—0/ Yo

It should be noted that coulombic attractions rather than
covalent bonds are implied.

The linear dynamic range was determined for each of
the by-product species. This allowed one to determine the
working range for the quantitative analysis. The working
range for actual column loading was up to 30 ug for the
NaS503, up to 60 pg for the NapxS04 and in excess of 150 ng

for the NaSCN. The linear dynamic ranges are illustrated in
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Figures 3.2.1.1 through Figures 3.2.1.3. Analysis of
variance (ANOVA) plots and the least sgquares lines are
listed in Table 3.2.1.1 through Table 3.2.1.3. The analysis
of variance plots tested the linear model to determine if it
were appropriate or if the data points were just random
points.45 The model y=8qy + Bix was tested to see if B; was
significant.

The retention times for the species eluted were
approximately 6.0 minutes for NalCO3, 6.8 minutes for NaSCN,
7.3 minutes for NapS0y and 8.9 minutes for NaySp03. The
resolution between the respective peaks was 2.39 between the
NaSCN and the NayS04 and 2.03 between the NaySO4 and the
NazS203 at a pH of 3.5 and an eluent anion concentration of
5 mM KHP.

A response surface investigation between resolution
and concentration of KHP showed a trend to increased
resolution at lower eluent anion concentration. This was a
favorable result since a lower eluent anion concentration
would result in a lower background conductivity with the
conductivity detection system. These data are available in
Table 3.2.1.4.

A response surface investigation of the effect of pH
on resolution gave a similar trend. Higher pH values

resulted in lower retention times and also improved resolu-
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tion. The use of higher pH presented a problem since the
silica based ion exchange packing would have a substantially
shorter lifetime due to degradation. When a lower pH was
used asymmetric peak shapes resulted. Asymmetric peak
shapes consequently led to errors in the determination of
the peak area. This was particularly evident for the
NasS,03 peak at pH 3.8 and at an eluent anion concentration
of 6 mM. Thus, a relatively low pH with a low concentration
of eluent anion (ie. less than 6 mM) was the best choice for
the mobile phase. These data are available in Table
3.2.1.5. The response surface investigations are illustrat-
ed in Figure 3.2.1.4 and a typical chromatogram is shown in
Figure 3.2.1.5.

After a period of two months of analysis the ion
exchange column did show signs of degradation. A peak,
thought to be associated with the tri-sodium citrate
appeared beneath the NaSCN and NajS04 peaks. This peak was
broad enough that one could simply regard it as a drifting
baseline (typical of a gradient analysis) and still obtain
quantitative results.

A statistical analysis for the quantitative results
of the by-product analysis is given in Table 3.2.1.6. The
relative error associated with the method is * ¢,3% for

NaSCN (concentration 0.1763 mg/mL), ¥ 5.,9% for NayS04
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(concentration 0.1799 mg/mL) and * 9.1% for NayS,;035 (con-
centration 0.1467 mg/mL).

The statistical analysis results are encouraging
since the relative error is less than ¥ 10% for the three
by~-products and the analysis is completed in under 15
minutes. This could not be accomplished using wet chemical
methods. Since the solution is buffered to pH 3.5 from pH
8.5 prior to analysis this could be considered a drawback.
The by-products could easily change forms between various
sulfur species or a pH dependent equilibrium between the
Nazs804 and the Na28203 could exist. A typical reaction is
as follows:

$2032~ + H* ---> HSO3~ + S (reversible)
Another drawback to this technique is the fact that dilution
factors must be considered. One example of this could be
the NayS0y4. Since it could be present up to the 92,000 ppm
level in circulating Stretford liquors, one must impart a
1/500 dilution in order to obtain the 200 ppm range which
one is able to work in for this species. However, one is
encouraged by the control over the precision of the method
and over the accuracy of the results.

The method is partially successful since the
by-products can be determined. However, it does have its

drawbacks since none of the components of the virgin
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Stretford liquors can be determined. Furthermore, the
change of the pH of the solution may cause interconversion
of the sulfoxy anions. Therefore, an ideal method would be
one in which the pH of the eluent was identical to that of
the circulating Stretford liquors. This would ensure that
the by-products would not interconvert between any other
sulfoxy anions. In order to develop such a method conven-
tional silica based ion exchange columns could not be
used. Rather, the newly available polymer based HPLC ion

exchange columns should be investigated.
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3.2.2. Polymer Based Technique

Since a polymer based ion exchange packing has a pH
range of 1 to 13 a greater variety of eluents could be
used. Working at higher pH and with many different eluents
provides the possibility of resolving the V(IV) and V(V),
the tri-sodium citrate, carbonate/bicarbonate and the ADA
along with the by-products of NayS0,, NayS303 and NaSCN.

A review of previous literature suggested many
different eluent anions could be used at higher pH levels.
The reason that higher pH conditions were chosen was to
prevent the by-products from converting into different
sulfoxy anions.46

The eluent anions which were considered were
carbonate/bicarbonate, KOH, substituted benzoic acids, KHP
and phenol. Carbonate/bicarbonate and KOH were investigated
since some success had been seen with these eluent anions in
suppressed systems. 1t was thought that at high pH and with
low concentrations of these eluent anions separations could
be achieved.

Carbonate/bicarbonate was a successful eluent anion
for the separation of many species in suppressed
systems.23.24 gsjince carbonate/bicarbonate was the medium in
which the Stretford chemistry took place, by using it as an

eluent anion, it would not appear in the chromatograms
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(since the signal would be suppressed). One possible matrix
factor would thep be eliminated.

The concentration of this eluent anion was kept low
in order to allow the signal from the species eluted to be
detected beyond the background signal of the eluent anion.
The concentration of the eluent anion ranged from 1.5 mM
NaHCO3/1.2 mM NayCO3 at pH 9.8 to 4.8 mM NaHCO3/4.7 mM
NapC03 at pH 10.0.

Carbonate/bicarbonate as an eluent anion showed
limited success. The NaVO3 appeared as at least two to
three peaks (both positive and negative) with retention
times varying from 3.35 minutes to 24 minutes. It seemed
reasonable that various oxyanions had been formed and
retained for different periods of time. Typical species in
this pH range would be Hpv0,{(3-0n)- K, vy07(4-R)-, vosz~ and
(VO3),"~ where n=3, 4 or 6.2 The ADA showed some promise
since a single peak appeared with a retention time less than
10 minutes. The tri-sodium citrate appeared as both
positive and negative peaks with retention times varying
from 3.1 minutes to broad peaks up to 25 minutes. The
carbonate/bicarbonate was, therefore, not a suitable eluent
anion since it would be impossible to quantify sample anions
which eluted as two or three peaks, the retention times were

very long for the tri-sodium citrate and peak shapes did not
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approach Gaussian shapes. These data are tabulated in Table
3.2.2.1.

Okada and Kuwamoto presented interesting work with
KOH as an eluent anion for organic anion determination.32
They showed that it was a successful eluent anion for the
separation of large organic anions. At a low enough
concentration (5.79 mM, pH 11.5) the background conductivity
would not be significant and the sample anions should
elute. When using this eluent anion the NaVOg eluted as two
peaks the longest of which was retained for 59 minutes. The
ADA eluted between 15 and 30 minutes and the tri-sodium
citrate eluted between 46 and 60 minutes. All three species
tested eluted as very broad peaks, thus, the eluent anion
concentration was not high enough to cause the exchange of
the eluent anion with the sample anions which were bound to
the stationary phase. The concentration could not be
increased since the electronic suppression would not be able
to suppress the background conductivity.

Substituted benzoic acids, as eluent anions, had
been used successfully in the separation of species such as
citric acid. These were used since they had low conductiv-
ities yet the functional groups allowed for interactions

with the anions and the stationary phases. The success rate
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of these eluent anions on the Stretford anions was
determined.

For most ion exchange systems Cl~ is a very weakly
retained anion. €1~ is a relatively small anion and does
not interact very strongly with stationary phases. By
using NaCl as an indicator; one can infer the retention
times of the strongly retained Stretford anions.

The first of the substituted benzoic acid species to
be investigated was sulfobenzoic acid. Sulfobenzoic acid
was chosen as a possible eluent anion since it had a
sulfonic acid group which should cause it to behave in a
similar manner to ADA as well as the carboxylic acid group
which should cause it to behave similar to the tri-sodium
citrate. Only one pKa was available for this eluent anion
at pKa 3.65. A concentration of 0.5 mM and pH 8.8 was
chosen as the first eluent anion conditions since a low
concentration would allow for greater detector sensitivity
and this pH was in the pH range of the circulating liquors.
The NaCl peak did not elute until well after 15 minutes.

The pH was adjusted to pH 10.0 and the NaCl peak exhibited
extensive fronting with a retention time of 9.8 minutes.

The concentration had to be increased to allow for displace-
ment of the anion from the stationary phase. At a concen-
tration of 10 mM and pH 8.3 the NaCl peak eluted after 1.8

minutes. Individual samples of NaVO3, ADA and tri-sodium
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citrate were then prepared in the eluent. After injecting
individual samples of NaVO3, ADA and tri-sodium citrate it
became evident that this eluent anion was not suitable.
Following a wait of 15 and 25 minutes after the injection of
the NaVO3 and the ADA respectively not a single peak had
eluted.

The tri-sodium citrate did, however, elute after 4.2
minutes. The size of the sulfobenzoic acid could be
responsible for the fact that the NavV0O3z and the ADA did not
elute. Since sulfobenzoic acid was a large molecule with
two functional groups it may not have be able to effectively
approach the stationary phase and displace the Stretford
anions. A more reasonable explanation would be that the ADA
and the NaVO3 were more effective in binding to the -NH3*
sites of the stationary phase. Furthermore, the bulk of the
additional functional group on the sulfobenzoic acid as well
as the pH and concentration of the eluent anion at which the
exchange was attempted could have contributed to the failure
of the sulfobenzoic acid as an effective eluent anion.

By replacing the sulfonic acid group with an
hydroxyl group (p-hydroxybenzoic acid) the steric effect of
the eluent anion should be decreased and the ADA, NaVOg and
the tri-sodium citrate should readily elute. NaCl was again

used as a reference peak. The eluent anion was prepared at
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a concentration of 10 mM and at a pH of 8.55. The pKa
values of p-hydroxybenzoic acid fell at 4.57 and 9.46. Thus
at pH 8.55 the p-hydroxybenzoic acid would be singly and
partially doubly ionized. When NaCl was injected it eluted
after 1.5 minutes. The NaVO3 eluted as two peaks, the first
peak eluted between 5 and 9.3 minutes and was very broad.
The second appeared as a negative peak at 12.2 minutes.
Thus, two oxyanions of vanadium were present. The ADA
eluted as a single peak though with a retention time of 10.8
minutes and as a negative peak. Therefore, its conductivity
was less than that of the eluent anion. The tri-sodium
citrate eluted as three different peaks at 10.1 minutes, a
negative peak at 11.2 minutes and a long tailing peak
between 16 and 24 minutes. When the ADA sample was spiked
with NajC03 a single peak was seen after 10.8 minutes, thus,
what had been initially been thought to be an ADA peak was
actually the peak due to the dissolved COp in the solution.

Potassium hydrogen phthalate (KHP) was successful in
the separation of the by-product anions at pH 3.5. It was
considered a potential eluent anion since at higher pH it
might prove successful to separate both the by-product
anions as well as the other components of the circulating
liquors. Thus, a complete analysis might be possible. The

pKa values of phthalic acid were 2.93 and 5.43, therefore,
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‘at a higher pH it would exist as the fully ionized species.
A 5 mM solution at pH 10.1 was prepared. The NaCl eluted
after 1.9 minutes. However, the KHP was not effective at
displacing the sample anions from the stationary phase. The
NaVO3 eluted as a broad peak at 3.8 minutes and the ADA as a
hump over the range of 6 to 30 hinutes. The tri-sodium
citrate did have a reasonable retention time at 5.7 minutes
and did appear somewhat Gaussian in shape.

Since two carboxylic acid groups on the phthalic
acid were effective in causing the NaVOg3, ADA and the
tri-sodium citrate to elute as single peaks, three car-
boxylic acid groups may cause them to elute in a reasonable
time and with Gaussian peak shapes. Trimesic acid (1,3,5-
benzene tri-carboxylic acid) was used. The pKa values of
trimesic acid were 2.13, 3.89 and 4.70 and it would be
ionized at a higher pH. At a concentration of 0.52 nM
and pH 9.33 the NaCl eluted as two peaks, the first was
negative and had a retention time of 1.6 minutes whereas the
second was positive and had a retention time of 4 minutes.
The NaVO3 appeared as a negative hump at 6.9 minutes and the
tri-sodium citrate eluted as a wide positive peak between 17
and 25 minutes. ADA, once again, did not elute after 30
minutes. Since the retention times became longer by

changing to a tri-substituted eluent the steric effects
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played a far greater role in the separation than previously
thought. The retention times for these substituted benzene
species at different concentrations and pH are given in
Table 3.2.2.2.

By decreasing the functional groups on the benzene
to only a hydroxyl group it was thought that the steric
effects between the eluent anion and the stationary phase
would be significantly decreased. Therefore, phenol was
chosen as an eluent anion. The pKa of phenol is 9.99 and at
a pH greater than pH 10 it would be nearly fully ionized. A
10 mM solution at pH 10.13 was prepared. The NaCl peak
eluted after 2.8 minutes. After injecting with the NaVO3 a
single Gaussian peak was seen after 7.7 minutes. The
tri-sodium citrate also eluted as a single peak though with
tailing in the region of 19 to 25 minutes. Once again the
ADA did not elute. Since the species of the circulating
liquors appeared Gaussian or approached Gaussian shapes,
with the exception of ADA, it was thought to proceed and
develop a method without ADA present. ADA has two sulfonic
acid groups and it is proposed that high coulombic inter-
actions exist between the sulfonic acid groups and the ion
exchange sites. If this were the case, these high coulombic

interactions would render ion exchange chromatography



82
ineffective as a possible means of separating ADA from other
components of the circulating Stretford liquors.

In order to decrease the tailing on the tri-sodium
citrate peak, the pH and the concentration of the phenol
were altered. A solution at 25 mM and pH 10.1 to 10.2 gave
the best peak shape. The effect of pH and concentration on
the retention times of the NaVO3 and the tri-sodium citrate
are given in Table 3.2.2.3. When the phenol was adjusted to
pH 9.9 and 35 mM a sample with all the components of the
circulating Stretford liquors gave retention times of 2.0
minutes for the NayCO3, 3.6 minutes for the NaVO3, 4.9
minutes for the tri-sodium citrate, 2.75 minutes for the
NayS503, 2.65 minutes for the Naj;S04 and 6.9 minutes for the
NaSCN. Gaussian peak shapes were evident for all of these
species.

Since ADA would not elute off of the column the
following calibration solutions were prepared without the
ADA to extend the lifetime of the analytical column. A
response study of the effect of concentration and eluent
anion pH on resolution was undertaken. The results are
listed in Tables 3.2.2.4 and 3.2.2.5. Optimum conditions
were obtained at a lower eluent anion concentration and at a
higher pH. The best conditions were at a phenol

concentration of 25 mM and a pH of 10.22. When routine
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analysis was undertaken, the eluent anion concentration was
lowered to 20 mM in order to reduce the background conduct-
ivity of the eluent anion. This had little effect on the
resolution between the species eluting, however, it did help
increase the sensitivity of the detector.

Preliminary work indicated that the phenol was the
most appropriate eluent anion. It had a relatively low
conductivity at the concentration used. With phenol one was
able to detect the by-products and the components of the
virgin liquors (with the exception of ADA). The optimunm
conditions for the separation were determined through a
response surface investigation. The best conditions were
obtained at a concentration of 20 mM phenol and a pH of
10.15.

Two different approaches were used in the quanti-
fication of the circulating Stretford liquor components.
They were a calibration curve method and a standard addition
method. Samples were again prepared without ADA present in
order to extend the lifetime of the ion exchange column. In
order to use a calibration curve, the linear dynamic range
for each species had to be determined. A spiking solution
was prepared which contained NajyCOg (25.02 g/L), NaySOy4
(1.008 g/L), NavOog (1.492 g/L), NapsSs03 (1.012 g/L),

NagCitrate (10.028 g/L) and NaSCN (0.964 g/L). Aliguots



84
ranging from 0.01 mL to 6.00 mL were taken and diluted to
10.0 mL with eluent. 10 pL of each of these samples were
injected, the areas were determined and plotted against the
amount of sample injected. Resolutions were determined
between the species eluted. A typical chromatogram for
the calibration solution is given in Figure 3.2.2.1 and
for a synthetic Stretford solution (ie. without ADA or the
by-products) is given in Figure 3.2.2.2. The resolution
relative to aliquot injected is given in Table 3.2.2.6.

The linear dynamic range data for each anion eluted is
listed in Table 3.2.2.7 to Table 3.2.2.12. An analysis of
variance (ANOVA) for each particular data set testing the
model y=84 + B4x was also performed. The least squares
plots are listed in Figure 3.2.2.3 through Figure 3.2.2.8.
Since Bg and By are significant for all of the data sets
the straight line model was applicable for each anion
eluted.

The working range for the species eluted was 12 to
250 pg for NayCO3, 2 to 20 ng for Na2SO4, 3 to 30 ug for
NavOg, 2.5 to 25 pg for NazS$S,03, 25 to 200 pug for NagCit-
rate and 2 to 30 ug for NaSCN. The accuracy of the method
is * 9.0% for NayCO3, ¥ 3.1% for Na2504, *¥ 1.5% for Navog, *
2.8% for NayS03, * 18.0% for NagCitrate and * 7.7% for

NaSCN.
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Dilution factors present a problem with the analysis
of the circulating Stretford liquors. Vanadium is usually
present in the 60 to 600 ug range whereas the linear range
is 3 to 30 ng. Thus, a tenfold dilution is necessary. This
tenfold dilution is also necessary for citrate (500 to
4,000 ug) with a 25 to 200 pg linear range and for
0032"/HCO3“ (240 to 5,000 ug) with a 12 to 250 ug linear
range. However, for 8042“ the linear range is only 2 to 20
ug whereas it could be present in the 40 to 4,000 pg range.
This would need a 400 fold dilution. Thus, two analysis are
required to determine these species rather than one
analysis. The SCN~ and the S3032~ concentrations vary
depending upon the feed streams and, therefore, could be
present in variable quantities.

A comparison of the reliability of the standard
addition method relative to the calibration curve method had
been undertaken and the calibration curve method showed a
much smaller percentage difference from the actual result.
The data for the calibration curve results is listed in
Tables 3.2.2.13 and 3.2.2.14. The data for the standard
addition method is listed in Tables 3.2.2.15 and 3.2.2.16.
Thus, calibration curve techniques proved to be the recom-

mended route of analysis.
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Since ADA did not appear with the conductivity
detection system, there was a possibility that the ADA
conductivity was similar to that of the eluent anion and,
thus, no signal was measured. A solution of ADA was
prepared in the eluent at a concentration level similar to
that seen in the circulating Stretford liquors. This was
injected directly into the detectors (both conductivity and
UV/Visible). Signals were observed, one at each detector.
This clearly showed that the detectors were sensitive toward
the presence of ADA. This was further confirmed by
Uv/visible scans of phenol, ADA and the other components of
the circulating liguors were measured. The ADA and the
other components were measured relative to phenol in the
concentrations used in the quantitative study. The phenol
concentration was 20 mM at a pH of 10.15. ADA had a Apayx at
342 nm under these conditions, whereas none of the other
species had such a Apzx. These UV/Visible scans are given
in Figure 3.2.2.9 through Figure 3.2.2.16. The UV/Visible
detector was installed in series following the conductivity
detector and adjusted to 342 nm. A neat sample of ADA
prepared in eluent was injected at the same concentration as
above. After waiting for a period of 30 minutes no peaks
were visible through either the conductivity or the UV/Vis-

ible plots.
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This polymer based anion exchange method is the most
reasonable route to separate and quantify six of the seven
components of the circulating Stretford liguors (those being
NayS04, NazS303, NaSCN, NaCO3, NavO3 and tri-sodium citrate
dihydrate). The resolution is greater than 1.00 for all
cases, thus the peaks are 98% resolved among the species
eluted, the analysis is complete in under 15 minutes, the
peaks are Gaussian in shape and the results for the by-pro-
ducts and the NaVO3 are quantitative with an accuracy better

than * 10%.
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TABLE 3.1.1

RESOLUTION BETWEEN SPECIES
BY ION PAIR CHROMATOGRAPHY

RUN # DETECTOR SPECIES tr(min) Rg
(¥o.05) (*0.05)
APH150062685 uv Nay$S 4.1
7.70
NaSCN 11.8
0.84
Nazszos 13.1
Conductivity NapS04 10.2
1.28
NaSCN 11.8
0.87
Na28203 13.1
0.60
NaHCOg 14.7
APH152062685 uv Nas,$ 4.1
6.517
NaSCN 11.6
0.40
Na28203 12.4
Conductivity NayS04 9.8
1.33
NaSCN 11.6
0.42
N328203 12.4
0.79

NaHCO4 14.8



89

TABLE 3.1.2

STANDARD ADDITION RESULTS: 1ION PAIR CHROMATOGRAPHY

June 5, 1986 to August 13, 1986
Nao$S Nay504 NasSa03 NagS504
(g/L) (eg/L) (g/L) (g/L)
(wrt NaSCN) {wrt NaHCOg3) (wrt NaSCN) (wrtNaHCOg3)
0.00173 0.0003480 0.0003890 0.0008078
0.00653 0.0007300 0.00039990 0.0005710
0.00699 0.0009369 0.0003300 0.0007614
*¥0.00471 0.0010220 0.0002770 0.0007992
*0.01359 0.0009156 0.0006109 0.0001250
¥0.01380 0.0009916 0.0003478 0.00023817
—————————— 0.0004890 0.0007389 ¥0.0017539
AVG 0.00508 0.0002209 0.0003129 *¥0.0000234
S: 0.00240 0.0007394 0.0002815 = @ —ememe—o—-
C.1.-0.0008 0.0009987 0.0003606 AVG: 0.0005505
to 0.0110 0.0007313 0.0003282 s : 0.00030
0.0009371 0.0004616 C.I. 0.0003
0.0020000 0.0005046 to: 0.0008
AVG 0.0007550 AVG: 0.0004109

S 0.0003 S: 0.0001

C.1 0.0006 C.I. 0.0003

to: 0.0009 to: 0.0005

* reject data by Q test

C.1

95% Confidence Interval
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TABLE 3.2.1.1

LINEAR DYNAMIC RANGE DATA:
NaSCN AND ANOVA TABLE
Data January 25, 1986

NaSCN

sample (mg) area (mm2) best fit area (mm2)
(*0.001) (*0.05)

2.952 102.00 33.10
5.904 186.00 146 .61
11.808 421.75 373.62
17.712 617.17 600.63
29.520 1015.00 1054 .64
35.424 1190.00 1281.65
41.328 1391.25 1508.66
47 .232 1676.50 1735.67
59.040 2178.75 2189.69
64.944 2397.50 2416.170
70.848 2642.50 2643.171
76.752 3036.25 2870.171

Line of best fit:
y=—-80.40 + 38.45x

where y:area (mm2)
x:sample size (mg)

correlation coefficient: 0.843

ANOVA TABLE

Source | Ss | df | MS | R
————————————————————————— e e
Crude(ly2) | 34492904.0 | 12 | |
CF((Ly)2/n) | 23673325.0 | 1| |
———————————— Tt Rt t

Total (CFM) | 10819579.0 | 11 | I
———————————— T R Bl
Residual | 64039.4 | 10 | 6403.9 |
Regression | 10755540.0 | 1 | 10755540.0 |1679.5

Fi1,10,0.05=4.96

Since F >> Fj 10,0.05 then B; is significant and
straight line is applicable.
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TABLE 3.2.1.2

LINEAR DYNAMIC RANGE DATA:
NasS04 AND ANOVA TABLE

Na2804
sample (mg)
(*0.001)

Data January 25, 1986
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area (mmz) best fit area (mm?)
(*¥o.05)

114.50 259.63
258.75 340.68
500.00 502.79
753.83 664 .89
1113.00 989.10
1228.50 1151.21
1382.50 1313.31
1501.50 1475.42
1802.50 1779.69
1925.00 1961.73
2047.50 2123.84
2240.00 2285.904

fit:

Line of best

v=178.58 + 27.04x

where y:area

(mm2)

X:sample size (mg)

correlation coefficient: 0.843

ANOVA TABLE
Source |

Crude(fy2) |
CF((Ly)2/n) |

____________ '
Total (CFM) |

____________ l
Residual |

Regression |

SS | df
_____________ '_._._.._...__._
23976599.0 | 12
18420411.0 | 1
_____________ | —
5556187.7 | 11
_____________ I____..._.__.
71781.3 | 10
5483466.4 | 1

F1,10,0.05=4.96

| 7178 .1
| 6483466.4

Since F >> Fj 10,0.05 then B; is significant and
straight line is applicable.
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TABLE 3.2.1.3

LINEAR DYNAMIC RANGE DATA:
NayS,03 AND ANOVA TABLE

Data January 25,

1986

best fit area (mma)

Na28203
sample (mg) area (mm2)
(t0.001) (*0.05)
2.4932 81.00
4.9863 189.75
9.9726 344.00
14.9589 537.00
24.93156 715.50
29.9178 765.00
34.9041 832.50
39.8904 922.50
49.8630 1080.00
54.8493 1147.50
59.8356 1147.50
64.8219 1170.00

Line of best fit:

v=184.15 + 17.17x

where y:area (mm2)

x:sample size (mg)

correlation coefficient:

ANOVA TABLE
Source | SS

Crude(Iy2) | 8259311.
CF((Iy)2/n) | 6648757.

Residual | 79797.
Regression | 1530755.

0.843

Fi,10,0.05=4.96

226.96
269.176
355.38
440.99
612.22
697.84
783.45
869.07
1040.30
1125.91
1211.53
1297.14

7979.8
15630755.9

I

191.8

Since F >> Fy 10,0.05 then By is significant and
straight line is applicable.
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TABLE 3.2.1.4

RESOLUTION VERSUS ELUENT CONCENTRATION
(pH fixed 3.5)

Species Concentration tgr Rg

NaSCN 7 mM 6.3

0.71
NagSOy 6.8

2.00
Na,yS,03 8.5
NaSCN 6 mM 7.2

1.37
N32804 8.5

1.76
NaS,03 10.7
NaSCN 5 mM 8.3

2.39
NaS04 11.0

2.03

NapS,03 14.2



TABLE 3.2.1.5

RESOLUTION VERSUS ELUENT pH

(Concentration fixed 6.02 mM)

Rs

21.3

94



TABLE 3.2.1.6

CALIBRATION CURVE RESULTS: ION EXCHANGE CHROMATOGRAPHY
SILICA BASED TECHNIQUE
December 27, 1985 to January 9, 1986

NaSCN N32304 NagSo0g
(mg) (mg) (mg)
5.22 5.76 4.86
5.30 5.89 5.34
5.417 5.76 4.52
5.39 5.63 4.02
5.97 5.51 5.68
6.07 5.62 5.97
6.07 5.62 5.97
6.17 5.73 5.56
5.90 4.70 5.86
5.90 4.59 5.86
5.90 4.59 5.86
5.99 4.59 5.64
6.39 5.59 4.45
6.30 5.49 4.31
6.39 5.49 4.02
6.39 5.59 4.02
AVG: 5.93 AVG: 5.64 AVG: 4.44
s : 0.39 s : 0.12 s : 0.47
c.1.:5.171 C.1.:5.56 C.1.:4.05
to: 6.13 to: 5.72 to: 4.83
ACT: 5.90 ACT: 5.99 ACT: 4.88
DIF: 0.3% DIF: 5.9% DIF: 9.1%

AVG: average

s : standard deviation

C.I1.: 95% confidence interval

ACT: actual result

DIF: difference from actual result
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TABLE 3.2.2.1

ELUENTS USED PRELIMINARY POLYMER WORK

Eluent Species Eluted (minutes)(*0.05)
Concentration NaVvQg ADA NagCitrate
1.5 mM NaHCOg3/ 6.2 6.1 5.2
1.2 mM NayCOg -ve 6.4
(pH 9.8)
3.0 mM NaHCOg/ ~-ve 6.9 5.4 6.6
2.4 mM NayCOg
4.8 mM NaHCOg3/ 3.4 3.1
4.7 mM NapCOg3 -ve 3.7 -ve 15.0
(pH 10.0) -ve 15.5 to 25.0
5.8 mM KOH -ve 29 ~-ve 15.0 -ve 46.5
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TABLE 3.2.2.2
SUBSTITUTED BENZOIC ACID ELUENTS

Eluent Species Eluted (minutes)(*0.05)
Concentration NaCl NavOg ADA NagCitrate
0.5 mM Sulfo- xfr 15.8
benzoic acid
(pH 8.8)
0.5 mM Sulfo- xfr 9.8
benzoic acid
(pH 10.0)
10 mM Sulfo- 1.8 np 15 np 25 4.2
benzoic acid
(pH 8.3)
10 mM p-Hydroxy- 1.5 br 5-9.3 -ve 10.8 10.1
benzoic acid -ve 12.2 ~ve 11.2
(pH 8.6) tl16-24
10 mM p-Hydroxy- 2.2 fr 4.9 -ve 8.8
benzoic acid -ve 9.4 10.2
{(pH 9.5)
10 mM p-Hydroxy- 2.3 4.0 -ve 11.0 11.3
benzoic acid -ve 11.0
(pH 10.0)
5 mM KHP 1.9 br 3.8 6-30 5.7
(pH 10.1)
0.52 mM Trimesic -ve 1.6 -ve 6.9 np 30.0 17-25
acid 4.0
(pH 9.3)
br: broad
fr: fronting, xfr: extensive fronting
np: no peak after X minutes
tl: tailing


http:minutes)(~0.05
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TABLE 3.2.2.3

PHENOL ELUENT

Eluent Species Eluted (minutes)(}0.05)

Concentration NacCl NavOg ADA NagCitrate

10 mM Phenol 2.8 7.7 np 45.0 tl 19-25
(pH 10.1)

20 mM Phenol 2.8 fr 10.0 tl 21-35
(pH 9.5)

20 mM Phenol 2.1 4.1 tl 7.8
(pH 10.0)

30 mM Phenol 3.5 fr 18.5 np 25.0
(pH 9.0) to 21.6

30 mM Phenol 2.3 fr 7.1 tl 13-19
(pH 9.5)

30 mM Phenol 1.7 3.2 np 40.0 tl1 4.3
(pH 10.0)

35 mM Phenol 3.6 4.9
(pH 9.9)

fr: fronting
tl: tailing
np: no peak after X minutes



TABLE 3.2.2.4

RESOLUTION VERSUS PHENOL pH
(Concentration fixed 25 mM)

Species pH tr Rg
(*o.05) (*0.05) (t0.05)
NayCOg 10.05 2.00
1.56
NaySO4 2.85
1.14
Navog 3.35
2.00
NapSa03 4.20
3.07
NagCitrate tl 7.50
2.00
NaSCN 9.70
NapCog 10.15 2.05
1.42
Naz804 2.90
1.14
NaVog 3.40
1.89
NapS203 4.25
2.717
NagCitrate tl 7.50
1.76
NaSCN 9.65
NaaCO3 10.22 2.05
1.20
NapS0y 2.65
1.00
NaVog 3.05
1.88
NaS,03 3.80
2.71
NagCitrate 6.10
3.21
NaSCN 9.15

tl: tailing
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TABLE 3.2.2.5

RESOLUTION VERSUS PHENOL CONCENTRATION
(pH fixed 10.15 mM)

Species Concentration tgr Rg

NaaCog 25 mM 2.05

1.42
Na,5804 2.90

1.14
NavOg 3.40

1.89
Na28203 4.25

2.717
NagCitrate tl 7.50

1.76
NaSCN 9.65
NasCOg 30 mM 1.80

1.00
NayS0y4 2.20

1.00
NavOg 2.60

0.89
NazS,03 3.00 ‘

1.93
NagCitrate 4.42

3.08
NaSCN 7.20
NasCoOg 35 mM 1.70

0.67
Na;S04 2.00

1.06
Navog 2.45

0.59
Naz$03 2.72

1.43
NagCitrate 3.73

3.56
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TABLE 3.2.2.6

LINEAR DYNAMIC RANGE RESOLUTION DATA

Species Aliquot tr Rg
Eluted {(mL) (min.)
(*0.005) (*0.05) (*0.05)

NagCog 0.01 2.05

2.50
NayS0g4 2.80

2.617
NavOg 3.10

4.50
Naz8303 4.20

6.18
NagCitrate 7.60
NaSCN np
NajsCOg 0.02 1.90

2.15
NasS04 2.60

2.00
NaVOg 3.10

3.10
Nas8503 4.05

4.85
NagCitrate 7.20
NaSCN np
NasCOg 0.03 2.05

1.75
NasS804 2.75

1.33
NaVog 3.15

2.13
Nazs,03 4.00

3.81
NagCitrate 6.95
NaSCN np



TABLE 3.2.2.6 (cont'd)

LINEAR DYNAMIC RANGE RESOLUTION DATA

Species
Eluted

NagSzOs

NagCitrate

Aliquot
(mL)
(*0.005)

tR Rg
(min.)
(¥0.05) (*fo0.05)
1.95
1.52
2.60 e
3.00 ) 7o
3.85 s a5
o1 3.33
9.45
2.00
1.30
2.65 o 8n
3.00 2 0o
3.90 ) 45
6.35 ) 61
8.30
2.15
1.04
2.80 o 76
3.20 © 40
3.90 2 o5
6.15 ) 21
9.25
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TABLE 3.2.2.6 (cont'd)
LINEAR DYNAMIC RANGE RESOLUTION DATA

Species Aliquot

Eluted (mL)
(*0.005)

Na23203

NagCitrate

N323203

NagCitrate

os: offscale

tR

(min.)
(*0.05)

.89

.60

.07

.33

.70

.48

.56

.30

.65

.42

.19
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TABLE 3.2.2.7

LINEAR DYNAMIC RANGE DATA
Na,CO3 AND ANOVA TABLE FOR POLYMER BASED TECHNIQUE

(April 3, 1986)

104

Na2003

sample (ug) area (mm2)

250.20 7050.00
125.10 4323.00
62.55 3330.00
37.53 2622.00
25.02 1596 .00
12.51 1235.00

Line of best fit:
vy=1367.67 + 23.30x

where y:area (mm2)
Xx:sample size (mg)

t=25.792
t4,0.025=2.776

Since t > ty ¢.025 do not reject B

ANOVA TABLE

Source | SH | df
___________________________ I -
Crude(ly2) | 90427054.0 | 6
CF((Ly)2/n) | 67710722.7 | 1
____________ | ._..._____.._.___-.__'__.___.
Total (CFM) | 22716331.3 | 5
____________ I_..____..____._..._..__. ‘ —_—————
Residual I 728267.4 | 4
Regression | 21988064.0 | 1

F1,4,0.05=7.71

182066.8
21988064.0

Since F >> Fj 4,0.05 then 84 is significant and
straight line is applicable.


http:F1,4,0.05
http:F1,4,o.o5=7.71
http:y=1367.67

TABLE 3.2.2.8

LINEAR DYNAMIC RANGE DATA
NapS0, AND ANOVA TABLE FOR POLYMER BASED TECHNIQUE

(April 3, 1986)

fit area (mmz)
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NasS80,4

sample (ug) area (mm2) best
30.2400 6822.5650
25.2000 5190.00
15.1200 2096.50
10.0800 1421.00
5.0400 508.00
2.5200 324.00
0.1512 169.50
0.1008 117.00
0.0504 53.20

Line of best fit:
y=—-243.77 + 213.50x

where y:area (mm?)
Xx:sample size (mg)

t=-47.310
t7,0.025=2.365

Since t > tg o 025 do not reject By

ANOVA TABLE

Source | SS | df
____________ '__-..__..._..___._ l e — e — -
Crude(fy2) | 80305449.0 | 9
CF((Ly)2/n) | 30994087.0 | 1
____________ l = ——— —— ! —_—————————
Total(CFM) | 49311362.0 | 8
____________ ' e ' —_—— -
Residual | 1848949.5 | 7
Regression | 47462412.5 | 1

F1,7,0.05=5.59

264135.6
47462412.5

Since F >> F3 7 o0.05 then By is significant and
straight line is applicable.


http:F1,7,0.05
http:F1,7,0.o5=5.59
http:y=-243.77

Navog

sample (ug)

TABLE 3.2.2.9

1986)

LINEAR DYNAMIC RANGE DATA

NaVO3 AND ANOVA TABLE FOR POLYMER BASED TECHNIQUE
(April 3,

fit area (mmz)

106

Line of

5842.50
5067.50
2397.50
1421.00
561.20
254.00
136.00
80.175
30.00

best fit:
y=-164.33 + 131.83x

where y:area (mm2)

x:sample size (mg)
t=-21.551

t7,0.025=2.365
Since t > tg o _g25 do not reject B

ANOVA TABLE

Source

Crude(Iy?)
CF((Ly)2/n)

Residual

Regression

Since F >> F3 7 0.05 then B3 is significant and
straight line is applicable.

67986987.
27704256.

636872.
39645858.

Fi1,7,0.05=5.59

-134.86
-144.69
-154.563

90981.8
39645858.1


http:Ft,7,0.05
http:F1,7,o.o5=5.59
http:y=-164.33
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TABLE 3.2.2.10

LINEAR DYNAMIC RANGE DATA
NayS,03 AND ANOVA TABLE FOR POLYMER BASED TECHNIQUE
(April 3, 1986)

N82$203

sample (ug) area (mm2) best fit area (mm2)
30.3600 4117.50 4578 .91
25.3000 4162.50 3843.09
15.1800 2742.50 2371.45
10.1200 1764.00 1635.63
5.0600 800.00 899.82
2.5300 336.00 531.91
0.1518 202.65 186.07
0.1012 136.80 178.171
0.0506 135.00 171.36

Line of best fit:
v=164.00 + 146.00x

where y:area (mm2)
X:sample size (mg)

t=31.828

t7 0.025=2.365
Since t > tg o g25 do not reject By

ANOVA TABLE

Source | SS | df | MS | F
———————————— Rt R e el R
Crude(Ly2) | 45744117.0 | 9 | |
CF((Ly)2/n) | 23030241.0 | 1 | |
———————————— Rl R |

Total (CFM) | 22713876.0 | 8 | [
———————————— R I Il
Residual | 520770.2 | 7 | 74395.7 |
Regression | 22193105.8 | 1 | 22193105.8 | 298.3

Fi1,7,0.05=5.59

Since F >> Fy 7 0.05 then 83 is significant and
straight line is applicable.


http:Ft,7,0.05
http:F1,7,o.o5=5.59
http:y=l64.00
http:3.2.2.10

TABLE 3.2.2.11

LINEAR DYNAMIC RANGE DATA
NagCitrate AND ANOVA TABLE FOR POLYMER BASED TECHNIQUE

.11
.24
.50
.62
.75
.32
.89
.22
.55
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(April 3, 1986)
NagCitrate
samrple (ug) area (mm?)
300.8400 7248.175
250.7000 7800.00
150.4200 5850.00
100.2800 4800.00
50.1400 2870.00
25.0700 1285.20
1.5042 711.00
1.0028 553.25
0.5014 280.00
Line of best fit:
v=1016.88 + 25.27x

where y:area (mm?)

Xx:sample size

t=19.838
t7.0.025=2.365

(mg)

Since t > tq . 025 do not reject By

ANOVA TABLE

Source | §S | df |
------------ f-—mm
Crude(Ly2) |181425522.2 | 9 ]
CF((Ly)2/n) |109538551.5 | 1 I
------------------------- f-=-----|
Total (CFM) | 71886970.7 | 8 |
_________________________ |________.
Residual | 6099709.3 | 7 |
Regression | 65787261.4 | 1 |

Fi1,7,0.05=5.59

871387.0
65787261.4

—— —— i, o ot

Since F >> Fy 7 0.05 then 8; is significant and
straight line is applicable.

75.5


http:F1,7,0.05
http:F1,7,0.05=5.59
http:y=1016.88
http:3.2.2.11
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TABLE 3.2.2.12

LINEAR DYNAMIC RANGE DATA
NaSCN AND ANOVA TABLE FOR POLYMER BASED TECHNIQUE
(April 3, 1986)

NaSCN
sample (ug) area (mm2) best fit area (mmz)
28.9200 2665.00 2640.00
24.1000 2267.50 2155.79
14.4600 1012.50 1187.37
9.6400 545.10 703.16
4.8200 287.00 218.95
2.4100 1056.00 -23.16

Line of best fit:
y=-265.26 + 100.46x

where y:area (mm2)
Xx:sample size (mg)

=-34.748
t7,0.025=2.365
Since t > tqg ¢.025 do not reject B89

ANOVA TABLE

Source | SS | df | MS | F
------------ e b et it i T
Crude(Ly2) | 13659465.5 | 6 | |
CF((Xy)2/n) | 17893883.4 | 1 | |
------------------------- | =====--1 |
Total(CFM) | 5765582.1 | 5 i |
------------ il il Rebintttededtabtated
Residual | 300812.0 | 4 i 75203.0 |
Regression | 5464770.1 | 1 | 5464770.1 | 72.1

Fi,4,0.06=7.71

Since F >> Fy 4,0.05 then By is significant and
straight line is applicable.


http:F1,4,0.05
http:Ft,4,0.05=7.71
http:y=-265.26
http:3.2.2.12

TABLE 3.2.2.13

CALIBRATION CURVE RESULTS:

ION EXCHANGE

POLYMER BASED TECHNIQUE
April 8, 1986 to April 18, 1986

Na2003 NapsS04
(ug) (ng)
125.0000 5.4611
121.1469 5.4611
97.5941 5.5606
99.0412 $.3511
100.4884 56.5606
133.5043 5.6654
125.0427 5§.7070
94.0171 5.7070
124.0598 4.8849
143.8392 5.9910
142.2308 5.2272
112.9301 6.2272
168.3147 5.5390
131.0296 5.3831
127.9185 4.2927
132.5852 4.,29217
117.1037 4.1503
153.1728 4.1503
158.1111 4.6609
1556.6420 4.9483
153.1728 4.8046
170.9874 4.8046
173.3403 = 0—-——-—-—---
173.3403 AVG: 4.8826
173.3403 s : 0.56873
———————— C.I.: 4.5436
AVG:136.2781 to : 5.2217

s : 24.8839 ACT: 5.0375
C.I1.:126.0260 DIF: 3.07%

t0:146.5303
ACT:125.0130
DIF:9.01%

AVG: average

s : standard deviation

C.I.: 95% confidence interval

ACT: actual result

DIF: difference from actual result

NaV03
(ng)
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TABLE 3.2.2.14

CALIBRATION CURVE RESULTS:

POLYMER BASED TECHNIQUE
April 8, 1986 to April 18,

NajyS8503 NagCitrate
(ug) (ug)
4.6911 57.3878
4.3855 44 .3776
4.3855 44 .37176
4.3855 54.0714
4.5383 50.7561
4.5383 64.1620
5.0826 66.7570
5.1980 63.3709
$5.1980 62.6430
5.3135 61.3342
6.1844 58.0054
5.9675 66.6332
6.1844 51.4158
6.1844 61.6011
4.9541 66.7924
5.3007 66.7924
5.4740 69.7978
5.6473 58.8741
5.1858 54.7179
5.1858 63.3451
5§.1858 59.3778
§5.1858 56.0561
5.0394 56.0561
5.0394 57.8084
5.0394 62.8026
5.2612 55.0047
AVG: 5.1821 AVG: 59.0122
s : 0.5214 s 6.4904
C.I.: 4.9715 C.I.: 56.3901
to: 5.3928 to: 61.6343
ACT: 5.04175 ACT: 50.0395
DIF: 2.79% DIF: 18.02%
AVG: average
s : standard deviation
C.I.: 95% confidence interval

ACT: actual result
DIF: difference from actual result

c.I.
to:
ACT:
DIF:

AVG:

ION EXCHANGE

1986

NaSCN

(

B IS I -

ue)
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TABLE 3.2.2

STANDARD ADDITION RESULTS:

.15

ION EXCHANGE

POLYMER BASED TECHNIQUE
April 8, 1986 to April 18, 1986

NajsCog Nap,S04
(mg) (mg)

27.7163 0.5383
31.1676 1.6792
31.4154 1.3274
18.7938 0.5742
15.2794 0.7742
24.8256 0.5476
44.5146 1.7548
41.8687 1.9590

44 .3396 0.9116
35.1080 1.1754
——————— 0.6941

AVG: 24.8664 0.9655
s : 6.0486 0.5855
C.I1.: 18.51177 0.6378
to : 31.2150 1.4105
ACT: 12.5013 0.8965
DIF: 98.91% 0.5869
2.5983

AVG: 1.0011

s : 0.4534

c.I.: 0.7680

to : 1.2342

ACT: 0.5038
DIF: 98.73%

AVG: average

s : standard deviation

C.I.: 95% confidence interval

ACT: actual result

DIF: difference from actual result

AVG:

Cc.I.

to :
ACT:
DIF:

NaVO3
(mg)

112
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TABLE 3.2.2.16

STANDARD ADDITION RESULTS:

ION EXCHANGE

POLYMER BASED TECHNIQUE
April 8, 1986 to April 18, 1986

NazS,03 NagCitrate
(mg) (mg)
0.5066 5.9109
0.9524 4.9832
0.5242 7.2806
0.5779 5.8870
0.4759 7.3588
0.5590 5.3123
0.7420 6.8123
0.9243 8.9398
0.6391 5.05635
0.6981 6.7434
0.7877 9.0124
0.5587 5.6044
0.6286 7.0842
0.4604 8.9242
0.5762 16.1552
0.6269 13.4476
0.4327 11.7911
1.4839 4.0938

AVG:0.6277 AVG: 6.7791
s :0.1468 s : 1.3686
C.1.:0.56b522 C.1.: 5.9890
to :0.7032 to : 7.5692
ACT:0.5042 ACT: 5.0040
DIF:24.50% DIF: 35.47%

AVG: average

s : standard deviation

C.1.: 95% confidence interval

ACT: actual result

DIF: difference from actual result

AVG:

cC.1.:

to :
ACT:
DIF:

113
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Figure 3.1.1 The ion pair HPLC analysis of

Stretford liquor prior to
spiking with Nays0, and

Nas8,03.
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Figure 3.1.2 The ion pair HPLC analysis of
Stretford liquor after spiking

with NajyS04 and NayS3y0g3.
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Figure 3.2.1.1 Linear dynamic range for NaSCN

by ion exchange silica based

technique.
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Figure 3.2.1.2 Linear dynamic range for NajsS04

by ion exchange silica based

technique.
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Figure 3.2.1.3 Linear dynamic range for

Naj3S203 by ion exchange silica

based technique.
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Figure 3.2.1.4 Response Surface for Resolution

between NaSCN and NayS0y4
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Figure 3.2.1.5 The ion exchange HPLC analysis

of Stretford liquors using

silica based technique.
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Figure 3.2.2.1 The ion exchange HPLC analysis

of a calibration solution using

polymer based technigue.
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Figure 3.2.2.2 The ion exchange HPLC analysis

of a synthetic Stretford
solution (withouf ADA) using

polymer based technique.
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Figure 3.2.2.3 Linear dynamic range for NajCOgj

by ion exchange polymer based

technique.
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Figure 3.2.2.4 Linear dynamic range for NajS0,

by ion exchange polymer based

technique.
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Figure 3.2.2.5 Linear dynamic range for NaVOg

by ion exchange polymer based

technique.
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Figure 3.2.2.6 Linear dynamic range for

Na3S503 by ion exchange polymer

based technique.
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Figure 3.2.2.17 Linear dynamic range for

NagCitrate by ion exchange

polymer based technique.
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Figure 3.2.2.8 Linear dynamic range for NaSCN

by ion exchange polymer based

technique.
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Figure 3.2.2.9 UV/Visible scan of phenol

versus Hp0,

(concentration 25 mM, pH 10.15)
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Figure 3.2.2.10 UV/Visible scan of NajCOg3
versus phenol.

(concentration 25 g/L)
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Figure 3.2.2.11 UV/Visible scan of NayS0,

versus phenol.

(concentration 1.2 g/L)
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Figure 3.2.2.12 UV/Visible scan of NaVOg versus

phenol.

(concentration 1.5 g/L)
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Figure 3.2.2.13 UV/Visible scan of NazS,504

versus phenol.

(concentration 1.4 g/L)
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Figure 3.2.2.14 Uv/Visible scan of NagCitrate

versus phenol.

(concentration 10 g/L)


http:3.2.2.14

134

ac8
- 008

1004

<1 009

(WU) HLINIT3AVA

= 00%

4 0ov

- 00E

T

120°

920"

1¢0°

190°

-4 80"

JONvaYOsayY



Figure 3.2.2.15 UV/Visible scan of NaSCN versus

phenol.

(concentration 1.5 g/L)
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Figure 3.2.2.16 UV/Visible scan of ADA versus

phenol.

{concentration 3.0 g/L)
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CHAPTER 4

SUMMARY AND FUTURE WORK



SUMMARY AND FUTURE WORK

4.1 Summary

In summary there are three non-suppressed HPLC
routes that can be taken to analyze circulating Stretford
liquors; namely ion pair chromatography, silica based ion
exchange chromatography and polymer based ion exchange
chromatography.

The accuracy of the quantitative results obtained is

limited, in part, by the ability of the method to resolve

the species involved. The accuracy is further limited by
the precision of the methods involved. Similarities are
noted when comparing the three methods. One similarity is

that the retention times of the anions eluted occur over a
reasonable period of time (ie. less than fifteen minutes).
Differences do exist among the methods. When comparing
resolution, the poorest method is the ion pair method.
Inherently, the ion pair method is the poorest method in
the repeatability of the analytical results.

Ion pair chromatography does have some merit.
Five species can be detected; namely SCN-, S042-, S,032-,
HCO3~ and S2~ when in a mixture. Once again, the resolution
is poor. This is particularly true for the pairs of ions

noted; S2032°/HCO3~ and S2032°/SCN~. Other limitations of
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this method was that there was a poor choice of the inter-
nal standard since one did not have full control over the
NaHCO3 concentration. Sample preparation (ie. evaporation)
involved too much handling. This increased the possibility
of contamination as well as the possibility that different
sulfoxy anions would be generated.

The silica based ion exchange method proved to be a
much better method than the ion pair method with respect to
quantification of the by-product anions. Advantages of this
method were that the species were very well resolved, a wide
linear dynamic range was obtained and the accuracy and
precision was better than * 10% for the anions. A major
drawback to this method was that one could resolve only the
by-products of the circulating Stretford liquors. The
greatest disadvantage was that by lowering the pH of the
solution one could easily cause the sulfoxy anions of the
by-products to change form into other sulfoxy anions.

The preferred method is the polymer based ion
exchange method. This method has many advantages. It is
able to guantify six of eight of the components of the
circulating Stretford liquors (except for ADA and
polysulfides) to an accuracy better than * 10% for the major
components. The resolution, of course, is more than

adequate to allow such accuracy. Either of two quantitative
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techniques; namely standard addition or the calibration
curve technique may be used and each gives similar results.
There is a wide linear dynamic range for all of the species
gquantified. There is little sample preparation involved
and, since one does not lower the pH of the solution, a
change in the form of the sulfoxy énions is unlikely to
occur. Once again dilution factors are a limitation since
sample anions are present at different levels.

Thus, when comparing the methods, the method that
has the best repeatability, retention time, resolution and

peak shape is clearly the polymer based ion exchange method.

4.2. Suggestions for Future Work

Since ADA did not elute off of the ion exchange
columns, it is proposed that it had strong coulombic
interactions with the anion exchange sites. Thus, ion
chromatography was not a suitable technique for the analysis
of the ADA.

Future work should concentrate on the use of ion
pair chromatography for the analysis of this component of
the circulating liquors. Reeve has shown that ion pair
chromatography can be used on the liquors for the analysis
of ADA. Pitts has also shown that it is a good technique to

use on pure ADA samples. By perhaps using an ODS column and
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different ion pair reagents, success might be encountered
in the routine analysis of ADA in the circulating liquors.
A study to better understand the ion exchange and
the ion pair mechanisms as related to the separation should

also be undertaken.



REFERENCES



10.

REFERENCES

Analytical Methods for the Holmes Stretford Process,
Peabody Holmes Ltd., Turnbridge, England, p.18.
M.A.H. Habayeb, PhD Thesis, Department of Chemistry,
McMaster University, Hamilton, Ontario (1981) p.83, 96.
A. Albert, E.P. Serjeant, The Determination of Ioniza-
tion Constants, Chapman and Hall, New York (1984)
pp.162-3.

Analytical Methods for the Holmes Stretford Process,
Peabody Holmes Ltd., Turnbridge, England, p.20.

H. Auterhoff, and I. Schwingel, Arch. Pharm., 308, #8
(1975) pp.583-587.

Analytical Methods for the Holmes Stretford Process,
Peabody Holmes Ltd., Turnbridge, England, p.10.
Analytical Methods for the Holmes Stretford Process,
op. cit., p.19.

Analysis of Stretford Solutions for Vanadium, Method
10.7, Appendix 3, Stretford Process Design Manual,
British Gas Corp.(1971) pp.21-22.

B.Thornton, M.Sc. Thesis, Department of Chemistry,
McMaster University, Hamilton, Ontario (1972) p.41-44.
S.A. Shcherbakova, N.V. Mel'chakova, and V.M. Peskkova,

J.Anal. Chem. of USSR, 1 (1976) pp.271-273.

141



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

142

Analytical Methods for the Holmes Stretford Process,

op. cit., p.19.

*

W. Giggenbach, Inorg. Chem., 11, 6 (1972)

pp.1201-1207.
Analytical Methods for the Holmes Stretford Process,

op. cit., p.22.

Analytical Methods for the Holmes Stretford Process,

op. cit., Appendix 2.

Analytical Methods for the Holmes Stretford Process,

op. cit., p.23.

Analytical Methods for the Holmes Stretford Process,
op. cit., p.25.

K. Cunningham, M.C. Goldberg, E.R. Weiner, Anal. Chenm.,
49, #1 (1977) pp.T70-175.

Analytical Methods for the Holmes Stretford Process,
op. cit., pp.21-22.

M.T.W. Hearn, Advances in Chromatography, 18 (1980)
pp.59-100.

R.N. Reeve, J. Chromatog., 177 (1979) pp.393-397.

The Analysis of ADA Isomers In Commercial Products and
Stretford Solutions by HPLC, Union 0il, P.0O. Box 76,
Brea, CA, (1985).

Isomeric Distribution of 'ELVADA' by HPLC, North West

Gas, Scientific Services Department, September 19,1985.



143
23. T. Sunden, M. Lindgren, A. Cedergren and D.D. Siemers,
Anal. Chenm., 5 (1983) pp.2-4.

24 . P.R. Haddad and A.L. Heckenberg, J. Chromatog., 300
(1984) pp.357-394.

25. D.T. Gjerde, J.S. Fritz and G. Schmuckler, J. Chroma-
tog., 186 (1979) pp.509-519.

26. S. Dogan and W. Haerdi, Chimia, 35, #9 (1981)
pp.339-342.

27. K.J. Stetzenbach and G.M. Thompson, Ground Water,
21, #1 (1983) pp.36-41.

28. R.A. Cochrane and D.E. Hillman, J. Chromatog., 241
(1982) pp.392-394.

29. R.H. Mistry, "Progress Report on HPLC Investigations

to December 1977: Ion-exchange Investigations." Pea-
body Holmes Ltd., Report RDD 1343, September 1978.

30. J.R. Benson and D.J. Woo, J. Chromatog. Sci., 22
(1984) pp.386-399.

31. T. Sunden, M. Lindgren, A. Cedergren and D.D. Siemers,
Anal. Chenm., 5 (1983) pp.2-4.

32. T. Okada, and T. Kuwamoto, Anal. Chem., 55 (1983)
pp.1001-1004.
33. J.S. Fritz, D.L. DuVal and R.E. Barron, Anal. Chem., 56

(1984) pp.1177-1182.



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45 .

46.

144
Hamilton Company, Bulletin for PRP-X100, Reno, NV.,
1985.
Waters Scientific, Ion Chromatography Bulletin,
Milford, MA, 1985.
S.J. Pitts, M.Sc. Thesis, Department of Chemistry,
McMaster University, Hamilton, Ontario (1983) pp.33-36.
K.J. Stetzenbach and G.M. Thompson, op. cit., pp.36-41.
L.R. Snyder and J.J. Kirkland, Introduction to Modern
Ligquid Chromatography, John Wiley and Sons Inc.,
Toronto (1979) pp.454-457.
L.R. Snyder and J.J. Kirkland, op. cit., pp.458-470.
L.R. Snyder and J.J. Kirkland, op. cit., pp.454.
L.R. Snyder and J.J. Kirkland, op. cit., pp.419-423.
L.R. Snyder and J.J. Kirkland, op. cit., pp.414-418.
L.R. Snyder and J.J. Kirkland, op. cit., pp.424-426.
F.C. Smith and R.C. Chang, The Practice of Ion Chroma-
tography, John Wiley and Sons Inc., Toronto (1983)
p.202.
G.E.P. Box, W.G. Hunter and J.S. Hunter, Statistics for
Experimenters, John Wiley and Sons Inc., Toronto (1978)
pp.170-175.
A.W. Wolkoff, R. H. Larose, Analytical Chemistry, 47,

7 (1975) pp.1003-1008.



APPENDICES



APPENDIX 1

A.1 ANOVA Evaluation

This appendix contains the necessary equations in
order to perform a regression analysis and test the para-

meters in the resulting linear model.
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A.1 ANOVA Evaluation

In order to perform an analysis of variance the
least squares regression line must first be evaluated. The
line y=8g + Bjx is calculated where Bg is the y intercept
and B3 is the slope of the least squares line.

This line is best calculated through the evaluation
of the matrix:

Exlu2 leuXmE] [ﬁo} =Ex1uylu]

LX1uX2u Lxay By LX2uV2u
where xj;y and x2y are the sample masses and yjy and yay are
the sample areas. Through evaluation of this matrix B85 and
83 can be determined.

In order to determine the significance of the model
B1 is evaluated to determine if the straight line model is
applicable. The total sum of squares for the model is
determined through the calculation of the sum of squares of
the areas which is represented by Zyz, a correction factor
accounting for the difference from the mean is then
subtracted. This correction factor is calculated by
((Zy)z/n) where n is the number of data points. The total
sum of squares corrected for the mean (CFM) is then
calculated by subtraction of the correction factor
(C.F.) from the crude sum of squares. That remaining

accounts for the error terms.
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The error can be divided into two terms that due to
regression and that due to the residuals. The residual sum
of squares is calculated by subtraction of the best fit area
from the area L (y-9$)2. The regression accounts for the
difference between the total(CFM) and the residuals. The
degrees of freedom (df) for the regression is calculated
from the number of parameters subtract one and for the
residuals by the number of data points subtract the number
of parameters.

The mean square (MS) for the residuals is calculated
by the sum of its squares divided by the degrees of freedom
for the residuals. Likewise, the mean square for the
regression is calculated by the sum of its squares divided
by its degrees of freedon.

The hypothesis of H,: MS(Residual)=MS(Regression) is
tested against Hy: MS(Residual)>MS(Regression). The ratio
of these two is commonly called an F distribution where the
null hypothesis is rejected for F>F,(,1°y2), where a=0.05,
the level of significance and v1 is the degrees of freedom
for the regression and v2 is the degrees of freedom for the

residuals.



APPENDIX 2

A.2 Standard Addition

This appendix contains the necessary equations in order

to perform standard addition analysis.
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A.2 Standard Addition

The standard addition technique will allow one to
determine the concentration of the analyte with respect to
itself. To perform the standard addition method, the
analyte itself is added in a known level to the sample. Two
analysis are necessary, both before and after spiking.

The assumptions of identical injection volumes and
negligible change upon spiking can be made. The
concentration of the sample anion can then be evaluated
through the following equation:

Cx = Ws 1

V  (A'gg/Ag) - 1

where Cx is the concentration of the sample anion (in g/L)

Wg is the mass of the spike (in mg)

V is the volume of the sample (in mL)

A'ys is the area of the peak after spiking (in mm?2)

Ay is the area of the peak prior to spiking (in mm2)
Note that the area of the peak is calculated from the
product of the peak height and the width of the peak at half

the peak height.
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